Py

§
i

)
.
!

i T

Arernaniat

o € T P i A

LR e v

N
B N . .
B
B g
« . o
:
f
§
i
3
b £l
I L e Lt bl R g s e .
. ) " [

Storage

CAl EA360 70522 ENG

Basham, P. W

Seismological detection and
identification of underground
nuclear explosions

43230142

bI§I2 br 8 E)

.
S
+ . .
™ - 1
. : -
- '
— ; A . :
: ®
: ;e
< s
) - .
M
-k 5 . .
- : T ¥
4 -3 ]
$ L™
» R . :
R g :
N EY
- ~
& : i
. ; 3
- 5 g
e i N :
) y » N
b, ;
% :
i .
i T 5 .
. : :
- g . 4 .
e 5 .
+ Y . R
2 : .
B . . . i
S ;
i 3 .
i R L
R A ‘
. )
. .
. -
. ‘ .
3 . ’
’ i
S -
X .
s - :
o

2

i e

-




o

C:TTffT;g\

gtor
CAl

70522
ENG

i
[

EA360. . | * F

-

PO = Lot ot

o

(35 - F-<f=\. 4iE2U63E

SEISHOLOGICAL DETECTION AND IDENTIFICATION OF

UNDERGROUND NUCLEAR EXPLOSIONS

~ P.W. BASHAM and K. WHITHAM



1 III‘IL~ = Illl.' - O lllrl —

43-230°

. -

'__'SEISMOLOGICAL DETECTION AND IDENTIFICATTON OF

UNDERGROUND NUCLEAR EXPLOSIONS

_An Assessment of World-wide Seismological

- Capabilities in Detecting and Identlfylng
‘Underground Nuclear Explosions Based on :
 Information Submitted by. Cooperating Countries

in Accordance with the United Nations General
Assembly Resolutlon 2604 A (XXIV) ’

P;W«'BASHAMrand‘K. WHTTHAM

'Seismology Division, Earth Physics Branch

Department of Energy, M1nes and Resources

1_?0ttawa, Canada’

A Report prepared for the Arms Control and

' learmament D1v151on, Department of External

Affairs, Canada

November 1970



PREFACE

As a first step in clarifying what selsmological resources
would be available for world-wide exchange purposes to facilitate a
comprehensive test ban prohibiting underground -nuclear explosions,
Canada proposed a resolution asking the Secretary-General of the United

‘Nations to circulate to. governments a request that they supply informa-

tion concerning seismograph stations from which they would be prepared

~ to supply records on the basis of guaranteed availability. This reso-

lution (2604A) was adopted at the 1836th plenary meeting of the Twenty-
Fourth United Nations General. Assembly on December 16, 1969. '

Following receipt by the Secretary -General of the solicited
seismograph station summary 1nformatlon, the next logical step in clari-
fication was an assessment of the significance of the guaranteed station
data for purposes of detecting and identifying underground nuclear
explosions. The Arms Control and Disarmament Division of the Department
of External Affairs requested the Earth Physics Branch of the Department
of Energy, Mines and Resources to prepare such a technical assessment.

A preliminary assessment was completed and distributed at the Conference
of the Committee on Disarmament (CCD) in early August, 1970, prior to an
informal meeting on August 12, 1970, of the CCD on a Comprehensive Test
Ban. At the time of preparatlon of the prellmlnary assessment, the
returns to the Secretary-General's questlonnalre were incomplete, the

-assessment being made on the basis of returns from 54 countries, only 33

of which reported information concerning seismograph stations on their
territory. The report for which this preface is being written is the
final version of the assessment and is based on returns.from’ 75 countries
received by the Secretary-General to August 15, 1970, 45 of the countries
reportlng information on seismograph stations.

These assessments, both the preliminary and final versions,
present conceptual seismological schemes whereby existing seismological
facilities throughout the world are applied to a test ban situation. It
is necessary in such a hypothetical study to neglect all feasibility
problems and financial consequences, and to examine the theoretical
capability without prejudice to the neces31ty or otherwise of imple-
menting such a scheme in any test ban situation. In reality, however,

" the analysis attempts to answer the following question: for country A,

an event is either known or reported or thought to have occurred at ap-
proximately a certain time in country B; using world-wide data guaranteed
by governments, what is the possibility that country A can form an opinion
as to whether the -event took place, and whether it was an earthquake or
an underground nucleéar’ exp1081on ‘and how doés this capability for coun~-
try A deteriorate as the size of an underground explosion is reduced?

To answer this question, there is a requirement only for availability

on demand of a limited amount of seismological data for this ad-hoc
purpose. However, the analysis does attempt to answer the further
question: if some agency, international or national,had access to the
daily abstracted seismological data that is guaranteed, to what levels

of earthquake magnitude or explosion yield could an event be determined
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to occur to what levels could the event be 1dent1f1ed as- e1ther an earth—
quake or an explos1on, and to what accuracy could it be located?

: In our assessment, country A and country B described above are-
entirely general. This approach could, of course, be extended in: a- variety
of ways working from the world-wide ensemble of stations..' If country A.

is concerned about the possibility of clandestine testing in countries

B, C and D only, for example, the problem of the minimum additional infor-
mation required to meet certain levels of guarantee is, in our opinion,
solvable by similar analyses. The general problem we have studied is,

in many ways, the most difficult. Another example of the application of
such a dialectic approach would drise n1cons1der1ng the app11catlon of
this analysis to "verification by challenge":. the approach used allows
calculation of the limits of the effectiveness of a .refutation of a
challenge by the provision of seismological information. Extension to
stations not reported in the UN returns-is, in pr1nc1p1e, straightforward
for country A with a country B, C, D problem, or for the general .case.

It may be of value to explain here brlefly how th1s final assess-
ment dlffers in contents and format from the preliminary analysis dis-
tributed and discussed in the CCD in August, 1970. The principal reason
for preparing a second edition is to include in the ‘analysis all seismo-
graph station data received by the Secretary—General after completion of
the ear11er,pre11m1nary analysis. We have, in- addltlon made other changes,
the most important of which are as follows. ‘ ' S

(1) On the basis of new 1nformatlon received the effective sens1t1v1t1es
of two long perlod arrays have been increased.

(2) A more elegant method of defining detection probab111t1es of events
on the basis of station sen81t1v1ties is employed ’ - -

(3) All global detectlon and 1dent1flcatlon capab111t1es are deflned at .
the 90 per cent probability level,

(4) All formal calculations are made using conceptual global networks of
fixed numbers of statlons. '

(5) Explosion thresholds are stated in both equivalent earthquake mag- -
nitudes and explosive yields.

(6) sAddltlonal'published and unpublished research results are discussed.

: This paper is long because we felt it important to describe
unequivocally at each stage in the developing theme exactly what assump-
- tions are made, giving our rationale for them. We have, perforce, needed
to make a number of scientific judgéments at different points in the de-.
velopment, and these we have attempted to explain fully so that any of
our colleagues who read this paper can more easily form their own profes-
sional judgement about them. ‘In addition, in a serious attempt to make’
the scientific significance of this document understandable to readers
outside the seismological community, we have judged it weful to labour
'some points that would be simply appreciated by seismologists. ' However,
of necessity, the entire document is couched in seismological termlnology
" .So that the results of the analysis may be more comprehens1b1e to a-
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wider audience of readers, we present here a brief, non-technical summary
of the basic procedures and conclusions. To do so we must retain three
basic seismological terms; these are: '"magnitude" (m), the logarithmic
scale that is employed to define the size of both earthquakes and under-
ground explosions (the reader is referred to Table 8 in the text for an
easily understood equivalence between m and explosion yield), "P wave"

the first arriving seismic wave which propagates through the body of. the
earth, and "Rayleigh wave', the most important (in this study) seismic wave
that propagates around the surface of the earth. The summary follows.

Using data quoted in the UN returns and published in the open
literature, the capability of each conventional and array station is
described in terms of its ability to detect P waves and Rayleigh waves
as a function of distance from the event. All such stations are reduced
to two conceptual global networks, one that is used for global P wave
detection calculations and the other for global Rayleigh wave detection
calculations. The basic formally calculated results are global contours
of m  values for which there will be a 90 per cent probability of de-
tection, by a certain number of stations, of P waves and Rayleigh waves
from earthquakes and exp1031ons. These are deflned as- the thresholds of

detectlon.

- The detection'thresholds are m4.2 for exp1031on and earthquake
P waves in Europe and North America, deteriorating to m4.5 for Asian
coverage and further to m5.0 in parts of the southern hemisphere (all
capabilities are much poorer in the southern hemisphere and any further
discussion of this half of the earth is omitted here). The thresholds are

' m4.8 for Rayleigh waves from earthquakes in North America and northern

Europe, deteriorating to m5.1 for generally complete Asian coverage. The
thresholds are one magnitude unit larger for Rayleigh waves from corres-
pondingly located explosions. A number of important empirical results

from the seismological literature are cited to illustrate that these for-
mally calculated detection thresholds can be considered conservative.

The most generally applicable identification criterion, the
relative excitation of P and Rayleigh waves, has a threshold of appli-
cation equal to the threshold of detection of explosion Rayleigh waves,
i.e., m5.8 - m6.0 in much of the northern hemisphere. This rather high
explosion identification threshold can be reduced in a number of ways. (a)
By employing special processing of Rayleigh wave data from one or two of
the highest sensitijvity stations, the average northern hemisphere thres-
hold can be reduced to m5.6 - m5.8 . - (b) By taking advantage of highly
efficient Rayleigh wave propagation over purely continental paths, the

threshold has been reduced to m5.0 in North America, but an .equal re-.

duction remains unproven for other continental areas. (c) By employ-
ing identification criteria that rely only on P wave data, the criteria

can, in theory, be applied near the lower P wave detection threshold.

One such criterion is proven successful for one station-region combina-
tion at-an identification threshold of m4.9 ; all other documented
attempts have resulted in overlapping populations of earthquakes and
explosions at all magnitudes. (d) By employing the absence of recorded
waves, for example, long period Rayleigh waves, to identify. exp1031ons,
on the basis that had the event concerned been an earthquake the waves

in question would have been observed, the threshold_of'identification can
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be reduced. Illustrations are presented to- show that existing thresholds
can be reduced by  m0.5 by accepting these criteria. (c) By employing
more than one imperfect criterion, analyses can result in statistical =
probabilities (rather than certainty) that an. event in question falls into
-an earthquake or explosion category.

. A very brief and oversimplified summary of the results and con- -
clusions of this assessment. is that the global system of stations produces
proven detection, location and identification of underground nuclear '
explosions down to yields of about 60 kilotons in hardrock in most of the
northern hemisphere: the threshold is 10-20 kilotons for certain test
sites only, ‘and this lower threshold cannot be reached on a global basis
with this ensemble of stations. We complete the study by making a number

- of recommendations, .which, with very little financial commitment, will
provide some basic data required to define existing capabilities better
and that may 51gn1f1cant1y 1mprove them.

The problems of evasion are not treated in great depth in this
analysis. In principle, a potential violator of a Comprehensive Test Ban
could attempt either to reduce the size of the seismic signals from a ¢lan-
‘destine explosion of a given yield by suitable choice and artificial modi-
fication, if necessary,-of the variables of the emplacement medium; or '
attempt to simulate an earthquake-like seismic signal by multiple firing
techriques, or depend on major simultaneous natural earthquake signals to
obscure the artificial event, or events, of interest. The advantages and
disadvantages, limits of feasibility, etc., in these different techniques
are not analysed in this document, which treats all exp1081on y1e1ds 1n
terms of their hardrock equ1va1ents. : ’

o We are indebted to many colleagues, both in, Canada and abroad
who, after a careful study of our preliminary assessment, have made valuable
suggestlons for 1mprovements for 1ncorporatlon in this final edltlon

However, we accept sole respon51b111ty for the 1nterpretatlons
we have placed on the data in the UN returns, and for the sc1ent1f1c.
.contents and Judgements contalned in the paper. ‘ :

P.W.>Basham
K. Whitham
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1. 'INTRODUCTION

1.1 The Géneral Aséembly Resolution

At the Twenty—Fourth United Natlons General Assembly, Canada
proposed a resolution, 2604A, which was adopted at the 1836th plenary
meeting on December 16, 1969, by a vote of 99 to 7, with 13 abstentions.
In summary. form, the resolution requested the United Nations Secretary-
~ General to circulate to governments a request that they supply informa-
‘tion concerning seismological stations from which they would be prepared
to supply records on the basis of guaranteed availability and to provide
certain information about each of such statioms. This resolution, which
had been proposed and discussed in the Conference of the Committee on
Disarmament (CCD) in Geneva in 1969, was designed to assist in clarifying
what resources would be available for the eventual establishment of an
effective world-wide exchange of seismological information which would
facilitate the achlevement of a comprehensive test ban.

Very simply, therefore, the aim of the resolution was to
achieve a limited first step of clarification. This modest proposal
is a first step in any process whereby seismology could assist in clari-
fying for ‘national states the implications of the essentially polltlcal
decision involved in any form of test ban treaty.

Pursuant to Resolution 2604A, the Secretary- General c1rculated
on January 30, 1970, a note soliciting responses to the questionnaire
appended to the resolution, which specified the details concerning con-
ventional se1smograph stations ‘and array statlons that governments were
invited to submit to the Secretary~General

At the time of preparation of this analysis of the returns,
75 countries had replied to the Secretary-General's note*: 45 countries
reporting information for seismograph stations on their territory, - 22
‘countries reporting no operational seismograph stations on their territory,
and 8 countries indicating that in their view the purposes of the reso-
lution were unnecessary or preferring to maintain a voluntary form of
seismological data exchange’'and including no data on seismograph stationms
in their returns. ‘The natlonal states in each of these categories ar_e
listed in Table 1. :

1.2 ' Usablé bata in the UN Returns

For purposes of compiling this assessment, the authors examined
all data in all returns submitted by countries listed in Table 1(a). These
included the summary documents, A/7967 to A/7967/Add.5, circulated by the

* This includes all returns available up to and including Document
A/7967/Add.5. Numerous UN member countries remain which have sub-
mitted no return of any type (positive or negative) to the Secretary-

" General. Although it will be important to assess the significance
of any late returns which may yet be received, based on other sources
of information. concerning world seismograph stations, we believe no .

- late returns will contain station data which will s1gn1f1cantly alter
the conclusions of this assessment. : : :
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TABLE 1.

COUNTRIES SUBMITTING RETURNS IN RESPONSE TO UN ."
SECRETARY-GENERAL S QUESTIONNAIRE.

.(a) Countries Reportlng Informatlon for Selsmograph Stations on- The1rv
Territory: :

Australia, Austria, Belgium, Brazil, Canada, Ceylon, China, Colom-
bia, Denmark, Ethiopia, Finland, Germany (Fed. Rep.), Greece, India,
Indonesia, Iran, Ireland, Israel, Italy, Jamaica, Japan, Korea (Rep.
‘of), Luxembourg, Madagascar, Malawi, Mexico, Monaco, Morocco, Nether-
lands, New Zealand, Norway, Pakistan, Philippines, Portugal Spain,
Sweden, Switzerland, Thailand, Turkey, United Arab Republic, United
Kingdom, United - States of America, Venezuela ‘Viet~Nam (Rep. of), '
Yugoslavia ‘ : -

(b) Countries Reportlng No Operatlonal Selsmograph Statlons on Thelr
'Terrltory :

Burundi, Cambodia, Cameroon Costa Rica, Cyprus, Dahomey, Ghana,
Guyana, Kuwait, Laos,. Malay31a Mali, Malta, Nauru, Niger, Nigeria,
. San Marino, Singapore, Sudan, Tanzania, Uganda, Zambia

(c) Countries Replying to the Circular of the Secretarnyeneral Pre-
ferring to Retain a Bilateral and Voluntary Form of Seismological
Data Exchange, and Which So Indicated in Thelr UN Return Includlng
No Data on Seismograph Stat1ons : :

Bulgarla, Byelorus31an Sov1et Soc1allst Republlc, Czechoslovakla,;'
Hungary, Mongolia, 'Romania, Ukralnlan Soviet Soc1allst Republlc, .
Unlon of Soviet Soc1allst Republics ‘ a

Secretary-General, together with all additional diagrammatic and tabular
data dep031ted in the archlves of the United Nations. ‘

The returns containing seismograph station data varled con-
siderably in general format and in the form and contents of ‘tabular and
diagrammatic material.. The -data requ1red for this study were-  for each
seismograph sstation, the geographic coordinates, the magnification of
any operational short-period. vertical (SPZ) seismograph at a period of 1,
second, and the magnification of any operational long-period vertical
(LPZ) seismograph at a period of 15 or 20 seconds. Thus, we required,
in addition to data on array stations (see section 2.2), the fundamental
operating gain of all available vertical component selsmographs which we
have defined as "conventional".

A great variety of types of seismographs are in operation
throughout the world and have been listed by the host countries in their
returns. The primary decision for inclusion of a particular seismograph
station in this analysis rested in all cases on our ability to define
from the information available the operational magnification at the re-
quired period. In numerous cases a secondéry,decision.was made to exclude

»



a particular station (which we choose to call a s ecial statiOn") if
P P s

‘it was judged.that the overall response characteristics were not suitable

to.general teleseismic recording of the short- and long-period seismic-

 waves to be considered, or if, even though defined, the magnification

at the required period was so low as to make a negligible contribution
in the world-wide context. For example, in the former category high .
frequency microearthquake seismographs were excluded, and in the latter,
low magnification "strong-motion" selsmographs.

The selection of the stations to be included requ1red con-
siderable judgement. We are aware that either our ignorance concerning
particular seismograph types or our misinterpretation of the available
data may have contributed errors and omissions; we apologize at ‘the
outset to any country whose data may have been so. ‘treated.

1.3 ngpe and Purposes of Present Study

_ This study is made with the basic assumption that the identi-
fication of underground nuclear explosions as such is possible in prin-
ciple for any event, provided that the seismic signals generated by it
can be detected with a suitable signal-to-noise ratio at an appropriate
number of stations at suitable distances. We largely neglect the pos-

. sibility of seismic signals from an event of potential interest being

obscured by a very large natural earthquake,, although we dwell br1efly

on thls subject in Chapter 6.

In Chapter 2, the information prov1ded on the conventional
and array seismograph stat1ons is summarized. 'Chapter 3 outlines one
method 6f reducing this heterogeneous information on station capabilities
to obtain a single sensitivity parameter which can be applied in Chap-
ters 4 and 5 to P wave and Rayleigh wave detection calculations. The
total of 300 available independent seismograph stations is reduced

for purposes of detection calculations to two conceptual world-wide

networks, one for P wave detection calculations and the other for
Rayleigh wave detection calculations. In choosing to define the world- '
wide capabilities of conceptual networks of stations rather than of-
isolated individual stations, or station sub-sets, we are assuming that,
in an effective world-wide exchange of seismological information (of
either an ad-hoc or continuous nature), the combined seismological re-
sources of all part1c1pat1ng nations. can, in theory, be app11ed to the
problem at ‘hand.

In Chapters 4 and 5, using an explicitly defined detection
probability calculation, we present in terms of the P wave magnitude
the capabilities of the networks in detecting earthquake P and Rayleigh
waves originating at any point on the earth. In Chapter 6 we present
some illustrations of situations on the real earth which can alter the
capabilities derived in the formal calculations; these include advan-
tages gained from lateral inhomogeneities in the earth, special pro-
pagation paths, and special instrumental and signal processing capa-
bilities, as well as disadvantages resulting from global seismicity"
patterns and interference effects. The general conclusion of Chapter 6
is that the formal calculations can be considered conservative. .



Chapter 7 relates the results. cf Chapters 4-and 5 dlrectly
to the problem of the detection of underground explosions. - To do sc
we characterize underground explosions as a fixed source of P wave

‘energy, i.e.; as equivalent P wave magnitude earthquakes However,

we do present all formal and empirical detection and identification
thresholds for exp1051ons in terms of both p wave magnltude and eouiva—’

lent hardrock explosion yield

Chapter 8 is a generallzed dlscu331on of the suite of pos—
sible identification criteria with particular reference to both pub-
lished and unpublished. results obtained from the data recorded at
conventional and array stations included in the returns.  The purpodses
are to define identification thresholds.on the basis of the formal -
detection calculations and to clarify some of the interacting possi-
bilities of .improving the identification thresholds. These include
the use of short-period discriminants which are intrinsically of great
appeal, if they will work adequately, certain highly efficient Rayleigh
wave propagation paths, where proven to occur, and the use of comblna—

,tlons of many 1mperfect dlscrlmlnatlon criterla.

In the final chapter we give the specific and general con-
clusions that can be drawn from this study, and make some recommenda-
tions which, with a modest-investmént.of effort ‘and: finances; can both
better define and 31gn1f1cantly 1mprove earthquake exp1031on dlscrlmlna-
tion capabilities. ‘



2., . SEISMOGRAPH STATIONS -

2.1 ' Cohventioﬁal Stations

All 881sm0graph stations for which the host country will
guarantee access to seismological data, a total of 300 stations, are
listed in Table 2. The stations, each designated by its three-letter

" international code (ESSA, 1970a), are listed alphabetically by country,

and within each country alphabetically by station code.

A conventional station is defined as one which, at-a minimum,
has either an SPZ seismograph with a known magnification at 1 second,
or an LPZ seismograph with a known magnification near 20 seconds. An "
LPZ magnification quoted within the range 15-30 seconds is accepted.
The remaining stations in Table 2 are either array stations (see section
2.2) or special stations (see section 1.2) which have a "YES" entered
in the last column. Some. of the conventional stations in Table 2 are _
listed as containing additional special seismographs. The magnifications
in Table 2 are quoted in K (thousands). '

© 2.2 - Array .Stations

Seven SPZ arrays and five LPZ arrays considered in this study.
are listed in Tables 3 'and 4, respectively. For an array station to be
considered for our purposes as such, it must have 3 or more SPZ or LPZ
sensors with an aperture adequate to produce a 81gna1-to—n01se improve-
ment ideally equal to the square root of the number of sensors following
delayed-sum signal processing, and have the sensors. connected to a cen-
tral location with either on-line or off-line (preferably digital) ele-
mentary delay-and-sum (phasing) facilities. Alternatively, the signal-
to-noise gains from processing modes must have been published. Some of
the array stations contain, or have associated with them, horizontal SP
and LP seismographs; these are noted in the last column of Table 3.

Four countries indicated possession of SPZ arrays which are

" not included as such in this study; these are listed in the lower part.
- of Table 3 w1th the reason for omission stated in the "Comments' column.



 TABLE 2.

~ 'WORLD SETSMOGRAPH STATIONS

®

Code . Latitude Longitude Country - - SPZ LPZ Horizontal  Special
-0 ! 0 ! . Mag. (K) - - Mag.(K) Sp° LP

AUE. 34 HH 5 138 43 £ AUSTRALITA 25 oH NoE  NoF
AGE B49°5 148 05 £ AUSTRALLA 3. '

AV 22 35 5 150 37 E - ausTual1a 33, :
bOV 36 47 S 167 14 £ AUSTRALIA 17 oM A , 1 l
BES 27 24 5 152 47 E AUSTRALIA 706 MeE - NoF " .
CaB 35 %6 5 146 26 £ ALSTRALTIA . ’ YES S
CCAN 35 19°S 145 00 E- AUSTRALIA 5445 9, NeE  NebE  YES ]l
CLv 33 41 5 136 30 F  AUSTRALIa o o L YES

CCTA 30 05 S 146 15 E  AUSTRALIA 100 3. NeE  NoF

CDAR 2 255 130 49 £ AUSTRALIA 13 -
DLN 34 43 S 14y 11 E  AUSTRALIA 17 : - '
E£Sa 09 44 S 150 49 £ AUSTRALIA 38, NyE YES o
GRK 6 g6 S 145 24 E  aUSTRALIA. 5.
HLA 33 32 S 150 95 F  aUSTRALIS 326 I
HTT 33 26 S 138 .%6- £ AUSTRALIA - o N YES '
INV. 34 58 S 149 40 B AUSTRALIA S 10. - ‘|
JIN 36 26 'S 148 36 £ AUSTRALILA . YES | l
NN 33 5008 150 01 F  AUSTRALIA S8,
Kt 9 28 S 147 10 £ AUSTRALIA 10
KET 4200 S 152 02 E  AUSTRALIa C#N/A NoE ~ ]
KHA 36 13 S 148 08 E . AUSTRALIA . o ) . YES l
KLG . 30 47 S 121 27 E AUSTRALIA 506 © NsE
KGA 6 13 S 15% 37 B AUSTRALIA - 39K _
LAE 6 43 S 146 59 £ AUSTRALIA 10 NyF
LmT 41 37'S 146 (9 E  AUSTRALIA S50
MAW b7 36 5 62 53 £ AUSTRALIA 35. - YES

MCO 54 36 S 158 57 E AUSTRALIA N/A | I
MEA 34 13 S 148 24 £ AUSTRALIA N/ A -
ME K 26 37 S 118 33 E  ANSTRALIA L YFS -
MOUM 2 04 S 127 25 E ausTRALIA CN/AC ,
MGO 42 27S 147 11 £ AUSTRALIA 50 : .
MIV. 3R 24 5 146 34 E aUSTRALIA N/A ,
MUN 31 59 S 116 12 E  AUSTRALIA 2% o4 NyE  NoE YES

NLA 29 03 S 167 S8 £ AUSTRALIA 10 - l
Pluats 32 00 S 138 10 F - AUSTRALIA o . . YES

S PMG 925 S 147 49 F  AUSTRALIA 50 3. NoF  MetE - YFS
HAK 4 12 5 152 10 E  AUSTRALIA 125 CeB  NeE. NeE  YFS
RAL 4 135 152 12 £ AUSTRALIA , - L YES l
KIV. 33 50 S 151 10 E - AUSTRALIA 125 WB N9E  NoF
SAV. 41 43S 147 11 E  AUSTRALIA 50 - ' .
SFF 4220 5 146 18 E AUSTRALTA 504 : l
SUL 4 13S 152 12 E  AUSTRALIA o YES .
SNL*% 33 53 & 138 38 E AUSTRALLA CN/ZA ' ’
TAO#%# 35 37 S 148 17 £ AUSTRALILA ‘N/A o - ' l
TAU 42 55 S 147 19 E AUSTRALIA 25 o8 Neb  NoF
vav 4 14 5. 152 13 £ AUSTRALIA o : Y S
LGN 4 0fh 5 145 D1 AUSTHALTA 1o’ . '
TOo BT S 1A% 29 E L ANSTRALLA 2%. N/ A Mot Nyt L »ll
TR G 1M S LaG T AUSTRALTA S0 ' ' :

S U g s s LG9 0 E AUSTRAL [ N/A zl




TABLE 2 (Cont'd.) .

-Code = Latitude . Longitude Country - SPz 'LPZ _  Horizontal  Special
- o ' o ' R Mag.(K) - Mag.(K) SP LP o :
VUL & 1T.S 152 09 B AUSTRALIA B YES
WaB 5 30 S 143 44 E ADSTRALITA 25 " NoE
) ' Wik 36 12 5 148 53 £ abSTRALIA : ' CYES
l W AN 4 1725 1%2 11 B AUSTRALIS YES
WER 33 57 S 150 3% E AUSTRALIA 3% - NeE
A WRA .19 57 S 134 20 B AUSTRALIA (ARRAY+SEF TABLE 3)
" VIE 48 18 N 16 22 £ AUSTRIA . . YES
: VKA 48 16 N 16 19 E  AUSTRIA S — Ne¢E
o DO 50 06 N 4 36 £  BELGTUM L300 Je NeE  NoF j
l GIP - 50 36 N 5 58 £ KHELGIUM : ' » YES
: S UCC S0 48 N "4 22 E - RELGIUM oo YES
O WRM- 49 50 N - % 23°E BELGIUM 4o YES
RUJ 22 54 S 43 13 W  HRAZIL ' N/A- TN E
l . ALE He 29 N 62 26 W CANADA - 6(e 3.7 NeE NoE
BLC 64 19 N .96 ) W CANADA 26 3.8 NaE NGE
FHC 63 4a N 6K 28 W CANADA | 320  2e6 NekE  NofF
l FCC 5B 46 N 94 05 W CANADA 36, C4a) o NeE NgE
FFC 54 43 N 101 %9 W CANADA 39. Y NebE NeFE
- FSJ . %4 26 N. 124 15 W CANADA 29. 240 NeE  NoFE -
SGWC. 5% 17T N 77 45 W . CANADA 28 4o NeE NoF
I ‘ [NK 68 17 M 133 30 ¥ - CANADA b8 3.1  NsE Nk
‘ LAC 48 25 N H9 16 W CANADA 23 2.8  NobE NyE
: MEC . 76 1a N 119 22 &  CANADA T2, 3.6 Nebt  NoE
I : oTr 45 24 N 7S 43 W CANADA 24 e 3.2  NsE  Not
. S PHC - 50 42 N 127 26 W CANADA l4o 19  WNeE  NoE
‘ ©OPNT 49 19 N 119 37 W CANADA NPT 2eh  NyE  NsE
I - RES T4 41 N 9% Y4 W CAMADAS 60 3.2 Not  MNoF
o SCH 54 49 N 6h 4T W CANADA 29+ - 3o - NeE Nk
: St.S 50 24 N 111 G2 W CAMADA 47 345 NeE  Nok -
‘ SF A 47 Q7 N Ty 50 v CANADA 21 1.R NoE Nk
'_ ST 47 34 W 52 44 W CANADA- "Beb a9 Nebk  NoF
' vIC 4f 31 N 123 25 W CANADA 22 1e9 NoE  Naot
: CYKA 62 30 N 114 36 W CANADA . (ARRAY $SEF TABLE 3 AND 4)
'l YKC 62 29 M 114 29 W CANADA 44 242 NsE  NE
_ coc 6 Ly N 79 Y2 £ CEYLON . : : YES
ALS 23 .31 N 120 aB E  CHINA ) : YES
: ANP 25 11 W 121 31 FE  CHINA Hed o8 NeE  NofF
l CrHY 23 30N 120 25 £ CHINA- : T YES
: HE®) 22 00 W 120 4% £ CHIMA YFS
~ HS L 23 06 N 12} 22 E  CHINA YES
l HSN 24 48 N 120 S8 £ CHINA YES
| HAA 23 S8 N 121 37 £ CRHINA YES
| ita 24 46 N 121 4% E  CHINA YES
l KAYU 22 37T N 120 16 E  CHINA YES
Lay 22 07 M 121 33 & CHINA YES
- PMG 23 32 N 119 33 E CHINA YES
' TAL. 23 00 N 12013 E CHINA YFS
l Tap 29 072 N 121 31 £ CHINA YES
: Thw 22 21 N 120 b4 £  CHINA YES
‘ fCu 2409 ™ 120 41 E CHINA YES



TABLE 2 (Cont'd.) 8 |
. {
Code  Latitude Longitude - Country  S§PZ° - . LPZ = Horizontal Special
o " o -~ Mag. (K) . Mag.(K) SP  LP
CTTN. 22 45N 121 ©9 E  CHINA - e L YES
YUS 23729 N 120 ST £ CHINa ' = - . ¥YES
BUG 4 37 . 74 G4 W COLOMRIA - 1265 3.0 NsEH o
CHM 458 N 75 37 W COLOMRBIA - o N/ A o Ne¥ :
Fun 5 28 N 73 44 W COLOMEIA - . T XFES
GaL 10 47 N 75 16 W COLOMBTA S N/A . L Nk
S COpP 5% 41 N 12 26 £ [iENMARK - 125 . o8 NeE  Not. YES
GbH 69 15 N 53 32 W DENMARK ' 25 1eS  NeE  Naf
KIG 70 25 N 21 59 W DENMARK _ 125 .+ o8 NeE  NyE
NOF 81 36 N 16 41 W "PDENMARK - - Se eB.  NeE NoF
AAE 9 g2 N 38 46 £ ETHIOPTA . 850 145  NebE Ny =
HEL = 89 ‘14 W . 24 5 £  FINLAND S 1Be - ’ '
JUF 62 39 N 29 42 E FINLAND © 33, } o
CKEV 69-45 N 27 1 E - FINLAND O 25, 1e5  NeE  Not
KJN o k4 06 N - 27 42 E. FINLAND . 46 o NoE. . -
NUR - AQ 31 N 24 39 E  FINLAND 25 1«5, NekE  NoF YES
QUL 65 0% N 25 %4 B FINLAND - 200 15 - S
SO0 67 22 N 26 38 E . FINLAND. 47 A . YES
GRF™ . 49 42 N 11 13 E GERMANY(FOJLREP) 50 15, NeE - Nok -
ARG ~ 36 13 N 28 8 E GREECE o o " YES
ATH 37 88 N- 23 43 E GREECE - : 125 1.5 NoE NsE ‘
JAM 2% 39 N . 29 51 & GKEECE - - - ' - YES
PLG ~ 40 22 N 23 27 £ GREECE : o : o YES
PRK 39 15 N 26 16 £ GREECE - o ' o YES
VAM 35 24 N 24 12 E GREECE- N C . YES
VLS 38 11 N 20 -3% E GREECE - L - R YES
GH A 13 36 N 77 26 E INDIA = . 1.2 (SEE TABLE 3)
DJA 611 S 106.50 £ INDONESI® S ' S YES
UNP 8 39 5 115 12 E  INDONESIA - S o . YES
LEM 6 50 S 107 37 £ INDONESIA 29 S eB NeE - NeE :
ME.D ‘3 33 N 98 41 E INDONES]YA S _ YES
MRAs® 5 04 S 11938 E . INDONESIA L . ' - T L YES
THNG b 11 S 106 30 E  INDONESIA I L , ‘ S YES
KER 34 .21 N 47 06 E IRAN T b I ' PY S
S MJIL®® 36 46 N 49 2Z3 B IRAN . B0 - NeE-
S MSH 36 19 N 59 35 £ IRAN . 7 1245 ~1e5 NeE  NoE
SHI 0 29 31 N - 52 32 B TRAN - 100 1.5  NsF  NoF -
SKI 36 46 N- 49 23 £ IRAN ~ 3 ' - YES
Tag 38 04 N 46 20 E  IRAN . 0 o 1205 leS  NsbE  NeE".
TEH 3% 44 .N ° S1 23 E TRAN . T 10e " e3  NeE  NyE
VAL ~ 51 56 N 10 15 W IRELAND 1265 oB T NyE  NyE
CEIL 29 5 0w 35 0 B ISKAEL T N/A N/A NyE - NoE
‘HAF 32 48 N 35 1 E. ISRAEL "~ N/ZA . o _
JER 31 46 N . 35 11 B ISRAEL N7A N/ZA - NsE NsE
AQU " 41 21 N - 13 24 E  ITALY CNZA 0 N/ZA N9E - NeE
FIlk 43 47 w1115 E "ITALY - o ' o ’ : YES
MES 38 12 N 15 33 £ 1TALY ' o 4.8 : O NeE YFS
CRMP 41 49 N 12 42 B TTALY CONZA L N/ZA NsE  Nak YES
1R 4% 43 W 13 46 E  ITALY : S0e . 34 NoE  NoE YES
HOJ 18 00 N 76 45 W JAMAICA = 10e ' o ' B




e~ TT""

)

Code

Latitude .

‘TABLE 2 .(Cont'd.) -

Longitude Country SpPZ Lrz Horizontal  Special
o ' o ' : Mag.(K) =  Mag.(K) SP LP '
PHJ 17 S6 N 6 51 W JAMAICA SN/
STH k0% N 76 49 W JAMAICA Jed :
DUR 36 00 N 136 12 B JAPAN 360 oM NeF | NoF YES
o IHR 33 41 N 133 28 £ JAPAN _ : ’ » YES
CKYS 3% J2 N 140 09 E JAPAN 1l - Not
MAT © 36 33 N 138 13 £ JAPAN 100 Je Net Nt
MTJ 36 13 N 140 07 t- JAPAN 42e ' 7 NeE Mot YES
0Is 34 04 M- 135 19 £ JAPAN : N o ' . YES
SHK 34 32 N 132 41 £ JAPAN 1042 le4  NoE  NeE  YES
SKY 3% 37 N 139 16 £ JAPAN 45, ’ Ny E
18K 36 12 N 140 07 £ JAPAN 14 YES
UKS™ 33 32 v 133 29 E  JAPAN X CYES
WL 34 11 N 135 10 E  JAPAN YES
Wty 33 39 N 133 41 £ JAPAN - - : S - YES.
SEU 37 .34 N 126 .58 £ KOREA (REP) 506 1e& . NobE  NoF
o Lux 49 36 N & 8 E  LUXEMBOURG ' = o . YES
CTAN 38 55 S 47 33 E  MAUDAGASCAR TS99 . YES
CLK 1S 41 S 34 SY E MALAWIT. . 20 NeE
CHH 2B 3N N 106 ¢85 W MEXICO v s YES
COM 16 15 N 92 08 W MEXICO 20, YES
TGUM 20 41 K103 19 W MEXICO _ YES
LCG 21 09 N 101 42 W MEXICO 175 NoE _ B
CLNM 21 07 N 101 40 W MEXICO YES
T OMAZ 23 11 N 106 24 W ~MEXICO YES
MER 20 57 N K9 37 W  MEXICO S YES
MMZ 19 03 N 104 20 W MEXICO YES
OAX L2 0 M 96 46 W -MEXICO . YES -
O XM 19 IR N 99 43 W wMEXICO 120
PisJ 16 29 N 9525 W MEXICO 48 YES
PIM 18 16 N 101 &3 W  WMEXICO 170 CYES
- Pum 17 14 W 93 33 W MEXICO R2e YES
PhM 19 04 N 98 38 W MEXICO 120
TAC 19 24 99 12 W MEXICO _ YES
ThM 25 45 W 100 12 W MFXICO 50 Nk
TPm 18 99 N 99 4 W MEXICO 1200 _ .
UMM 19 20 N 99 11 W MEXICO o3 15  NoE Nyt :
Ve 19 12 N 96 8 W #EXICO - : YFS
VHim 17 69 N 9¢ 47 W MEXICO 67Te : '
MON 43 44 N 7 76 £ MONACO N/ A : N/ A _
AVE - 33 18 N . 7 25 W MOROCCO 30 o MeE
IFR 33 31 N 5 08 W MOROCCOH N N FE.
Riza 3401 N 6 50 W MOROCCO » _ 1e0 '
RBZ 33 56 N £ 50 W MOPOCCO- 30,
TLO 30 ST N 7 16 W MORDCCO . S0 ‘ o :
DRN 52 pe N 5 )] B NETHERLAMDS : o5 NeF  YES
HEE 50 .%3 N 5 %9 £ NFTHFRLANDS "YES
RSHE 50 53 N 5 50 E - NETHERLAKDS , YES
WIT 52 49 N 6 40 E HETHERLANDS ba5 , YES
AFT 13 555 171 47 W NEW ZEALAND 12e% T eH NeE  NeE
37 S E NEW ZEALAND ' ’

,KRP

56

LTS

32

35_0 :

" NoE



. - : : 10 1'
TABLE 2 (Cont'd.) /. ,
Code Latitude . Longitude’ Country © SPZ - LPZ Horizontal Special l
o0 ' o v S Mag. (K) Mag.(K) - SP LP : '
MJZ 63 59.5 170 28 E° NEW ZEALAND. 3N SNk '
MNG 40 37 S 17% 29 £ NEW ZEALAND. 49,
MSZ a4 40 S 167 5% K- NEw ZEALAND 53, , o
RAK 21 13 S 159 46 W NEW ZEALGND e o4 NeE  Not o '
SHa 77 %18 166 4% E NEW ZEALAND C6ed oA NokE  "NoF
viEL 41 1T 5 174 46 E MEw ZEALAND b3 oA NeF  Nokt- g
BER 60 23 N S.720 £ NORWAY. be _ NoF .
KRS 7H 55 N 1] 55 E . NORWAY 25" 1%  NoE.  NofF
KON 54 .39 B 9y 38 E  NORWAY 50 1e5. NeE NoFk :
wsw AU 49 W10 %0 E NORWAY (ARRAYsSEE TARLE 3 AND 4) '
TRO A9 38 N 16 %6 £ MNORWAY 50 : NoE
NTL 33 39 N 73 15 E PAKISTAN 10U 3e¢0 NeE ' Nok :
QUE .. 30 11 N 66 97 E PAKISTAN _ 200 60  NyE  NoE
BAG 16 25 N 120 3% £ - PHILIPPINES 25« 3.0 . MNsE  NoF - I
DAV 7 0b N 125 37°E  PHILIPPIRES 63 3.0 NeE  Nok
MANT 16 40 N 121 05 E  PHILIPPINES 125 CleS. NeE  NeE :
COl 40 12 N R 26 W PORTUGAL R S - l
Cris 26 18 S 32 11 £  PORTUGAL N/ A N/A& YES ‘
LIS 38 43 N 9 09 w PORTHGAL 3e5 ' ‘ -

. PUA A7 4% N 2% 40 W PORTUGAL R , ' YES :
CPTO 41 08 N B 37 W PORTUGAL 50 3., NeE  NeE ' l
SUR 14 56 5 13 34 E  PORTUGAL CN/A N/A L : - :

CALI 38 21 N0 0 29 W SPALN : Re% NoF '
ALF 36 51 N 2 28 W SPAIN  BeH CONeE _ : .'
Fel o 41 2% N - 009 E  SPAIN - 6473 NeE - YES R
LGR -~ 42 27 N 2 30 W SPAIN fo8 : NeE .
MAL 36 44 N 475 W SPALH 50 1.5 . NeE  NoE '
SFS .36 28 N .6 2 W - SPAIN 2.5 S ' YES. -
TEn 28 27 N 1614 W SPAIN Be5 _ TNeE ' o
Tul 39 53 N 4 03 W SPAIN 25 15  Nsb  NoF YES
DEL 56 28 N 13 2 £ SWEDEN 135 s . '
HES . 60 08 N - 13 42 E- SWEDEN (ARRAY 4SFE TARLEn3_ANDi4> _
KIR 67 S0 N - 20 25 E  SWEDEN 13.R 1e? - YES .
SKA "~ 63 345 N 12 17 E  SWEDEN 1465 ' l
Wi 60 05 N 13 36 E. SWEDEN 13.0 , : .
COUME - 63 49 20 14 E  SWEDEN 754 5¢5  NeoE NoFE }
CUPP 59 52 N 17 38 E. SWEDEN 40 : NyE - YES l
BAS 47 37 N- 735 E SWITZERLAND : R "YES
CHU 46 5] N 932 E SWIT/ZERLAND YE'S -
COS## 4612 N 8 1 E | SWITZERLAHD YES
NELL. 47 00 N - 6 57 £ SWITZERLanND YES _ I
ZUR 47 22 N % 35 E- SWITZERLAND . YES. _ i
ANK 39 55 N.- 32 49 £ TURKEY - 15,

O CIN 37 36 N 28 U5 £ TURKEY 154 | - I
DMK 41 49 N 27 45 B TURKFY NZA . o
DRH 39 35 i 28 38 E  TURKEY N/ZA E
EKD 40 24 W 2T 48 E  TURKEY N/ZA o
ERZ 39 855 N 41 16 B TURKEY 1% : I
E4N 39 46 N 26 20 E. TURKFY NZA . . ‘
GPA. "~ 40 17 N 30 19 € CTHRKEY N/A I
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Special

YUGOSLAV (A

TABLE 2 (Cont'd.) ;'ll
- Code Latitude . Longitude Country . Spz LPZ Horizontal
S o . 0 v Mag. (K) ‘Mag.(K)  sp LP
[SK 41 04 1i 29 04 ¢ TURKFY 150, | Nebk  Not YES
IST 41 03 N 28 59 £ TURKEY Y 165  NoF  NyF
KAS 41 22 W 33 46 b TURKFY 18 S _
RAM 37 46 N 41 18 E  TURKFY 50 - 5  NeE Nyt
CH 14 47 N 98 49 E THATL AN 400 3e0 NgE - NoF
SkG 110 N U160 37 E THAILAGD 256 3.0) NoE N
LW 29 1 N 31 20 £ UNITED AWAR REP 506 3. - NeE  MoFE
Eka 8% 20 N 310 W HNITER KINGUQM._(ARRAY.SEE,TAHLt 3) :
ESK 55 .20 N - 311 £ UNETFD KINGDOM o Sa
WoL 51 19 W P13 W UNTTED KINGDOM - 15. ,
AAM 42 1B N H3 39 gy DNITED STATES 25, 1.5 NoE  NykE
ALP#% 65 13 N 146 00 W UNITED STATES (ARRAYgsEEATARLE 4) o
ALY 34 47 N 106 28 W UMITED STATES 200 3.0 NeE Nk
ATL 33 26 W 8 20 v  UNITED STATES S0e- 1e5 NeE  NoF
BHP 8 5R N 79 33 4 UNITED STATES 1265 o eR O NeE  NeE
- BKS 37 53 M 122 14 v UNITED STATES 25 3e) NoE Mok
BL A 37 13 W Bg 25 W UMITED STATES. B0e 3¢0 © Neb  NE
BUZ 45 36 N 117 38 W . UNITED STATES 200 3.0 NsE  NoF
COL 64 S4 N 147 48 w UNITED STATES 100 1eS  NeE  NyE
LOR 44 35 1 123 18 W UNTTED STATES 12e5 B NeE  NsE
Day 32 51 N 96 47 W UNITED STATES - 25 1.5 NeE NoF
oG 40 12 N 112 49 W UNITED STATES 400 3¢0 - NoE  NoF
FLO 38 48 v 9g 22 w UNITED STATES ~ 50, B3¢0 NeE  NoE
LE G 38 54 N T7 04 W UMITED STATES 25 1.5 NeE  Nok
CGOL - 39 42 N 105 22 W UNITED STATES 400 1e5  N9E Nyt
O5C 35 18 N 11A 4B W CUNITED STATES  joo. Le5° NaE Nk
Glia 13 32 W 144 8% F  UNITED STATES - hel B Nek  Not
JCT1 30 29 B 99 48 W UNITED STATES 200, 1eS  NeE  NoF
KIP 20 25 N 158 S4 W LNITFR STATES 125 B NeE NeE
LAQ 46 41 N 105 13 W UNITEDVSTATES. (ARKAYSSEE TABLE 3 AND  4)
LOM 46 45 N 121 49 W UMITFD. STATES 1000 15 NekE - Nyt
Luts 3335 M 101 52 W UNITED STATES 25 15 NeE  NoF
Vsl 41 06 W 74 37 W UNITED STATES 50 . B NeE  NoE
OXF 34 31 N 89 25 W UNITED STATES 50 3e0 NyE  NyF
RCD 44 05 N 103 13 W UNITED STATES 250 1e5 NeE  NoF
SCP 40 49 N 77 $2 W UNITED STATES 50 3.0 NoE Nyt
SHA 30 42 N B8 g8 W CUMITED STATES fo3 15  NokE Nyt
SJ6G 14 07 N 66 09 W UNLTEf) STATES S0 A NoE  Nok
SPa Y0 00 5 oo UMTTED STATES 100 X Net Nk
Tuc 32 19 N 110 47 W UNITED STATES 200 3e Nob  NyE
WES 472 23 N 71 19 W UNMITED STATES 500 3 NeE © NoF
CaR 10 26 01 66 By W VENEZUFE LA 250 3. NeE  NoF YES
CuM 10 41 N 66 22 W VENEZUELA 45 Nyt -
Lod ) 05 N 71 16 % VENEZUFLA Jeb ‘
MEVER W32 N 7] 09 W VENEZUFLa S 347
NHA 12 13 N 109 13 £ VIET=-NAM (REP) 7% 1¢5 . NoE  Not
LJn 46 03 M l4 32 £ YOUGOSLAVIA® Ple . 2e5 NeE  Naot
WHWES 41 07 N 20 48 F YUGOSLAVTA P8R : Nyt
SKO 4| v N 2l 26 E  YUGOSLAVTA “35 le0 Nebl  Nok
VaY#e 41 39 N 22 34 F 250 : E



TABLE 2 (Cont'd.)

Footnotes:v

#* H/A'(NQTAAVAILAHLk)_IHUTCATES A SELSMOGRAPH [N OPERATION AT STATTON
CHUT MAGNIFICATLON couuu NOT BE GEFINED FROM. lNFOHMATION AVA[LABLF. »

i CODES SO UPSIHKAIED APF ADUPTh“ HERE ARND DO NOT APPFAR IN 11eSe UFPT..
OF  COMMEKCE FSSA PUHLI(ATIOA - SEISMOGPAPH RTATYON AﬁBHEVlATI“NS -

APHIL.'1970. _

fwse PUT SPY MAQNIFI(ATIUN nF g5K In THF CANADIAN GUHMTbeON T0O° THE
' UUITkU NATLONS WAS IN ERROR, :

*(* THE PHILIPPthw SPZ AND LPZ MAbNIFI(ATIONS FOQ HAG AND DAV ARF

BELTEVED ‘HY THE AUTHORS TO HAVE BEEN INADVERTENTLY REVERSED 1M
THF PHILIPPINES HtTUHh. . o

A\‘
¢

e e e _
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TABLE 3.

, | SPZ ARRAY STATIONS o
" Code Latitude  Longitude = . 'COUntry ‘ Number of Effective' o Other Components ‘

K - - ' Elements _ Magnification : :

GBA 1336 N ~ 7726 E India | 200 210K . See GBA in Table 2

EKA . 5520 N - 310W United Kingdom .22 0 - 135 K : See ESK in Table 2

HFS 60 08 N 13 42 E . Sweden - 3 140 K See HFS in Table 4, S
R : : ' o N . SR _ LPN and LPE at one-element

LAO* 46 41 N 106 13 W - .. United States 345 .. - 1250 K . All LP elements (Table 4)
. : o of America - . - contain LPN and LPE

NOsS* . 60 49 N - 10 50 E o Norway ' 147 © - 1250 K. All LP elements (Table 4)

- ' ' o . ' contain LPN and LPE
WRA 19 57 s 134 20 E - . Australia .20 . 300 K. None ' :
YKA 62 30 N © 114 36 W - , Canada 19 400 K See YKC in Table 2 and.
: : ' . . : YKA in Table 4
" SPZ Arrays Not Included: o o - ' Comments

 GRF 4942 N 11 13E © Germany ' ' ._ 7 S Incdmplete; included as a single

' o - -+ (Fed. Rep.«of) ’ : station (Table 2)

‘SAA 15 38 S - 47 59 W ‘Bra21l .19 - Incomplete; no magnlflcatlon or noise

' N ' : . ' - * figures given
. HEL 5914 N 24 55 E- ~F1nland . 3 " No phasing facility; also conventional
. o ' > L _ ' ~ station (Table 2)
DDR 36 00N ~ 139 12 E Japan , -, Irregular . Microearthquake array; also conventlonal

~station (Table 2)

* LAO’and NOS are commonly referred to in the literature as LASA and NORSAR, respectively. -

¢l
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TABLE 4,

LPZ ARRAY STATIONS

Code Latitude Longitude = Country . Number of Effective
' - : Elements .Magnification

ALP 65 13N 146 00 W  United States 19 120 K
: . . of America - S o
HFS 60 08 N 13 42 E  Sweden -3 28K
' LA0 46 41'N- 106 13 W  United States 17 120K
: of America ' :

NOS 6049 N 1050 E  Norway 19 120K
YKA 6230 N 114 36 W  Canada ~ 3 - . 28K

v(—\;
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3. SENSITIVITIES OF STATIONS ASSUMED IN THTS STUDY

3.1 - SPZ Conventional Stations

Each country was asked to specify in its UN return the opera-

tional magnification of any reported short-period selsmograph at a period

of 1 second. These values, where available, are listed in Table 2 ard

are the only data, except for some special cases for which additional
. data has appeared in the literature, from which a judgement can be made
of the operational sensitivities of the SPZ stationms.

 The standard short-period or hot-pen (hellcorder) record or
seismogram is normally of one-day duration with a speed of 60 mm per
minute, 15 minutes of data per line, and thus 2.5 mm between adjacent

" lines. It is the usual practibe to have. the operational seismograph.

magnification set to yield a certain background noise amplitude appro-
priate to this trace spacing. 1In order to define the detection capa-
bilities of the stations, the basic assumption.we have made is that the
noise levels, and thus the operational magnifications, are such that a
P wave signal will be identified on the records 50 per cent of the time
if it reaches a trace amplitude of 1 mm. There are a number of known -
cases for which this assumption will yield conservative estimates of
station sensitivities; Canadian stations, particularly, w1th which we

* are most famlllar will be discussed in section 6 2

A further complication is that in the UN returns, there .are
also cases of stations where the quoted magnification is believed by us
to be a maximum rather than the normal operat10na1 value; in these . cases

~ resulting sen51t1v1t1es w111 be too large.

However, in order to proceed further, the 1 mm, 50 per cent
signal detection assumption is applied to all stations without. considera-
tion of poss1ble exceptlons, and is believed to be reallstlc, if slightly
conservat1ve.» : : :

’ The formula relating P wave 51gnal dlsplacement w1th P wave
magnitude is o .
| m = log(A/T) + Q(4,h) . N ¢

_where A 1is the vertical ground displacement in microns, T -is the

correspondlng period in seconds, and Q 1is the distance (A) and focal
depth ~(h) calibrating function. Considering only a fixed focal depth
of h = 25 km , using a fixed signal period of T = 1 sec , and making
the appropriate conversion of units, the 50 per cent 1 mm seismogram
signal can be converted to a 50 per cent 1nterval probablllty (I P.) mag-
nitude detectlon value as follows

where V 1is the magnification-in K at a period of 1 second, Thus each
SP7Z station with a known (and fixed) magnification has a 50 per cent I.P.

magnltudo detectlon capabllity as a function of dlstance only, defined by
equatlon (2) .
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3.2 ‘SPZ Array Stations

1t is esSentiél when considering world-wide detection capa-.
- bilities involving mixed array and conventional stations to devise a
technique whereby array stations can be considered as extra-sensitive
single stations with assumed effective magnifications which depend on
the character and geometry of the array and the signal processing tech-
nique adopted. Each of the SPZ arrays must, therefore, be considered
separately using all available information to decide on this effectlve
magnification. ’ -

The U.K.-Type Arrays The data available for the four U.K.-
type . short-period arrays (YKA, WRA, GBA and EKA; see Table 3) are an
approximate 50 per cent annual noise level for each of the arrays
(Burch, 1969), and a well-defined detection capablllty for the YKA array
(Anglin, 1970) The noise -levels, converted to. equivalent m at a
distance of A = 60° |, are mwm4.0 , m4.1 , m4.,3 , and m4.5 for YKA,
WRA, GBA and EKA, respectively. In this calculation, Burch has assumed
a unity signal-to-noise ratio for a single sensor, which is equivalent
to a signal-to-noise ratio of approximately 4 for the phased sum. Anglin's
- results for YKA based on automatic array detection with digital delayed-
“sum and correlogram processing indicate an average 50 per cent I.P. de-
tection capability of ms5p4.3 at epicentral distances about 600.. The YKA
capability using an automatic detection algorithm is dm50.3 poorer
than the equivalent noise ¢alculation because the algorithm assumes no
prior knowledge of where to focus the beams and must limit the occurrénce
of false event (noise) triggers to a reasonable number. With no equlva—
~lent detection figures available for the other arrays, it is assumed’

that using an equivalent processing technique the 6m0.3 difference-
would apply, and the 60° mgy values are converted to an effective magni-
fication - V using equation (2). This results in' the effectlve magnifi-—
cation for these arrays shown in Table 3.

HFS (SPZ). No detectlon figures are available for HFS, but
the l-second noise is quoted as 12.5 mp* (Swedish UN return). Assuming
V3 signal-to-noise improvement using a phased sum, the signal will be
detectable 50 per cent of the time with a displacement of about 7 mp .
This converts to the effective magnification of 140 K given in Table 3.

’ , LAO (SPZ). The quoted 50 per cent I1.P. detection capability
for LAO (SPZ) is given (SIPRI, 1968) as m3.8 , using beam-forming tech-
niques. Assuming a mid-third zone distance of 60°, this converts using’

equatlon (2) to. the effectlve magnification of 1250 K. glven 1n Table 3

% This single Sensor noise level appears unusually high in comparison
to noise data available for similar environments elsewhere in the ’
world, and is believed to include noise at periods slightly above 1
second. If this is true, a narrow band filtering of the HFS data
(this is applied to the YKA data prior to automatic processing)

-would increase the effcctlve magnification determlned for HFS by
a factor of 2 or more. RS

.
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‘ © NOS (SPZ). No noise levels, operating magnification or de-
~tection capabilities. are available for NOS; this is due princ1pa11y
to the short. period of time it has been in operation,* However, be~
cause of the importance of NOS to world-wide detection, an effective
- magnification has been assigned to it. for purposes of this study. Al-
~ though it has fewer elements than LAO (see Table 3), it does have a
more suitable geometry, and on ‘this basis is asslgned an effectlve
'magnlflcatlon equal to that of LAO, 1250 K. *% '

313_ ’LPZ Conventional Stations

Each country was asked to specify the magnification of its
long-period stations at 15 or 20 seconds; the returns included values
in the range from 15 to 30 seconds. Since conventional long-period

~seismographs usually have generally flat magnification within the
range from 10 to 30 seconds, the quoted value is assumed to apply at.
20 seconds; the values for LPZ are listed in Table 2.

The dominant noise on conventional LPZ seismograms is commonly
near 6-second. periods and due to oceanic microseisms. A conventional
LPZ selsmograph writes 1 line per hour with 10 mm between adjacent lines.
‘It is assumed for 'purposes of discussing the detection of 20-second Ray-
leigh waves that the shorter period noise level and thus the operational
-magnlflcation are such that a 20-second signal" w111 be identifiable 50
per cent of the time if it reaches a trace amplltude of -2 mm.- From our

_ experience this seems a reasonable practlcal cr1ter10n to adopt in order
.to proceed further.-

v

: There are two single LPZ stations (GRF in Germany and WOL in

the U.K.) in the returns which possess magnetic tape recording facilities.
This tape facility, with extra electronic filtering during recording or
on playback from .the magnetic tape to.reject the shorter period noise,
allows quotation of a magnification at least 3. tlmes higher than the
conventlonal photographlc stations.

-The formula adopted for relatlng Raylelgh wave 51gnal to a sur-
face wave magnltude is :

M = log (A/T) + 1.66 log &4 + 3.3 , . (3)

* At the time of preparatlon of this report, the authors understand
that- full array operation at NOS carn be expected in the autumn of
1970. Parts of the array have been operational for some time.

#% If these assumptions concerning NOS are in error, the assumed ef-
- fective magnification for this array may, in fact, be different by
up to about a factor of 2; thls, however, would have no . 1mportant
effect on P. wave detection descrlbed in later chapters
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where A is the maximum vertical Rayleigh wave trace amplitude converted
to ground displacement in microns, and T is the corresponding period in
seconds, Considering a Rayleigh wave perlod ‘of 20 seconds and making

the appropriate units conversion, the ‘50 per cent detection signal level
of 2 mm is related to the 50 per cent I.P. Raylelgh wave . magnltude by the
formula , : -

0(A)‘l66log A-TlogV+2.3 ’~(4)"

~where V 'is the LPZ 20-second magnification in K. Thus each LPZ sta-
tion has, for a flxed magnification, a 50 per cent I.P. Rayleigh wave
detection capability as a function of. distance only, given by équation (4).

3.4 LPZ Array,Stations

As for the SPZ array stations, the LPZ arrays can be ass1gned
an effective magnlflcatlon on the basis of available noise data and de--
tection capabilities. The basic assumptions concerning LPZ arrays are
that they include sufficient filtetring capability that the 6-second noise
can be ignored, and that ‘they have a data processing facility for forming
phased sums. \ : '

‘ YKA (LPZ) An unpublished study by the authorsrhas shqwn that
the 50 per cent noise at YKA 'is about 60 mpy near-20 seconds. Assuming’
a ¥3 signal- to-noise improvement due to a phased sum and a 2.0 signal-
to-noise ratio for signal detection, the 50 per .cent I.P. ,51gnal will. be
70 mp which can be converted to the effectlve magnlflcatlon of 28" K :
given in Table 4. : : ‘

° HFS (LPZ) " The’ quoted 20 second noise for HFS (Swedlsh UN
return) is identical to that for YKA and the effectlve magnlflcatlon L
will also be 28 K. :

LAO (LPZ). The quoted Rayleigh-wave detection capability for
LAO (Capon et al., 1967b) is m4.5 at the 60 per cent I.P. level, which
can .be converted to m&4.4 at the 50 per cent I.P. level or: M3.0 (see
section 3.5) at the 50 per cent I.P. level. This is for & = 859 , but
includes matched'filterlng. The matched filtering which yields -a -detec-
tion improvement of 8 db (SM0.4) will be removed hére,; but discussed in
‘a later section. TFollowing this correction, the 50 per cent I.P. for
Rayleigh detection is M3.4 , which converts (using A = 859) from equatlon
(4) to the effective magn1f1cat1on of 120 K given in Table 4,

NOS (LPZ) and ALP. No. noise or detection flgures are avallable
for NOS and ALP. Although there may be a slightly higher noise level at
these sites (comparable to northern Canada and Sweden) than at LAO, NOS .
and ALP were designed for optimum LPZ detection and on this basis are
. assigned effective LPZ magnifications equal to the emplrlcally defined

value for LAO,. 120.K. :

3.5 ylelgh'Wave Detection in Terms ef m50 .

"In order to refer to both P wave and Rayleigh wave detection in
terms of a 51ngle magnltude scale,: the M50 Rayleigh wave magnitudes. '
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determined from equatlon (4) are. converted to equ1valent m50 using the
equation . ’ D :
M50 =.1.59 Mgy = 3.97 . o (5)

‘This is the original (Gutenberg and Richter, 1956) reiaﬁionship'relatlng
M and m and applles reasonably well to any world distribution of earth-

quakes.

The only specific study of Raylelgh wave detection which directly -
supports this adopted formulation is by Simons and Goforth (1967). They
present Rayleigh wave deteéction probabilities as a function of P- wave mag-
nitude, epicentral distance and LPZ magnification using a large suite
of widely distributed earthquakes recorded at five sensitive LPZ stations

in the United States. Their data for equivalent mj5g interval. probability

of Rayleigh wave detection versus epicentral distance for fixed magnifi-
cations agree with the formulation of equations-(4) and (5) within &ms500.2

- over the distance range from 35° to 90°. At nearer distances they illus-

trate an improvement in Rayleigh wave detection roughly equivalent to the
1mprovements gained from continental path propagation discussed in section
6.3. Capon et .al. (l967b) present M versus m data which, when combined
as a world-wide average, support the adoption of equation (5), but when
considered on a regional ba51s show that varlatlons in the M versus. m
relatlonshlp occur, :

Thus, with the adoptlon of equation (5), the P wave magnltude

‘m5 , for which there is a 50 per cent interval probability of Raylelgh

wave detection, can be determined as a functlon of dlstance for any sta—
tion w1th an avallable LPZ magnlflcatlon.
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4. GLOBAL P WAVE DETECTION

-4.1"f' Individual Station Detection Probability~Functions'__

The basic input data for the P wave detection calculatlons are

the 1nd1v1dual station m5Q(A) values defined in section-3.1 and 3.2. To .

determine the probability of 'detecting a given magnitude event at a

given site by a group of stations with various capabilities (various mso),f :

we require a detection probability function for each station which varies
with the event magnitude. ‘Ideally, we need either the noise amplitude '
probability distribution or an empirically defined detection probability .
distribution versus m for each station. Since this type of station
information . is avallable for only a very small percentage of the statlonS'
“being considered, a general approximation must be used.

The only" emp1r1cally defined individual station P wave detection
probabilities of which we are aware are from an unpublished study by the
authors of the capabilities of the Canadian SPZ stations SES, OTT and ALE.
For these stations, the magnitude range between the 10 and 90 per cent
interval probabllltles of detection is ém0.8 to 1.0 , with the 50 per
cent I.P. magnitude near the center of the range. s '

Assumlng that the probability of locating an event by a given
network of stations is directly related to individual station probabili-
ties of detectlng events, some location statistics can contribute to
this problem. Some tests made by the authors on the detectlonvcapabllity
in a number of European and. Asian regions using data for 1965, published
- by the Internatlonal Selsmologlcal Centre, give a magnitude difference

8m0.4 . to 0.5 between the 50 and 90 per cent capability,. Evernden (1970b)

has publlshed some diagrams indicating the world-wide capability. of the
United . States Coast and Geodetic Survey system. Our 1nterpretat10n of ..
the occurrence slopes again leads to a correction of 8m0.4 to change
from 50 to 90 per cent 1nterval probablllty magnltudes.

Noise probabllitles indicate a smaller range. of equivalent

'magnltudes than do the actual detection probab111t1es given above. A

study by the authors (Basham and Whitham, 1966) of short period micro--
seismic noise on Canadian seismograms shows that the 90 per cent cumu-
lative noise is on the average a factor of about 3 greater than the 10
per cent cumulative noise:  a difference in equivalent magnitudes of
6m0.5 . We believe that the actual detection probability range is :
greater than this because of the requirement of a larger signal-to-noise,
ratlo for detection in the presence of high noise than in low noise.

Statlstlcally, the most llkely shape expected for an individual
'statlon detection probability function versus magnitude would be an in-
tegrated normal curve, with each station expected to have a somewhat
different effective normal variance. Since these individual station
‘ﬁrobability curves are not available, and there are other uncertainties
in these calculations of equal. or greater magnitude, a linear probability
function, suitable to the above illustrated empirical data; of the form -

P(m) m - g

+0.5  (©<Pm s . (&)

g g e
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" will be empioyed P(m) is the probabllity that a station w1th capability

m50 . (defined in section 3.1) will detect the P wave of an’ earthquake of

‘magnitude m. This is simply an increase of 0.1 in detection probability

for each 61_110.1 increase, with the P = 0.5 centered on the adopted mgq .

4.2 90 Per Cent Detection Probabilities for an Event

In order to find, for a specific point on the earth, the earth-
quake magnitude that will have P waves detected with a required probability
by a given number of stations, we require some knowledge of the probability
distribution of numbers of detections, as a function of the magnitude of
the event, that can be expected from a large suite of available stations
having a wide range of P wave detection capabilities. TIf the average
number of detections is small relative to the total number of stations,

" the probability distribution of the number of detections can be closely

approximated by. the Poisson distribution for each magnitude under con-
sideration. If one then considers at the specific point in question a
range of event magnitudes, one has a family of Poisson curves. For each
of these curves the procedure in section 4.1 descrlbes how the number of
detections can be calculated. How one employs this family of curves for
purposes of detection probability calculations depends on the requirements

of the exercise. We have chosen to define the P wave detection capability

of the group of stations under consideration as the earthquake magnitude
at a given site for which there will be a 90 per cent probability of de-
tection by a minlmﬁm'giveﬁ numbetr of stations (N) . To do this we employ
the. cumulative form of the above family. of Poisson dlstrlbutlons and cal-

culate: that earthquake magnitude for which the cumulative Poisson dis-

tribution indicates a 90 per cent probability of detection by >N statlbns
This computational procedure was used for all detectlon calculatlons pre-
sented in the remainder of thlS report. :

4.3 A The 46—Station SPZ Network

There are 199 statlons in Table 2 (1nclud1ng the 7. SPZ arrays)
which have some degree of  SPZ detection capablllty, i.e., a known SPZ
magniflcatlon at 1 second. It will be seen in the following sections
that most - of the lower magnlflcatlon SPZ stations will not contribute
in ‘any highly significant way to discussions of global P wave detection
capabilities. The first requirement, therefore, is to reduce the total
of 199 SPZ stations to a conceptual world-wide network of 4 manageable ‘
number of SPZ stations which can be used to discuss global P wave detection.

In sections 4.5 and 4.6, the principal P wave detection results
of thlS study will be presented as global contour maps, the calculations -
for the contours being made at 146 grid points on-the earth separated

by 200 in both latitude and longitude. The procedure adopted to define

an SPZ network was to choose for each grid point the four stations with
the best P wave detection capability, i.e., with the lowest m50 values
(see equation (2)). If, at the fourth lowest mg5g value, there was
more than one station with the same capability,.the additional stations
were also included. The total number of individual stations chosen by

such a process was 46 (the 7 SPZ array‘stationsnand 39 SPZ conventional



_stations).. This 46-station SPZ network is shown in Figure 1 and will be
used exclusively for all P wave detection calculations which follow.
In addition, however, we have illustrated in Figure 1 the locations of
the 30 additional stations which have SPZ magnifications - 250 K . Many
of these stations, although not’ employed in detection calculations made

- here, ‘are of importance in considering regional studies and, in fact,

have been used in particular research studies which will be cited in-
later sections. It can be noted that most of these additional statioms
are located in North America and Europe. It should also. be noted that

a number of southern hemisphere stations selected for inclusion in the
46-station network by the procedure defined above have SPZ magnlflcatlons
less than 50 K ; this is due to the paucity of hlgh SPZ magnlflcatlon
stations in the southern hemlsphere

Although it may appear that the 4b-station SPZ network as de-
fined will have a poorer P wave detection capability than a larger net-
work consisting of all 199 SPZ stations, in fact, the N-station detection
limit as we have defined it (see section 4.2) will not, for small values
of N and for a general point on the_earth's=surface,«be_significahtly '
different whether using the 46-station or a 199<station network.:

"TABLE'S

NUCLEAR EXPLOSION TEST SITES GIVEN SPECIAL CONSIDERATION
IN THIS REPORT

.Site Code . Location . " Latitude Lbngitude
NTS . Nevada, U.S.A.  37.2N . 116.5 W
KAZ - E. Kazakh, U.S.S.R.  49.7 N 78.1 E
SAH . :'Sbuthefn Algeria 24.2 Nv.~ : SII'E'A
CHI - Northwest China 4l.4 N 88.3 E
AL Alegtian Islands - 51.4 N 179.2 E
Nvz. Novaya Zemlya 734 N , 54.8.E
MUR_ : E »Mufuroé Island 22.0 S - -139.0 W
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SPZ S'I"ATIONS.‘-USED "FOR _ GLOBAL P WAVE DETECTION CALCULATIONS :

€2

@ SPZ CONVENTIONAL STATIONS '(39)
¢ SPZ ARRAY STATIONS (7)

. X ADDITIONAL STATIONS_ (30) WITH- SPZ  MAGNIFICATION 2= 50K

. Figure 1. Conventional and array:stations in . the 46-station SPZ network used for global P wave detection
o calculations. The 30 station, locations shown without station code names are all additional
stations from Table 2 with SPZ magnification 250 K.
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4.4 P _Wave Detectlon at Spec1f1c Sltes

Although the pr1nc1pal result of this chapter w111 be global

P wave detection contour maps, it is of value to begin with a discussion -

of P wave detection capabilities for events.at seven specific sites:

- (a) as an illustration of the procedures which will be generallzed to

the global coverage, and (b) to define for these sites the formal de-

- tection capabilities of the 46-station SPZ network which will, in later
sections, be compared with emplrlcal detection capabllltles publlshed

in the 11terature. : ‘

The sites chosen for examination in the light of avallable
seismograph station data are seven of the active nuclear explosion
test sites; these seven sites, each assigned a 3-letter site code, are
listed in Table 5, and plotted in Figure 2. It must be emphasized that
the discussion at this point applies only to earthquakes, that is, to
hypothetical or real (if they happen to occur) earthquakes at a .depth
of 25 km, at or near (say, with epicenters within about 109 of) the
seven sites chosen for study. The conclusions drawn for conceivable
earthquakes at these sites will, of course, be expanded in later chap-
ters to a discussion of both the detectlon and. identification of under-
ground nuclear explosions at these same sites. C

. All presumed underground nuclear- exp1051ons have been: de-

-tonated in the northern hemisphere. It is for.purposes. of comparing:-
and contrasting detection capabilities at a southern hemlsphere site-
that MUR (an atmospheric explosion test site) has been 1ncluded with
the six northern hemisphere sites in this study. : ‘

The eplcentral distance range considered for P wave detection
calculations is 0 < A < 900 . Although the magnitude computational
formula, and therefore the P wave detection capability, is poorly de-.
fined at distances less than 200, any reasonably sensitive seismograph
station will detect P waves from quite small earthquakes at the near
distances. = Thus it is necessary to devise an approx1mat10n to include
in the detection calculations all stations nearer than 20° to a par-
ticular site. The approximation used here is an extrapolation of the.
Q distance callbratlon function (see equation (l)) to zero dlstance,
the empirical Q* function from Basham (1969a) is employed in the
range from 120 to 20°, and a somewhat arbltrary value of Q = 6.4 ‘is
employed between 0° and 12°. There are more accurate procedures for
calculating P wave magnitudes at the near distances (see, for example,
Evernden, 1967), but they require a regionally- dependent calibration of
the appropriate P phase arrivals and amplitudes. Without such phase
calibration available for a general point on the earth's surface, some
approximation must be employed; the one chosen will not significantly
distort the resulting P wave detection results. The 90° outer limit
of epicentral distance for detection calculations is the.limit of the
so-called "third zone", a distance slightly less than the one at whlch
P waves begln to be diffracted by the earth's core..

Using the detection computational procedure described in
section 4.2, the P wave detection capability of the 46-station SPZ
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" © SPECIFIC .SITES CONSIDERED IN THIS REPORT {w |~ & '~

Figure 2. Nuclear exp1031on test sites given spec1al
consideration in this report.

Sz
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' TABLE 6.

 EARTHQUAKE m MAGNITUDES AT SPECIFIC SITES' FOR

WHICH THERE IS A 90 PER CENT PROBABILITY OF P

'WAVE DETECTION BY >N STATIONS

NTS i(AZ sl CHI  ALU - WZ MUR

() (26)  (22) (23) (33) (31 @D
b 40 4.2 43 4.3 402 b1 45
6 4.2 4.b 4.4 - 46 b4 43 b6
8 4.3 4.5 4.6 4.6 4.5 b 4.7
10 4.5 - 4.6 4.7 4.8 46 4.5 4.9

*Number of stations f:om'46fstafioﬁ SPZ
‘network within detection range (4 < 909).

network for earthquakes at the seven specific 31tes are given in Table
6. The m values listed are those earthquake magnitudes for which
there will be a 90 per cent probability of detection by 2N stations;
m values are listed for N = 4, 6, 8 and 10. The number of stations -
within the 0 < A £ 90° detectlon range for each site are also indi-

cated.

To avoid the repeated use of a long phrase throughout this
report, we will employ the wording "N-station threshold", and rely on
the reader to recall the exact computational procedure as described -
in sections 4.1 and 4.2, and the more explicit meaning described by

the table heading in Table 6. For example, from Table 6, the 4-station

P wave detection threshold of the 46-station network for earthquakes
at the site NIS is mé4. 0.

A br1ef examination of the results of Table 6. will 1llustrate

some characteristics of P wave detection which w1ll have. general va11d1ty

in the global context:

(a) The higher latltude sites (ALU and NVZ) have more ‘stations w1th1n
detection range than do mid-latitude sites in the northern hemlsphere.

(b) The N-station detection thresholds are within 6m0.3 of belng
equivalent at all northern hemisphere specific sites; the extremes
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within this range show NTS and NVZ thresholds to be roughly 6m0 3 lower

than the SAH and CHI thresholds.

(¢) The N-station detection threshold for the southern hemisphefe site,
MUR, is approximately 6m0 3 higher than the average for the northern
hemisphere 31tes. : :

(d) The 10-station detection thresholds are about Sﬁola greater than vl,
the 4-station thresholds at all specific sites. : ' : o

Because of asymmetries in P wave radiation patterns and for pur-
poses of estimating epicenter location errors when using small numbers of

 stations (see section 4.7), it is important to define the source-to-station
“azimuthal coverage provided by the stations at the threshold being dis-

cussed. The threshold magnitudes derived for N stations are statistically
determined on the basis of all stations of the network within detection
range. However, for purposes of illQStrating'azimuthal coverage, it is
adequate to examine the azimuthal coverage provided by the best N stations
at the N-station threshold. The threshold magnitude to be examined here

- for P wave detection at the specific sites (and for global coverage; see

section 4.6) is m4.5. Thus, we wish to examine the azimuthal coverage
provided by the best N stations for which the N-station threshold is-
m4.5 at each site. The values of N for some sites are apparent in
Table 6; for example, we will examine the azimuthal coverage provided

by the best 10 stations for NTS, the best 8 stations for KAZ, etc.

The P wave azimuthal coverage for m4.5 earthquakes is illus-~
trated for the seven specific sites in Figure 3. The radial plots show
both individual station azimuths from the source (solld radial llnes)
and a method of shading which illustrates- azimuthal coverage in ‘a more
general way, the principal use of the shading to be an illustration of
the global results in section 4.6. The rules adopted for the shading

‘are as follows (1) ‘any quadrant (NW, SW, SE or NE) which contains more
- than one station is completely filled (e.g., NE and SE for NTS); (2) * for

a single station in a quadrant, the area between the station line  and.
the nearest filled section is filled (e.g., part of SE for CHI); and (3)
any.single station separated by more than 900 in azimuth from the nearest
filled section is represented by a 30° "pie-slice'" (e.g., see MUR).

Thus, from Figure 3, one can examine both the number of stations
detecting and the effective azimuthal coverage at the m4.5 rthreshold.
A number of illustrative comparisons are as follows: both NVZ and NTS
have 10-station detection at m4.5 , but NVZ has 3-quadrant coverage
compared to only 2—quadrant coverage of NTS; KAZ and ALU with 8-station
detection have more complete azimuthal coverage than NTS; MUR with 4-
station detection has less than 2-quadrant coverage.

4.5 | Global P Wave Detection‘Thresholds

It requires very little explanation to describe a generaliza-

tion of the procedures of the previous sections to illustrate P wave de-

tection capabilities on a global basis. Using the 46-station SPZ network,
cnlculutinns identlcal to those described for thevspeclfic sites were
made at l46 grid points on the earth neparated by 20° in both latitude
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 MURY
P WAVE AZIMUTHAL COVERAGE AT m4.5

Number of stations detecting and azimuthal coverage provided by
the 46-station SPZ network for earthquake P waves at a threshold
m4.5  at the seven specific sites. See text for procedure for
choosing N and representing azimuthal ‘coverage by radial plot
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GLOBAL P WAVE. DETECTION .

- Figure 4. Global contours -of the 4-station earthquakeé P wave .
- detection threshold. A shallow earthquake with
this P wave magnitude will have a 90 per cent proba-
. bility of P wave detection by 24 stations of the
" 46-station SPZ network. '
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and longitude. (This equal spacing in longitude for all latitudes pro-
‘duces. denser coverage at high latitudes, but is useful for contouring
. on Meréatbrrtype,mapAprojections.) ' : :

_ "A.contour map of the 4-station P wave detection threshold,ié
shown in Figure 4; the contour interval used is ¢&m0.2 . 'The broad feature
of these contours is a general increase in the 4~station threshold from
m4.2 in the north to m5.0 in the.south. The distribution of high mag-.
nification stations produces one dominant "low' and one "high" on the map.
The "low" of m4.0 in southern North America results from a concentration
of sensitive stations (see Figure 1); the "high" of m5.0  in the south
Atlantic Ocean results from a paucity of stations in South America and
. southern Africa. The station sensitivities and distribution in the northern
hemisphere are sufficient to produce a broad, flat 4-station threshold at
m4.2 over North America, Europe and northern Asia, deteriorating to m4 .5
for virtually cdmplete Asian and north African coverage. :

4.6 P Wave Detection and Azimuthal Coverage at m4.5

" The number of stations detecting P waves at a threshold magni-
tude m4.5 1is contoured in increments of 2 in Figure 5. The contour
numbers are equivalent to the numbers in parentheses in each radial plot
in Figure 3. Also shown in Figure 5 at each grid point for which N 2 4 ,
is an azimuthal coverage radial plot drawn according to the procedure
described in section 4.4. This combination of N-station contours and
azimuthal coverages describes the basic P wave detection:capability of the
46-station SPZ network for an m4.5 earthquake at any point on.the globe.

‘ For purposes of simple detection (i.e., determining that an
earthquake has occurred) and of accurately locating the earthquake (see
section 4.7), the 8- to 10-station detection throughout most of the northern
hemisphere is more than adequate. The number of stations detecting is re-
duced to between 6 and 8 in southeastern Asia and reaches a limiting value
of 4 at a latitude of roughly 100 S; the 4-station limit is slightly above
this latitude in central Africa and the Philippines-Indonesia regions and
slightly below this latitude in the south Pacific and Indian oceans; a
small area of N = 4 detection appears in a region of southwestern Aus-
tralia. Thus, there is inadequate m4.5 .P wave detection throughout
most of the southwest Pacific region, in southern South America, southern
Africa and Antarctica, including the adjacent oceanic areas. :

Except for isolated grid points in Africa and southeastern Asia,
all continental areas which have N > 4 station detection are represented
in azimuth by at least 2-quadrant coverage. The most obvious .inadequate
azimuthal coverage occurs in the .eastern Pacific Ocean for which all de-
tecting stations are in North America, resulting in only l-quadrant coverage.

4.7 - P Wave Detection and Epicentral Determination

Whatéver assumptions are made to define adequate P wave detection
capabilities, the problem of using these detected P waves to compute the
epicenter and the focal depth of the earthquake must be considered. We
have defined as an adequate P wave detection capability the 4-statiom _
thresholds which are illustrated in Figure 4. Assuming a known -travel-time

\
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Number of stations detecting and azimuthal cover-
age provided by the 46-station SPZ network for
earthquake P waves at a threshold m&4.5. - See text -
for procedure for representing azimuthal coverage

by radial plot shading.
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curve for reglonal and teleseismic dlstances, for detectlon by. only a small
number of stations, the depth and origin time of an event can- largely be

traded against each other, and so there are only three significant unknowns,

latitude, longitude and origin time. A zero depth, or some other fixed
depth, restraint is usually made in the epicentral calculation with P wave
detection by a small number of teleseismic or regional stations, when other
phase information or data from very close stations are lacking. Therefore,
in principle, 3 observations are adequate, but in order to confirm the ap-

proximate epicenter with one additional observation it is necessary to have

4 observations. With the detection calculation used, there is a 90 per
cent probability that the magnitudes shown in Flgure 4 will have 2 4 ob=
servations of the P waves. ' '

The ideal way to limit very severely the number of earthquakes
which must be considered as potentlal explosions using P wave arrival data
only is to have the capacity to determine that the depth of focus of an
event of interest is extremely shallow (say, O to 5 km with a precision

of 1 km or so). Although in recent years much excellent research has pro-

duced increasingly accurate travel-time curves (Herrln 1968; Lilwall and
Douglas, 1970), .and new techniques for improvement in relative epicentral
_determlnatlons, this highly desired accuracy in focal depth determination
is unattainable,. even with some tens or hundreds of observations. This is
because there are lateral complexities in the edrth. In practice, a small
number of P wave observations (say, 10 or less) cannot determine a focal
~depth to better than *10 km at best.

In principle,-there are two possibilities of interest with a
small number of detecting stations. The first involves cooperation by
nuclear testing powers in releasing publicly the times and positions of
a number of suitably large explosions for each test site in order to
obtain accurate empirical travel-time corrections for each testing area
. for the network of observing stations. The only study known to us of the
effect of these corrections for 'a small network at one test site is one
by Weichert and Newton (1970) using some NTS explosions recorded on the
Canadian network. When corrections were obtained for 13 Canadian stations
from publlcly released data, and calculations made-using the network on
other NTS explosions, the focal depth could not be estimated- better than -
+#5 km. If the calculationsvare repeated with no known corrections (i.e.,
‘no master events in the public domain), the situation is impossible and
errors.of many tens of km in the best computed depth of focus can occur.
We estimate that with a small network, reasonably adequately distributed
in azimuth, but with no master event control, all events with a nominal
focal depth from zero to about 50 km could be potential surface focus
events - or in this context, potential explosions. A further complica-
tion is that the master event technique may not give control over a. very
large distance from the master event site because of the presence of
crustal and upper mantle lateral inhomogeneities - again drawing on' our
-experience, a shift of position of a nuclear explosion of ‘about 150 km
in the western Unlted States completely destroyed the usefulness of
. station corrections to the Canadian network obtained ﬁrom master events
at the first site (Weichert and Newton, 1970). In a.control situation,
there is no reason to expect master event information to be available.

L
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at all conceivable points of interest; althbugh it may be available for
some areas, and, therefore, we can dismiss the matter from further prac-
.t1cal consideration in this paper.

The second possibility for improvement was well demonstrated
by Evernden (1969a). A striking improvement in precision of depth of .
focus can be obtained when an independent estimate of the origin time .
can be made from time differences between certain seismic phases on the
record at a small number of near stations. This, for the 46-station SPZ
network under study, is impossible - insufficient stations are reported
at distances of 150-1000 km from already known test sites. From con-
ceivable test sites, the station distribution is worse, and once again
we can, therefore, dismiss precision in focal depth determination as a
- feasible identification technique at the limits of detection by a small
number of statioms, '

Reasoning along these lines is the summary basis for the gener-
ally accepted contention that with a finite number of sensitive stations
-all earthquakes with crustal depths need testing, in principle, as po-
tential nuclear explosions against a number of identification criteria.
The depth of focus derivable in the general case, in practice, with a
~small number of -detecting stations, even if reasonably well.distributed
in azimuth, is too uncertain for use as a criteron,

It is now necessary to consider the question of location ac-

* curacy, accepting this ambiguity of, say, #30 km in depth of focus. Two
relevant studies at teleseismic distances are known to us, a theoretical
study by Evernden (1969b) and a practical study by Weichert and Newton
(1970). With a small network, and a l-quadrantal dlstrlbutlon Evernden
gives a 95 per cent confidence ellipse of area about 12,000 km2 for data
with a 0.5 second standard deviation of errors and a restralned .origin
time. Weichert and Newton used a depth restraint, and working with the.
Canadian network, obtained a typical average location precision of the
Canadlan network of about 45 km (without master event station corrections,
available only for limited areas as described above; with these the error
is about 5 km). The practical studies of Weichert and Newton can be
used to show the extensive theoretical studies of Evernden are realistic
for practical nétworks with a small number of detecting stations: multi-

- plication by a factor of less than 2 in any confidence areas of precision
should allow statistically for errors in the best travel-time curves
adopted when working with real stations. We, therefore, believe that
with data in more than one quadrant from a small number of statioms, :
‘and with no master control but the best possible travel-time curves, errors -
in epicentral positions should be typically 20-45 km.

Referring to the azimuthal cdverage presented in Figure 5,
it can be concluded that, using the 46-station network, errors in epi-
central position for m4.5 events at all locations enclosed by the
N =4 contour should not exceed 20-45 km., There may be minor exceptions
to this at the fringe of the N = 4 contour and at other isolated lo-
cations of poor azimuthal coverage, for which cases the 95 per cent con-
fidence ellipses (see Evernden, 1969b) may be elongated and the exact pre~
cision would require knowledge of the ellipse shapes. -
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- This eplcentral location accuracy is. about two times poorer
than the precision routinely achieved for many station locations by such
agencies as the United States Coast and Geodetic: Survey (USCGS) with its
reporting stations, or the International Selsmologlcal Centre (ISC), with
its more complete collection of P phase observations obtained several
- years after the events have occurred. However, the magnltude thresholds

of events located by these agencies is significantly higher than the 46-

station detection thresholds in all areas enclosed by the N = 4 contour
in Figure 5; at about m4.5 they have only a 50 per cent probability

of locating events, the USCGS capability being somewhat worse in some
areas (e.g., parts of Europe and Asia), but the ISC restoring the 50 per
cent location threshold to about m4.5 , using more complete data.

Because, at the lower limit of our estimates, the SPZ array
stations dominate the:situation (data from the arrays is not routinely
reported to the USCGS and ISC), it seems fair to-add that no really ade-
quate studies of multi-array epicentral location have been published.

Some partial studies have indicated that with known regional corrections,
. accuracies of about #60 km are p0331b1e (Weichert, 1969), but this re-
quires logistically complex uniform computational facilities and is un-
proven and beyond the scope of this report. Using data from only one
array, even if well sited and with a well calibrated crust, the epicen-
tral accuracies” obtained are much worse (Manchee and Weichert, 1968)

_’- R -L— o mm mw mm mm
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5. GLOBAL RAYLEIGH WAVE DETECTION

5.1 _ Cbmputatidhal Proceduté

The two data sources known to us that presert interval proba-

- bilities of Rayleigh wave detection as a function of the P wave magni-

tudes of the earthquakes are by Lacoss (1969a) for LAO Rayleigh wave
detection, and an unpublished study by the authors of Rayleigh wave de-
tection at the Canadian LPZ stations SES, OTT and ALE. Both these studies
show that the P wave magnitude range, between the 10 per cent and 90

per cent interval probability levels of Rayleigh wave detection, is ¢m0.8
to 8ml.0. Thus, the individual station detection probability function
for Rayleigh waves is very similar: to that of P waves (see section 4.1),
and the approximation given as equation (6) will again be used to describe
the probability function. For the case of Rayleigh waves, P(m) in

equation (6) is the probability that a station with Rayleigh wave detec-

tion capability mgg (determined from equations (4) and (5)) will detect
the Rayleigh wave of an earthquake of P wave magnitude m. The procedure
then used to define the 90 per cent Rayleigh wave detection probab111t1es

~is didentical to that described for P waves in sectlon 4.2,

5.2 'The 51=Station LPZ Network

A conceptual network of LPZ stations has been defined in a
manner similar to that described for SPZ stations in section 4. 3; i.e.,
for each of the 146 grid points the four stations with the best Rayleigh
wave detection capability (smallest msg on the basis of equations (4)
and (5)) were selected, including, where applicable, more than one sta-
tion with equal capab111ty at the fourth lowest capability. This resul-
ted in the network of 51 LPZ stations (the 5 LPZ arrays and 46 LPZ con-
ventional stations) shown in Figure 6. Again, in parallel with the SPZ
situation, we show in Figure 6 the locations of the additional 55 LPZ
stations with LPZ magnifications 21 K. The statements made at the end
of section 4.3 apply in a similar mamner to the LPZ stations.

-_5.3 : ﬁayleigh Wave Detection at Specific-Siteé

The Rayleigh wave detection capability .of the 51-station LPZ
network for earthquakes at the seven specific sites is given in Table 7.
The detection range restriction is again A < .90° . There is no associ-
ated problem with Rayleigh waves similar to core diffraction of P waves
near A = 900 , but the same upper limit of the detection range is ap-
plied, principally in order to restrict all detection considerations to
third zone distances or shorter. Although the effect on Rayleigh waves
will, in theory, be only one of attenuation if they have travelled
greater distances, there would be problems at great distances of associat-
ing both the Rayleigh and P wave to a specific event for stations having
both LPZ and SPZ instrumentation. :

However, there is an associated problem at the near dlstances
in that the detection equations applied, equations (4) and (5), are known
to be inaccurate at near distances. For near distances, and particularly
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LPZ STATIONS USED FOR -GLOBAL RAYLEIGH WAVE DETECTION CALCULATIONS :
. ® LPZ CONVENTIONAL STATIONS (46) .
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+ LPZ ARRAY STATIONS (5)

. %X ADDITIONAL STATIONS (55) WITH LPZ MAGNIFICATION 2> 1K R ) e

Figure 6. - Conventional and >array stations in the 5l-station LPZ network used for global Rayleigh
wave detection calculations. The 55 station locations shown without. station code names
are all additional stations from Table 2 with LPZ magnification »1 K. ; ' .
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TABLE 7
EARTHQUAKE m MAGNTTUDES AT SPECIFIC SITES FOR
WHICH THERE IS A 90 PER CENT PROBABILITY OF.
RAYLEIGH WAVE DETECTION BY >N STATIONS
N NTS . ' KAZ © SAH . CHI ALU NVZ ~ MUR
o @BLD* (29 - (@27) . (27) (40) (36) (31)
4 b b9 4.9 5.0 5.0 4.8 5.3
6 . 4.9 - 5.1° 5.1 5.1 5.1 5.0 5.4
8. 5.0 5.2 5.2 52 - 52 5.1 5.5
10 5.1 5.3 5.3 5.4 5.3 5.2 5.6

* Number of stations from 51 -station LPZ network
w1th1n detectlon range (A < 900)

for continental_péth propagation, the dominant Rayleigh wave energy éppéars.
at periods shorter than the assumed 20 seconds with the result that the

distance decrement in equation (3) is too strong (see Basham, 1970) and

the conversion to mgg - using equation (5) is invalidated (see also section
6.3). These effects notwithstanding, equations (4) and (5) have been ap-~
plied where necessary down to zero distances. The result of this is a

" conservative estimate of Rayleigh wave.detection for stations at the

near distances; the effect on the N-station Rayleigh wave detectlon thres-
holds as defined here will, however, be insignificant.

. To reiterate the exact definition,_the m values in Table 7 are
those.earthquake P wave magnitudes at the specific sites for which there -
will be a 90 per cent probability of Rayleigh wave detection by =N stations
of the 51-station LPZ network. A summary of the pertinent conclusions
from Table 7 is as follows: ' '

(a) the sites KAZ, SAH, CHI, ALU and NVZ have very slmllar ‘N-station
Rayleigh wave detection thresholds, '

(b) = the N-station Raylelgh wave detectioﬁ thresholds are d6m0.2 smaller
for NTS and 6m0.3  greater for MUR, this being due to the concentration
of LP7Z stations in North America and a paucity of statlonﬁ in the southern
lumlqplu vre, regpectively (see Figurce 6), :

(¢) ‘the hlgh—ldtltude sites (ALU and NV/) have more LP/ statlons withln
detection range than do the mid- latitude sites, -
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() the 10-station Raylelgh wave detection thresholds are about - 8m0.4
greater than the 4-station thresholds. ' C v

A comparison of ‘Tables 6 and 7 will 1llustrate the relatlve capa—"
bilities of the 46-station SPZ network and the 5l-station LPZ. network in
detecting P waves and Rayleigh waves respectively from earthquakes at
‘the specific sites. On the average the N-station Rayleigh wave detection
thresholds are about 6m0.7 - greater than the P wave detection thresholds,
the difference being slightly greater, 6m0.8 ,. for. MUR, and slightly less,
ém0.6 , for SAH. The threshold differences do not vary in any systematic
way with increasing N ; this illustrates a similar relative d1str1bution
of the two networks with respect to the specific sites.

Whereas for P waves the specification of adequate azimuthal
Coverage  serves the dual purpose of defining epicentral location accuracy
and avoiding unfortunate cases of having one or more of a small number of

‘detecting stations located at a null in the source radlatlon pattern, it

is the latter phenomenon that attains conslderable 1mportance in considera-
tion of Rayleigh wave detection.

The threshold magn1tude to be examined here for Raylelgh ‘wave
detection and azimuthal coverage is m5.0 ', which is. &m0.5 greater .than the
threshold magnltude examined in section 4.4 for P wave detection and :
azimuthal coverage. Figure 7 1llustrates, in a manner identical to that

~described for P waves in Figure 3, the azimuthal coverage - for Raylelgh

waves from m5.0 . earthquakes at the specific sites.. The 5l-station LPZ

- network provides greater than 2-quadrant Raylelgh wave .coverage for * m5. 0

earthquakes. at KAZ, CHI and NVZ, 2-quadrant coverage for SAH, and less
than 2-quadrant coverage for NTS and ALU. Fewer than b4-station coverage‘
at a particular threshold magnltude, in this case m5. 0 , 1s considered
inadequate detect1on, this is the case illustrated for MUR in Figure 7.

>5.4 o Global Rayleigh Wave Detectloanhresholds

A global contour map of the 4- -station Raylelgh ‘wave detectlona’
threshold is shown in Figure 8. The contours show general features -simi-
lar to those of the P wave detection threshold in Figure 4, but displaced-

 to higher values by 6m0.6 to 6ml.0 ., The thresholds are m4.6 in

central North America, m4.8. or less thrOughout all of North America,

the north Atlantic Ocean and northern Europe, m4.8 .toVImS 0 throughout much -

of  the temainder of the northern hemisphere, and deteriorate to a high
value of m6.0 in the south Atlantic . Ocean. There is a close correla-

- tion between these Rayleigh wave detectlon thresholds and the distribu- -

tion and sensitivities of the. stations in the 51-stat10n LPZ network

" shown in Flgure 6.

5.5 *RayleighWWaVe'Detection and Azimuthal Coﬁerage at‘AmS 0 -

The number of statlons detectlng Rayleigh waves at a threshold
magnitude m5.0 is contoured in increments. of 2 in Figure 9, this thres-
hold magnitude be1ng dm0.5 greater than 1llustrated for P wave detec- .
tion in Figure 5. 1In parallel with the case for P waves, and das an

.extension of the specific site coverage shown in. Flgure 7, the Raylelgh

wave az1muthal coverage prov1ded by the N detect1ng statlons for each
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~ /(N)= Stations \
W AT m50 E
' Threshold

MUR S

RAYLEIGH WAVE AZIMUTHAL COVERAGE AT m5.0 |

Figure 7. Number of stations detecting and azimuthal coverage
provided by the 5l-station LPZ network for earth-
quake Rayleigh waves at a threshold m5.0 at the
seven specific sites. See text for procedure for
choosing ' N and representing azimuthal coverage
.by radial plot shading.
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grid point ‘is 111ustrated by radlal plots in Flgure 9

The ‘N contours in Figure 9 down to the- 11m1t1ng value of N 4

have a battern very similar to the m4.6 ‘to m5.0 threshold .contours of

Figure 8; the N =4 contour in Figure 9 and the m5.0. contour in Figure . .
8 dlsplay the same basic information. .The azimuthal coverage for Rayleigh.

waves is generally adequate, 2 or more quadrants; at all locations en-
closed by the. N = 6 contour, and, except for parts of northeastern and
southwestern Asia, there is'2-quadrant coverage between the N = 4 and
N =6 contours. . .

In ch0051ng to 111ustrate in Figure 9 the Rayleigh wave. coverage '

at a threshold of m5.0 , we have in effect: limited consideration of Ray-
leigh wave detection to northern hemisphere locations. This is justi-
fied by the limited capabilities of both P and Rayleigh wave detection-

in the southern hemisphere illustrated on foregoing maps, which results"
directly from the lack of availability in the southern hemisphere of
numerous sensitive SPZ and LPZ stations. Thus, in the following chapters
much of the discussion, pertaining to both the conceptual SPZ and LPZ
networks and published results, will be dlrectly related to .northern
hemisphere locations. It follows, however, that any detectlon or iden-
tification thresholds we are able to define for the northern hemlsphere
can, and in-some cases will, be extrapolated to equivalent southern hemi=--
sphére thresholds on the bas1s of the detection threshold contour maps '
in Flgures 4- and 8. - :
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Figure 8. Global contours of 4-station earthquake Rayleigh
wave detection threshold. A shallow earthquake
.with this P wave magnitude will have a 90 per cent
probability of Rayleigh wave detection by 24 sta- . .
tions of the 51-station LPZ network. : . - -
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. provided by the 51-station LPZ network for earthquake
- Rayleigh waves at.a threshold m5.0. See text'for
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. 6. ' ENHANCEMENT AND DEGRADATION OF DETECTION ON THE REAL EARTH SPECIAL

SIGNAL PROCESSING, GLOBAL SEISMICITY AND INTERFERENCE PHENOMENA
6.1°  General

All the P and Raylelgh wave detection results presented to th1s
point have assumed that the -earth is a spherically symmetrical body for
which the earth-wide radial average of its properties apply at any point.
In particular, the P waves were assumed to obey everywhere the Q(A,h) -
distance-depth attenuation function and the Rayleigh waves the 1.66 log A
distance attenuation function. The real earth is known to be quite
different from this assumed average and, indeed, it has been the dis-
covery of the numerous anomalies or vagaries in the earth .that has led
to undérstanding of important earth processes in recent years.- :

Many- of the earth's vagaries, when sufficiently documented,

. can make important differences to the narrow field of investigation

being*considered here: the simple detection of P and Rayleigh waves at
given stations for certain magnitude earthquakes.: This chapter will
deal with some of these phenomena- to show how. they might change the
broad p1cture of detection so far. presentéd. In addition, this is a .
useful point.in the text to present any specialities of instrumental
response and data processing that have been shown capable of improving

- the P and Rayleigh wave detection capabilities, together with a discussion

of the variations in detection and identification requirements as a re-
sult of global seismicity patterns and the presence of interfering events.

'6;2- P Wave Phenomena and Special’ Instrumental Effects

Throughout the history'of using P wave amplitude‘measurements
to compute earthquake magnitudes, it has been found that a reasonably.
accurate measure of the earthquake magnitude can be found only when a
large number of widely dispersed station measurements are combined in
some arithmetic average. Individual station magnitudes can differ by
as much as dml.0 from this average. For the purpose of defining ac-
curate magnitudes from measurements at a small number of stations, it is
necessary to calibrate these for the particular earthquake source

- region, i.e., to determine a station magnitude correction for the. par-
" ticular station-region combination. Thus, it follows that at any par-

ticular magnitude detection level defined'for a station-region combina-
tion using the average * Q function, the real or effective detection level

'~ will be larger or smaller than the average level by an amount equivalent

to the positive or negative station correctlon

There is great difficulty in determining the effect of such
phenomena on the world-wide P.wave detection discussed here because
for only a few station-region combinations have such effects been well
defined, a problem to be given some emphasis in a later chapter on
recommendations. Some Canadian data can be used to illustrate the im-
portance of station-region phenomena .to P wave detection. -Using two
statlons with large correctlons from the study by Basham (1969a), it
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can be seen that MBC has a correction of -0.7 and VIC a correétien'of

+0.9 for P waves originating near. the test site KAZ* (see Table 5).  MBC

and VIC have msy values for this site of 4.9 and 5.5, respectively.

Applying the station corrections to mgg , the effective mgy values
are in reality 4.2 and 6.4 for MBC and VIC, respectlvely If 'such ef-
fects were well defined for all statioms, the conclusions concerning P
wave detection at specific sites (Table 6) and for: the- areal coverage.

.(Figures 4 and 5) could be 51gn1flcantly different.

: _In order to gpply a unlform procedure to all stations in
this P wave study, only the l-second SPZ magnifications are used and
it is assumed that the P. wave is recorded with a period of 1 second.
The P wave. magnltude is by definition computed from the quantity A/T:
(see equatlon (1)), which can often be significantly different from.
the l-second amplitude. Again, this can be illustrated by some Canadian
cases familiar to the authors. A number of Canmadian Arctic stations-
record P waves from earthquakes (and explosions; see section 7.2) at-
periods commonly 0.6 to 0.8 seconds. This is due partly to some type
of focussing effect and partly to the shape of the response curves -
which are peaked in velocity sensitivity and magnification at. periods
shorter than 1 second. The effect of this is to have, in.practice,
greater detection capability for these stations for some regions than
that derived assuming that the fixed (and lower) l-second magnification
applies to all events. The opposite effect, P wave periods greater than
1 second and a too large assumed magnlflcatlon, is also known to apply
to -some Canadian statioms.

A large compllatlon of data by ESSA (1967) on the P wave de-
tection capabilities of the two.stations, COL (Alaska, U.S.A.) and MBC
(Canada), for NTS explosions provides an excellent illustration of the
positive effects-described in the preceding paragraphs. ESSA compiled
detection and magnitude statistics for these two stations for 194 NTS
explosions in the period, September 1961 to March 1967; in additionm,
noise statistics within the period band of the P wave slgnals, 0.5.to

1.1 seconds, were compiled for the 1 minute of seismogram trace preceding o

the P wave arrival time of each explosion. A reworking of the ESSA noise
data indicates that within this narrow band the 50 per cent cumulative
noise displacements are very low values of. 0.34 and- 0.74 my for MBC: and
COL, respectively. Assuming a signal-to-noise ratio of unity for 50 per
cent I.P. of detection, using the common signal periods of 0.7 and 0.8
seconds for MBC and COL, respectively, and applying the formulation of
section 3.1, yields effective magnifications for these two stations for
NTS exp1031ons of between 1000 and 2000 ‘K; the values adopted for . these
two statlons in Table 2 are 72 and 100 K for MBC and COL,«respectlvely

* These station corrections were determlned from exp1031ons, but
are known to apply equally well to earthquakes near that reglon.f
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The sensitivities of these stations to NTS explosions is con-
firmed by the ESSA measurements of actual events. Although some manipu-
lations are requ1red to establish independent magnitudes for the smaller .

' explosions, conservative estimates of mgg for the stations are m503 9

and 4.0 for MBC and COL, respectively; the mg values derived using

. the formulation of section 3.1 are mg54.6 and 4.7 for MBC and COL,

respectively. This improvement of d&mg5p0.7 : results from a combination

of three factors: a much lower noise level in the narrow signal period
band than assumed in section 3.1, a higher magnification at the shorter
periods than at 1 second, and the ability of a skilled observer to identi-
fy very small signals with foreknowledge of the expected arrival times.

In the type of- general study reported here, these types of

"effect cannot be included; they are illustrated only to suggest that

caution is required in strict interpretation of results such as those
presented as -contour maps in Figures 4 and 5

6.3 - Rayleigh Wave Phenomena

The differences that- the real earth can make to Raylelgh wave
detection occur as a result of different propagation phenomena over dif-
ferent parts of the earth's surface. The two related effects requiring
attention are the real attenuation rate of Rayleigh waves with distance
for different types of crust (i.e., possible deviation from the attenua-
tion rate 1mplled in equation (3)), and the effect this has on the apparent
relative excitation of P waves and Rayleigh waves by an earthquake (i.e.,
p0331ble deviations in the form of equation (5)). Equations (3) and (5)
are acceptable and usmble average relationships for considering Raylelgh
wave propagation over long and generally mixed continental and eceanic
paths, the types of paths implied in the specific site and global Ray-
leigh wave detection results presented in Chapter 5. However, there are
known. cases where neither equation (3) nor (5) is acceptable.

The most important case is that of continental path propagation
for which the Rg phase rather than the fundamental mode (20-second)
Rayleigh wave can be employed. The phase measured in the study by Basham
(1969a) for North American paths and identified here as Ry refers to
that section of the Rayleigh wave dispersion curve at periods shorter than
20 seconds which shows little or no dispersion. The dominant wave periods
on the LPZ seismograms varied from about 8 to 14 seconds depending on
the particular station and. propagation path. . On most seismograms the
phase clearly conformed to the properties of R, identified by Ewing et
al. (1957, p.-219); on some seismograms, however, R, was less strong
and probably was mixed with the sedimentary and fundamental continental
Rayleigh modes. The distinctive character of these short period continen-
tal Rayleigh waves is demonstrated in early studies by Press and Ewing _
(1952), Press et al. (1956) and Oliver and Ewing (1957) , and more recently
by Basham and Halliday (1969) and ESSA (1970b). ‘ The results of Basham

- (1970) show that Rg attenuates as A~0.8 rather than 4-1.66 appro-

priate to 20-second waves in equation (3). The dlsadvantage of employing
the R, phase is that its shorter period is much nearer the periods of
the dominant -oceanic mlcroseismlc band However, Rayleigh wave detectlon
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using the R phase has 1mproved on 20- second detect1on in both North 'h
America (Basham, l969a, Evernden, " 1970c¢) and" Asia* (Thirlaway, see" SIPRI
(1968)) .

Rayleigh WaVe magnitudes calculated from R~ are,'because”of:
larger inherent amplitudes and smaller rates of attenuation, signifi-
cantly different from those calculated from 20-second Rayleigh waves;

R, magnitudes are typically 0.6 - 1.1 larger than 20-second magnitudes
(Basham, 1969b, 1970; - Evernden, 1970c). This difference can be con-
sidered as a correction relating Rp and 20-second Rayleigh wave mag-
nitudes; when considering detection, however, it is approx1mately by
this Rayleigh wave magnitude difference that measurement of R, can

~improve on Rayleigh wave detection (equivalent to about m0. 4~ improve-

ment). These effects will be discussed further w1th respect to identi-
fication thresholds in Chapter 8. : -

6.4 ) Special Signal Processing'

There are two kinds of process1ng which must be mentloned in
any discussion . of detection of seismic phases one which can enhance .
P wave detection and the other which can enhance Rayleigh wave detectlon,
both- requlre the seismic data to be in digital form.

The P wave enhancement process which can be applled to d1g1tal
SPZ array data is the "maximum-likelihood" process (Capon et al, 1967a).
This is.a hlghly sophisticated process in which a linear filter is de-
signed which combines the output of a large number of sensors in a sub-

array so as to suppress the noise without dlstortlng the s1gnal . Because

of the complexity of the process, the computer processing requirement and
the ‘special array geometry required for max1mum—11kellhood processing;

it can be considered for p0531ble application at only the two large aper-
ture SPZ arrays, LAO and NOS. However, it can make an important improve-
ment in the P wave detection capability: the LAO improvement quoted in.
SIPRI (1968) is mgg3.9 for maximum-1likelihood processing compared

with mg5p3:8 for standard beam forming. This is an m50 improvement

of about 6&m0.3 (see .section 4.1). However, since we consider here N-

station P wave detection thresholds with N > 4 , the possible application

of maximum-likelihood processing at the two arrays that already have the

‘best detection capability without the application of this special process

will have little effect on our conclusions.

* The 1mprovement for Asia is our’ 1nterpretat1on of the SIPRI statement
which reads in part: "When magnitude determination at: 20 seconds
proves 1mp0351ble at near. distances, Thirlaway considers.12- second
per1od waves and appl1es an apprOprlate correction."
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The_process which has been used to enhance Rayleigh wave de-
tection is the '"matched filtering" process which can be applied to any
long period seismic data available in digital form. The matched filter-
ing process is simply a cross-correlation of signal plus noise with a’
wave form representing the pure signal. If the signal is present in
the noise, it will be enhanced by this process.

Capon et al. (1967b), using a simple linear frequency-sweep
reference waveform (to represent a dispersed Raylelgh wave) on LAO data,
demonstrate an 8 db (8M0.4) detection improvement over a phased sum

for Asian Rayleigh waves. Basham, in an unpublished study; has obtained,

using YKA data, -a similar 6&M0.4 detection improvement for Gulf of Cali-
fornia earthquake Rayleigh waves by cross-correlating the full Rayleigh
wavetrain (including R,) ~of a large event with wavetrains of smaller

-events hidden by noiseé. Using equation (5), the &MO.4 values can be

considered equivalent to 0.2 to 0.3 improvement in mgg .

It is only the LPZ array facilities and possibly a few of the
conventional stations that will have LPZ data readily available in digital
form, and thus have the potential (it will require additional off-line
digital processing) capability to apply matched filters. However, since
the world-wide Rayleigh detection is . strongly dominated by the LPZ arrays,
the N-station Rayleigh wave detection thresholds for small values of N
(say, N = 4) have the potential of being reduced by about 6m0.2 using
this process. A

6.5 Global Seismicity and Interference Phenomena

To this point, we have considered the thresholds of detection
of P waves and Rayleigh waves for the conceptual networks; for both waves
we have considered azimuthal coverage provided by the detecting stations,

.Before proceeding further, it is important to make a number of distinctions

as follows for a general approach to the identification problem. All points
on the earth's surface are not conceivable locations for underground nu-
clear explosions for a variety of obvious reasons. However, conceivable
locations (this includes test sites in present use) can be in either

+ seismic areas, or areas with minor and often ill-defined seismic activity,

or virtually aseismic areas. For each of these three situations, the
problem of explosion identification is, in practice, different. The
highly seismic and the .virtually aseismic areas of the earth are geo-
physically and geographically well defined; see, for example, Barazangi
and Dorman (1969). Areas of low seismicity are, however, present which
have an earthquake occurrence rate and areal extent which are less well
defined, and these complicate the problem.

The phlloSOphy of identification adopted in Chapter 8 is that,
given an event which requires identification, the location of that event
is both a conceivable location for an underground explosion and a probable
location for a natural earthquake. This is the most conservative approach,
since in an aseismic region the threshold for identification is the thres-
hold for detection with adequate location accuracy: in a region of major
or minor seismicity the threshold for identification is appreciably higher



48 . . l

. as will be demonstrated later. A potential violatOf, in a test ban
context, is assumed in this approach to have access to a seismic’ reglon
in which clandestlne testing may theoretlcally be attempted ‘

, Some spec1f1c examples may clarlfy the distinction we are
seeking to make. A shallow seismic event in the earth's crust beneath
a highly populated area is extremely unllkely to be a clandestine under-
- ground explosion, whereas a shallow seismic event in an hlstorically
aseismic Precambrian shield area is unlikely to be a natural earthquake,
and would at least be a suspicious event in a test ban context. In the .
" former example, thé requirement for identification is obviated; in the
latter example there could be immediate suspicion of clandestine testing
for any event above the detection threshold, even though formal identifi-
cation by techniques to be described later would only be possible if the
event were above the higher identification threshold. '

A further assumption in our treatment of detectlon and 1dent1f1—
dcatlon is that events being considered are recorded in the presence of
‘continuous natural background noise, but in the absence of other unrelated
but 31mu1taneously occurrimg events. ~Over a long time period, say, one

- year,. some approx1mate assumptions concernlng the number of P waves visible
~at a relatively sensitive station per day and the duration of the P wave
signal can be used to estimate that the probablllty of having an inter-
fering P wave disrupt or. ‘mask the P wave of the event under consideration
will be about 1 per cent, and will, therefore, not seriously alter calcu-
lations of P wave detection probabilities. 'The case of interfering Ray—'3
leigh waves is soméwhat more important.  Some unpublished studies by the
authors have shown that the probability of encountering an interfering
Rayleigh wave at any point in. time on an LPZ record is about 15 per cent.
If it is assumed that no useful measurement can be made in the presence
of an interfering event, regardless of the magnitude of the event of
interest, then the 1nterval probablllty of Rayleigh wave detection from
~an event of interest will be zero 15 per cent of the time, i.e., limited
to a maximum of 85 per cent.  If this were combined in a statistical
approximation with the equatlon (6) detection probability function, the
Rayleigh wave detection probability of an individual station would be re—
duced by about 0.1 over the m-range covered by equation (6). The con-
sequent effect on the N-station Rayleigh wave detection thresholds would
be an increase in the threshold of about sm0.1 . This correction will
not be made, so.it must be remembered that the results presented apply
only in the absence of interfering Raylelgh waves.

; A further complication, by a potential violator. de81gn, can .
arise if one anticipates the worst possible combination of the global.
seismicity and interference phenomena mentioned above, the phenomena of:
earthquake swarms and aftershock sequences. There are numerous occur-
rences annually of swarms of earthquakes (many earthquakes of varying
magnitude occurring within a relatively 'small area) and sequences of
earthquakes of generally diminishing number and magnltude following a
large- earthquake The problems of discriminating a possible exp1051on
from within one of these sequences would be much more severe: (a) if
it were suspected at a 1ocat10n near the earthquake sequence, because
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_of'the great number of natural events with whiéh it must be compared
-and by which it might be masked, and (b) if it were suspected at a

location anywhere else on earth,because of the presence on all world
selsmograms of 1nterfer1ng P and Rayleigh waves resulting from the
natural event sequence. :
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7. DETECTION OF UNDERGROUND EXPLOSIONS

7.1 e Assumed Charaéteristics'of the Explosions

© A1l ‘discussions of detection to this point have assiimed the P
and Rayleigh waves originated from an earthquake with a focal'depth'of
about 25 km. Here, all available information will be applied to inter-
pret the same network detection capabilities assuming the source of the
waves is an underground nuclear explosion of shallow depth. i

- Numerous references have appeared in the literature'relating‘_

the size of the explosion (the explosive yield), the medium in which-

the explosion is detonated and the effects of cavity decoupling (where =
feasible) to the seismic magnitude; see, for example, SIPRI (1968) and
Evernden (1970a). For purposes of relating the yield of -an.explosion
'to an equivalent earthquake, Table 8 presents for hardrock”media the

range of explosion yields in kilotons that are assqciatedfin,various
literature sources with specific P wave magnitudes. The formally calculated
“and empirically determined P wave magnitude thresholds to be discussed will,
where appropriate, be equated using the data of :Table 8 to equivalent hard-
rock yields. We note that these yield figures for any magnitude would

need multiplication by a factor up to 10 for low yield'explosions in, -
 for example, dry alluvium. Decoupling factors of more than 100 have been
obtained by detonating low yield explosions in suitable cavities. Since
we can add nothing new in a discussion of the effects of the variables

of explosion emplacement, we note the vital relevance of these problems
to test ban considerations; and proceed. . ST

TABLE 8.

. RANGE OF HARDROCg NUCLEAR EXPLOSION YIELDS.
~ ASSOCTATED WITH SPECIFIC P WAVE MAGNITUDES

?’Wa&e Magnitude (m) ~ Yield Range (Kilotdns)ﬂ_'
4.0 S 1-3
45 . . 3-10
5.0 10, - 20

6.0 100 - 200
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7.2 Explosion P Waves

It is the P waves which, by definition, are used to equate
underground’ explosions to equivalent earthquakes, and any discussion of
P wave detection can, in theory, apply to both’ explosion and earthquake
sources. However, there are two effects that can.make minor d1fferences
to exp1051on P wave detection.

The first is the Q(A,h) distance calibrating function used
to compute P wave magnitudes. For the earthquakes, a Q - for a fixed
depth of 25 km was applied to computations of P wave detection. Under-
ground explosions are confined, by engineering considerations, to-a
maximum depth of about 3 km, and thus the appropriate Q would be the
one for this depth, or, say, for surface focus events (h = 0). The Q
function being used has Q(A;0) equal to Q(A,25 km) over 50 per cent
of the 20* to 90° range, 0.1 larger than Q(A,25 km) over 36 per cent
of the range, and 0.1 smaller than Q(A,25 km) over the remaining 14
per cent of the range. Thus, the maximum difference for) explosions at
a single station can be 6ms5g0.1 , but is more likely to be negligible
when con51der1ng N-station thresholds. :

_ The second factor is a characteristic of recorded exp1051on
P waves which contributes to their identification using short period

discrimination criteria, but which can also alter the ability to detect

them. This is the generally impulsive character and shorter dominant
periods of explosion P waves.  The effects of this have been described
in section 6.2 in relation to more favourable short period instrumental

‘effects and,althoughthe effect is important to detection at certain

statlons, it is difficult to include 1n,acon51deration of global coverage.

Therefore, bearing in mind the two factors discussed -above,
together with the other phenomena described in section 6.2, all the P

' wave detection results so far presented can be assumed to .apply equally

to earthquakes and underground explosions. The positive effects de-
scribed in section 6.2 suggest that the calculations presented earlier.

‘'in Table 6, for example, err on the side of being slightly conservative -

in any case we believe them to be realistic and the best ones than can
currently be made. Figure 5, for example, can be interpreted as showing
conservatively the number of network stations detecting P waves, ‘and the
azimuthal coverage, for underground nuclear exp1051ons of 3 - 10 kllotons
yield, detonated in hardrock.

7.3 Exp1051on ‘Rayleigh Waves

The fundamental difference between an earthquake and an under-
ground explosion is in the nature of the source and, in particular, in
the geometry and size of the source. The major influence this has on
the resulting seismic waves is a marked reduction in the excitation of

“explosion surface waves: compared to a similar P wave magnitude earth-.

quake. A review of theoretical consideration of this phenomenon has

been given by Liebermann and Pomeroy (1969). This effect provides one‘of
the most useful criteria for distinguishing betwecn an earthquake and an
underground exp1051on, a matter. given full consideration in section 8.3.



Here we shall be concerned with the effect ‘this phenomenon has.on'chang—'
ing the detection capabilities for explosion Rayleigh waves compared with
the case for earthquakes. The problem will be attacked by determining
the average amount by which explosion Rayleigh waves are reduced, and:
applying this to the detection results already presented for earthquakes.

The reduction in explos1on Rayleigh waves will appear in a new
vform of equiation (5) which can be applied to explosions. It is apparent
that each study of M versus m -for explosions, reported in the literature,
results in a different form of equation (5); see, for example, SIPRI (1968),
Liebermann and Pomeroy (1969), Capon et al. (1967b), Basham (1969a, 1969b)
and Liebermann and Basham (1970). However, earthquake Rayleigh wave de-
tection was computed using anearth-wide average value of M versus m given

as equation (5); it is convenient, therefore, to adopt an earth-wide average

form of equation (5) for explosions. Studies which have been based on.
earthquakes and explosions in the same geographic region and restricted

to or adjusted to only 20-second waves (Capon et al., 1967b; Basham, 1969b)
show earthquake and explosion M versus m relationships nearly parallel
and separated by 1.5 to 2.0 in M.. Magnitudes based on Ry, ‘(Basham, -
1969a; Evernden, 1970c) also show parallel relationships, but they tend

to be nearer, separated by about 1.4 in ‘M . For purposes of discussion of
global explosion Rayleigh wave detection, a parallel relatlonshlp separated

by 1.5 in M w1ll be" applled. ‘Thus, equatlon (5) for exploslons takes the .

form

Moo = 1.59 mgg - 5.47 ':' BT (N

" Rather ‘than present new tables and figures for explosion Rayleigh
wave detection, the difference this makes can be stated quite simply.. .The
application of‘equations (4) and (7) to explosions increases all Rayleigh.
‘wave mg5Q station capabilities presented for earthquakes by about 1.0.
The - R% relationships have slopes near 1.4 rather than-1.59 as in equa-
tion (7); because they are separated by &Ml.4 rather than 6M1.,5 to 2.0 ,
the mgy values for these explosions will also increase by about. 8&m50l.0 .
With each station's mg5g Rayleigh wave detection capability shifted up-
ward d&mg50l.0 , the N-station threshold magnitudes will shift upward an
equal amount. That is, Table 7 and Figure 8 apply to explosion:Rayleigh
- wave detection with the threshold magnitudes increased by 1.0, and Figure
9 applies to explosions at a threshold m6.0 , or 100-200 -kilotons in
hardrock. It should be recalled that Figure 9 presents ‘the situation
without the gains from matched filtering, obtainable at particular stations,
or from the continental path propagation, obtalnable for particular sta—
t10n—s1te comblnatlons

At a later stage, explos1on yield equlvalents w1ll be reintro-
duced briefly in a discussion of important new relationships between-
explosion yield and surface wave magnltudes (R and 20-second) which have
recently been defined. :
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8. IDENTIFICATION OF EARTHQUAKES AND EXPLOSIONS-

8.1 - . Identification Criteria

The state-of-the~art in seismological discrimination between
natural earthquakes and underground explosions to the year 1968 is
presented in excellent summary form in the SIPRI (1968) document. A
table in that document (p.62) lists ten discrimination criteria, three
of which are described as "positive identifiers" above a certain thres-
hold magnitude, and seven of which {including the positive identifiers)
are described as "diagnostic aids' to identification.

A great deal of research has been published on these ten and

" other discrimination criteria since 1968. The basic conclusions con-

cerning discrimination, however, have not changed significantly from
those presented in the SIPRI document: the same three "positive iden-
tifier" criteria are considered of most value in identifying underground
explosions. The three criteria are listed by SIPRI as surface wave:body
wave magnitude, Rayleigh wave spectra, and P wave spectra. The concept
of these three criteria in total.or in combination can be considered as:
discriminating between earthquakes and explosions on the basis of the
total spectrum of seismic energy released by the two types of sources.
Although some of the less useful criteria will be considered in various
ways in this chapter, the majority of the discussion will be confined

to these three criteria and this concept of differences in the total
seismic wave spectrum between earthquakes and explosions. = = .

. The entire discussion can be confined to consideration of
only shallow focus (say h < 50 km) earthquakes by assuming the capa-
bility exists, either by least-square hypocentral determination or by
observation of pP phases, of accurately defining focal depths greater
than 50 km and thereby positively identifying such deep events as.earth-
quakes. Section 4.7 explains why, in the low magnitude range,--all 'shallow
focus earthquakes are potential explosions in terms. of ' the accuracy
achievable in depth of focus. I '

A Differences in the total seismic spectra of earthquakes and
explosions appear over -a wide range of frequencies, and are apparent
in a wide variety of both body wave and surface wave phases. They are
most distinct, or most easily measured, within the short period P waves,
in the relative excitation of Rayleigh and P waves and within the Ray-
leigh waves. These three criteria are the major topics for discussion
in the next three sections.

8,2 " P Wave Spectral Ratio

The P wave spectral ratio criterion often uses a measure of
the ratio of energy in two frequency bands in the P wave. The results
have shown that shallow earthquakes tend to have relatively more low
frequency energy in the P wave than do explosions: Results using this
type of method are dvailable from studies in the U.S.S:R. (see SIPRI,
1968), Japan (see SIPRI, 1968), United States (see Lacoss, 1969b) and
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Canada (see Basham et al., 1970, and Weichert, 1970).. Both the methods

and the conclusions differ among. these studies. The Japanese and U.S.S.R.

methods use measurements from visual seismograms; the United States and

_Canad1an methods use Fourier analysis of d1g1ta1 array data.

The conclusions of the U.S.S.R. and Japanese stud1es, that the
frequency content of P waves of earthquakes and explosions are sufficiently.
different so as often to be apparent on visual seismograms, are quite valid,
but the method is not suff1c1ently rigorous and their statistics too poorly
defined to be of value to a discussion of world-wide identification. Most
seismologists have observed this characteristic of earthquake and explosion
P waves: we require here a rigorously defined quantitative measure of
this difference in frequency content ‘and, therefore, w1ll conflne dis-
cussion to the United States and Canadian results.

The spectral ratio used for the LAO phased beam (Lacoss, 1969b)

is the ratio of energy in a high frequency band (1.45 - 1.95 Hz) to' the-

energy in a low frequency band (0.35 - 0.85 Hz), applied to P waves of

both 10 and 20 seconds duration. The process applies a strict signal-to-
noise ratio criterion in each frequency band.. When plotted as spectral.

ratio versus LAO P wave magnitude, a suite of 82 earthquakes (with h < 100 km)

and 33 explosions in Asia has the two populations separated nearly completely

by a decision line which is a smooth function of magnitude; the exceptions
are f1ve earthquakes which appear on the explosion side of the decision
line. “Four of these earthquakes can be identified as .such by the’ appli-

cation of other discrimination criteria, an' important point in itself

which demonstrates the multivariate nature of the discrimination problem.
Thus, for the process as defined, the spectral ratio at LAO has a high
(but -undefined) probability of correctly 1dent1fy1ng both,earthquakes and.

'exp1051ons in Asia.

Lacoss . (l969a) presents some data on 1nterval probabllltles
that the spectral ratio can be applied to a P wave. There is a 50 per cent
I.P. of applying the spectral ratio at about m4.5 , which is about’ 6m0.6
greater than the magnitude of m3.9 at which there'is a 50 per cent I.P. of
LAO detecting the P wave.* Here, we cannot extrapolate this LAO success
to other regions or to other short period arrays and can state only that
LAO has a 50 per cent I.P. of identifying Asian events at the m&.5 level.
Using either the I.P. distribution of Lacoss or adaptlng equation (6) for
this purpose, LAO spectral ratios will have a 90 per cent I.P. of iden-
t1fy1ng Asian events at about the m4.9 level :

The reason that these results cannot be extrapolated to other
SPZ arrays.or to a general world-wide coverage is that no other P wave
spectral ratio study has yet shown equal success in identification.
Basham et al. (1970) using YKA data show complete separation between
small NTS exp1051ons ‘and aftershock earthquakes of large NTS exp1081ons,

* Noté that in section 3.2 we assumed that the 50 per cent I.P. of LAO
of a P wave was m3.8 , using the SIPRI reference. The difference
- 6m0.1 is due to a greater dlstance to KAZ than assumed to apply at .
mid-third zone distances in section 3.2.

@
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but the data base was very restricted (3 events of each type) However, the
events . ranged in magnitude from m4.2 to méh. 6 with- the smallest of the -
events having a sufficiently high signal-to-noise ratio to make the spec-
tral ratio application meaningful. It appears, therefore, that the 90

per cent I.P. threshold of application (which will not necessarily be the
threshold at which the criterion is a successful discriminant) may be
significantly below m4.9 ; this process -is being tested with a large
suite of NTS explosions and United States earthquakes at the time of
writing. ' ' E '
- Weichert (1970) in a comprehensive examination of the spectral
ratio method applied to Asian events cannot completely separate earth-
quakes and explosions .using YKA data. His data sample goes down to magni-
tude m4.5 for earthquakes and m4.8 for explosions. The best process
Weichert has found, average third moments of the P wave spectra, results
in about 80 per cent of the shallow earthquakes overlapping 20 per cent.
of the explosions, with the data regionalized. Thus, as neither the

~Asian P wave spectral ratio data of Weichert nor the preliminary NTS

spectral ratio data (E.B. Manchee, personal communication) using YKA
records resultViﬁ"ahthreshold ﬁagnitude above which the criterion can be
described as a "positive identifier", the Canadian P. wave spectral ratio
method is simply a "dlagnostlc ‘aid" with overlapplng population at all"
magnltudes

The threshold of_épplication of the P wave sﬁectral'ratio

" method (whether at that threshold it is a positive identifier or a diag-

nostic aid). is much' lower than the threshold of application, particularly
for explosions, of the two criteria requiring measurement of Rayleigh
waves (see sections 8.3 and 8.4). The method, therefore, retains ‘con-
siderable value for the application, in the absence of positive identi-
fication, of a multivariate analysis (the combined application of all -
available. imperfect.  criteria to. the problem of discrimination).. This-
multivariate analysis can include, .in addition to spectral ratio data,
correlogram complexity data such as that describéd by Whitham et al.
(1968), any depth of focus information; '"negative' Rayleigh wave cri-
teria (see section 8.5), etc. o '

8.3 - v Relative Excitation of -P and Rayleigh.Wéves ~

The spectral ratio described in the previous section is con-

fined to a narrow frequency band within the P wave signal. Similar
‘differences between earthquakes and explosions at longer periods. of the

total spectrum are usually described by a measure of the relative excita-
tion of the long period surface waves (Rayleigh) and the short period

.body waves (P), or as a ratio of two bands of energy within the long

period waves (see section 8. 4).

The simplest method of defining the relative excitation of P .
and Rayleigh waves is to use the straightforward phase amplitude measure-
ments required for calculation of magnitudes from the two types of waves,
i.e., by comparing earthquakes and explosions by their M versus m re-:
lationshipb It 1s for this discrimination criterion that the greatest
body of results are. available; SIPRL (1968) contains all significant
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results achieved prior to that date; see also Capon et al. (1969), Lacoss
(1969Db), Liebermann and Pomeroy (1969), Basham (1969a, 1969b), Molner et
al. (1969), Lambert et al. (1969), Llebermann and Basham (1970) and Evernden
(1970c) for more recent results. 1In 1968 arguments were still raised

about the validity of this criterion at low magnitudes: we riow ‘believe

that there is clear proof (see, for example, Evernden, 1970c) that, pro-
vided the appropriate waves can be detected, the method works, at least

‘down to magnitudes below those con31dered in this report.

The form of M versus m for earthquakes and exp1051ons and the
separation between populations when plotted in this manner have been dis-
cussed briefly in section 7.3. Although the scatter of individual events
with respect to average relationships of the forms of ‘equations (5) and (7)
is'very large, and the regional variations in Rayleigh wave propagation
phenomena produce large variations in the forms of equations (5) and (7), -

- in all studies the populations of earthquakes and explosions are sufficiently '

separated to allow consideration of this criteria as the most successful
‘positive identifier of shallow earthquakes and underground explosions.

It is apparent from 'each set of research results that the magnitude thres-
hold above which the criterion can be applied is (in the absence of inter-
fering Rayleigh Waves) equal to the magnltude threshold at which the explo-
' sion Rayleigh wave can be detected.. This occurs because, as explained in
sections 5.3 :and 5.4, the earthquake Rayleigh wave detection threshold

is about 6&m0.7 hlgher than the P wave detection threshold and. because,

as explained in section 7.3, the explosion Rayleigh wave detection thres—
hold is about &ml.0 higher than the earthquake Rayleigh wave threshold.
Thus, the problem of discrimination using this technique reduces to one

of detecting explosion Rayleigh waves and.can be considered in the separate
ways that Rayleigh wave detectlon has been considered in previous sections.

. Consider first the 6 northern hemlsphere specific sites in Table .5,
and adopt 4-station thresholds with some azimuthal variation as adequate
for identification purposes. The earthquake Rayleigh wave detection thres-
holds. of m4.7 - m5.0 . (see Table 7) increase to explosion detection -and
identification thresholds of m5.7 to'm6.0 , using the gross:avérage
‘properties of the earth and ignoring for the moment the' advantages gained
by ‘R, continental propagation and matched filter processing. The equiva-
lent available empirical study supports this formal calculation: Basham
(1969b) demonstrates positive identification of KAZ and NVZ exp1031ons at
a threshold of about - m6.0 using relatively insensitive. convent;onal
‘Canadian stations; this threshold can, therefore, be expected to reduce
to about m5.7 wusing more sensitive conventlonal and array statlons from
the .51-station LPZ network. S

Applylng matched filters to spec1f1c 51te exp1051ons,‘the poss1—

ble threshold reduction is 6m0.2 to 6m0.3 , assuming each of the stations

~ involved has. the capability of applying the matched filtering process (see

section 6. 4). The only published result is, in effect, one-station coverage.

" for which the. threshold has naturally been reduced below the 4-station re-
' quirement we have adopted. ' Lacoss (1969a) demonstrates that .applying
matched filters to LAO data for KAZ explosion Rayleigh waves-yields a 90
per cent probability of detection'(and, therefore, of identification) at

°
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about m5 4 . This, of course, is using one of the most sens1t1ve Pz .
systems belng considered in.this study. It can be estimated from the
above data that the 4-station matched filtering threshold, restricted to

_stations capable of matched filtering, is about m5.6 -at the northern

hemisphere specific sites.

The possible improvement using R, and purely continental
paths has been demonstrated only for NTS explosions using Canadian and
United States stations* (Basham, 1969a; Evernden, 1970¢) . In this case’
the available stations are those confined to the same continental mass

-as the events of interest and thus there is the benefit of shorter. propa-

gation paths (maximum A about 400) as well as the smaller R, wave
attenuation with distance (see Basham, 1970). An estimate of the em-
pirical 4-station threshold of explosion R, detection, and therefore of
explosion identification, is about m5.0 wusing Canadian stations in the
distance range 13° to 400, and about m4.7 using United States stations
as near as about 3°.  Thus, the use of lower sensitivity conventional
stations and taklng advantage of shorter paths with purely continental
propagation yields an explosion identification threshold lower than that
of the most sensitive LPZ systems applylng matched fllterlng to more dis-
tant events. : :

A short diversion to a discussion of some recently determined
explosion yield versus Rayleigh wave magnitude relationships will clearly
illustrate the proven and potential advantages of using the shorter period .
continental Rayleigh waves. Until recently the equivalent hardrock yield
of an underground explosion has been defined only on the basis of empiri-
cally determined, but theoretically supported, relationships between
yield and P.wave magnltude (the relationships we are applying are shown
in Table 8). Evernden and Filson (1970), observing a similar non-linearity
in m versus log-yield and 'M versus m , derived a new relationship: between
M-and log- y1eld which has the form

M=1.4+1.31log¥ , S ®)

where M is determined from.20—second’Rayleigh waves and Y is the

yield in kilotons. .This linear relationship accurately represents the
available yield data between yields of about 6 and 1000 kllotons, -M2.5.
to M5.5 . Evernden and Filson also show for explosions that - Mg~ de-
termined from the 8 to 14 second (R ) Rayleigh waves is equiva-

lent to M + 1.1 ; this is in. close agreement with the’ dlfference derlved
by Basham (1969b) . Thus, we have

M '=2.‘5+1.3 log Y . M

* All Canadian stations used by Basham (1969a) are shown in Figure 6,
but only four are included in the 5l-station LPZ network; Evernden
(1970c) used moderate magnification Long Range Seismic Measurement
atatdions, none.of which are included In the United States UN Return;
however, the ‘abundance of United States conventional. stations shown
in Figure 6 would\have an equivalent capab1lity. :
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In an independentvstudy using Canadian magnitude-data,'Ericsson* derived -
the relationship ' : . S

-MRg'_'=‘2.'.7"+ 1.2lg¥Y. 5 10 -

Equatlons (9) and (10) can be considered equlvalent they produce the
same MRg value, within 0.1, over the yield range of interest.

: .Consider for purposes of illustration an exp1031on 10- second
R, wave and an explosion 20-second Rayleigh wave recorded on a 4 K magni-
fication LPZ seismogram with a trace amplltude of 5 mm at an epicentral
..distance of 200, Using equatlon (3), the M value of the explosion is
4.3, Using either equation (3), or the more. appropriate formula of Basham
(1970) which is equivalent in this distance range, the MR value is 4.6.
‘From equation (8) the . M4.3 equivalent exp1031on yield is’about 170 kilo-
:’tons and from equation (9) or (10) the Mg, 4.6 -equivalent explosion yield
is about 40 kilotons. With the trace amplltude used above recorded on
about 4 stations in the distance range near 200, and using the fact that .
one or more of the statlons (say, LPZ arrays) can have a larger effective.
~magnification, the situation described is roughly equivalznt to the (90
per cent) Rayleigh wave detection thresholds described in Chapter 5.  Thus
the explosion 1dent1f1catlon threshold using the R, wave is about 40
kilotons, -or a factor of about 4 in yield better ‘than the threshold u31ng
20- second Rayleigh waves. :

Con31der now theextrapolatlon of northern hemlsphere earthquake

Raylelgh wave detection thresholds (section. 5.4) to explosion identification

thresholds. U31ng the. formal calculations for 20- second. _earthquake Rayleigh
waves incremented &ml.0 to convert to exp1031ons, the explosion identi-
fication thresholds using M versus m will be about m5.6 in’ central
North America, m5.6 to m5.8 - for the remainder of North America, the’ north

Atlantic Ocean and northern Europe, and m5.8 to'm6.0 throughout the re-
mainder of the hemlsphere,, a realistic average for the northern hemlsphere
is about. m5. 8 B or about 60 to 100 kilotons equlvalent yleld

The Raylelgh wave detectlon threshold at any location. in the

" northern hemisphere is highly influenced by the number of, and distance to,

1LPZ arrays within the 900 detection range. Since each of the LPZ arrays
has data in a form suitable to matched filtering, the explosion identifi-
cation thresholds can be reduced by about 6&m0.2 wusing this process, i.ed,
to about m5.4 in central North America and m5.8 ‘in the poorest .areas
of the hemisphere, with a realistic average of mS. 6 , or about 40-60
kilotons yield in ‘hardrock. -

* (CCD/306 , Swedish technical working,péper»for the Conference of»the A
Committee on Disarmament, August, 1969. ' ' o

e e e _
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- It is unreasonable, because of the dlstrlbutlon of avallable
statlons, to extrapolate to other northern hemisphere continental locations.

" the Rg‘ detection thresholds for NTS .explosions achievable at nearby United

States stations. . However, the Canadian R, results, an explosion identi-
fication threshold of about m5.0 (10 - 2% kilotons) for NTS at a mean
distance of about 25°, may be possible on any northern hemisphere continen-
tal mass, although this result remains unproven as yet out31de of ‘North
America. -

Thls 10 to 20 klloton hardrock exp1051on identification threshold
for NTS using Canadlan stations is some three times lower than the threshold
obtained above in the illustrative example used to compare. R and 20-second
wave detection., This difference between one empirical result and a theo-
retical study demonstrates the conservative nature of the assumptions made
in defining the 50 per cent 1nterval probablllty of: Raylelgh wave detectlon
at a statlon in sectlon 3.3. :

8.4. Rayleigh Wave Spectral Ratio -

: _The relatlve exc1tatlon of Raylelgh waves by earthquakes and
exp1051ons has been descrlbed in the previous section in relation to the
P wave energy (or magnitude) of the events. Important differences between

earthquakes and explosions have been shown to exist within the Rayleigh
wave spectrum itself. This phenomeronwas given brief coverage in the SIPRI
document in diagrams illustrating the larger amount of longer period (30"
seconds) Rayleigh wave energy in earthquakes compared to that in explosions.
The discriminant has been quantified by Molnar et al. (1969) using new high-
gain, long-period seismographs as a ratio of the energy in Rayleigh waves
at periods of 19 to 22 seconds to the energy at periods of 40 to 60 seconds.
Using special long-period selsmographs installed in the eastern United
States, this Rayleigh wave spectral ratio achieves complete. separatlon of
earthquakes -and exp1051ons in the western United States. »

'The special selsmograph used -by Molnar et al. is the first of
a number of such systems planned by the United States for world-wide de-
ployment. However, these systems have not been included in the United
States UN return listing stations' with guaranteed accessibility to data,
and, therefore, cannot be considered as available to this study.

With further testing, the Rayleigh wave spectral ratio may
prove to be an important discrimination criterion; the major dlfflculty
apparent from the study by Molnar et al. is the rather hlgh threshold of
detection of the longer perlod Rayleigh waves, partlcularly for explos1ons
Using only the positive measurements presented by Molnar et al. (i.e.
ignoring the noise~limited 1nformat10n on their flgures), we estlmate
that using equipment of this type the thresholds of detection of Rayleigh
waves are m3.6 and m4.9 for 20-second waves for eatrthquakes and
explosions, respectively, and m3.8 and m5.3 for 40- to 60-second
waves for earthquakes and explosions, respectively; this is for an epi-
central distance of about 300. The threshold of application of the Ray-
leigh wave spectral ratio will be at the larger set of magnltudes Thus,
the threshold of appllcatlon of the pos1tlve ratio crlterlon is at a high
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,magnltude, near  m5.3 ; for explosions. However, the separation between
populations in terms of the ratio or of the amplitude of the longer period
waves is sufficiently great that absence of the’ longer period waves for
explosions is a useful negative criterion (see following section) with pos—
_sible appllcatlon down to about m4.5 . The procedure is feasible using-
any LPZ data capable of being bandpass filtered, and can be cons1dered a.
poss1ble discriminant using statlon data avallable to th1s study.

8.5 ‘Tdentification by Negative Criteria

The explosion identification thresholds described in the previous
sectionsare defined as being equal to the threshold of detection of explosion
Rayleigh waves. The procedure to be discussed in this section is identifi-
cation of explosions by the absence of a recorded wave on the basis that had -
the event been an earthquake of the same P wave magnitude, the wave in ques- '
tion would have been observable on the record.  An associated-concept is
the identification of earthquakes as such by measurement of -a factor which
shows the event to- conform to prior knowledge of earthquakes with respect to
this factor. . :

: Consider as an illustrative example the results presented by

~ Basham (1969b) for 1dent1f1catlon of Asian events using M versus m obser-
vations on Canadian stations. Identification of earthquakes using observed
Rayleigh waves has a threshold" of about m5.0 ; identification.of exp1031ons
using obsetrved Rayleigh waves has a threshold at about m6.0- ;. because of'
the wide separation between populations, both can be consldered p031t1ve
identification. Because of the variation in detection thresholds due to
variations in the noise levels, the largest earthquake whose Rayleigh wave
can be obscured by noise is about m5.4 . Thus, any event larger than

" m5.4  which does not have an observable surface wave ( and whlch is known
from other information to be shallow) can be identified as a probable -ex-
p1031on. As the magnitudes approach m6.0 , the Rayleigh wave will again
be observable for all events and M versus m will plot in either the
exp1051on or earthquake population and yield positive 1dent1f1cat10n.-»ln
this case, the threshold of probable identification is reduced by about -
ém0.6 from the threshold of positive identification by ‘the appllcatlon

of a negative criterion. : ' - -

The M versus m relationships of the earthquakes and explosions
discussed in this example are near to the assumed.world-wide averages given
by equations (5) and (7), i.e., for which earthquakes and explosions are
separated by about * 6ML.5 . Therefore, we estimate that extensive studies
should monstrate a usable negative criterion with an 1mprovement of about
6m0.5 on a world-wide basis. The general validity of this assumption,
however, depends on the general scatter of populations with respect to the
average trends and, for any regional application, to the closeness of the
earthquake and explos1on average M versus m trends. For example, the
regional data for Rg for North American paths presented by Basham (l969a)
shows M versus m trends separated by about 8M1.4 and with data point
scatter that nearly overlaps.. In fact, the two sets of data in the study
by Basham show a ‘theoretical (formal) overlap at about the 2 per cent level;
hence great ‘care must be exercised in the development and appllcatlon of

negative criteria. However, prov1ded precautlons are taken to have 1nformat10n
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in several azimuths, and the'éppropriate studies afe made of the probability
distributions - of scatter about trend 11nes, we can see no scientific objec-
tion to taking advantage.of this poss1b111ty in this context.

: Negative c¢riteria have been shown useéful when applled to other
seismic phases. Evernden (1969a) illustrates the possibilities of identi-
fication using long period S waves. He finds that earthquakes down to
about m5.0 " have observable long period S waves; whereas no explosions
smaller than about m5.7 have observable long period S and, where explosion
S waves are observed, they are about a factor of 10 smaller than those ob-

" served for similar magnitude earthquakes. Thus, the possibility of identi-

fication of explosions by absence or presence of long period S waves exists
for any events greater than about m5.0 . A similar criteria has been dis-
cussed by Evernden using Love and long period P waves. For the long period
body phases particularly, the greatest problem.is the nearness of ‘the
dominant periods of the phases to the peak in the microseismic noise spec-
trum and the probability of applying the discriminant (i.e., of detectlng
the signals in highly varlable noise f1elds) may ‘be small

Although negatlve criteria cannot, by definition, prov1de positive
1dent1f1cat10n of an underground explosion, the argument is substantially a
tautological one. There are no sources of seismic energy of the sizes under
discussion other ‘than natural earthquakes or underground or underwater ex-

.plosions; hence the certain elimination of the possibility of an earthquake

origin prOV1des a positive identification of an explosive source. Multi-
variate combinations of such negative criteria as the absence of ‘the expected
level of Rg , 20-second, or longer, period Rayleigh waves, long period S '
waves, long period P'waves,-and Love waves requires regionallzed control

‘data for its optimum application. Much work remains to be done with these

techniques, but it seems very clear that the minimum improvements possible
should be 6m0.5 on: existing generally applicable positive criteria such -
as 20-second - M versus m and Rayleigh wave spectral ratios, and probably .
somewhat. less on more restrlcted ‘but more successful pos1t1ve cr1ter1a
such as Mpg versus m.
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/9. CONCLUSIONS AND RECOMMENDATTONS.

9.1 = ' Summary‘and;Conclusions Cohcerning’Existing Capabilities

It will be apparent to the reader that the authors’ ‘have relied
on personal experience and on publlshed and unpublished research results
to make scientific judgements and extrapolations at many points in this
assessment of global seismological detection and identification capabllltles.
In particular, we have in some instances extrapolated results available
for North America to other parts of the world; this was necessary because
for many parts of the world the requlred research has not been undertaken,
or at any rate published.  We will, therefore, present this chapter in two
parts: this section will present the conclusions which can be drawn con-
cerning the existing: capabilities of the ensemble of conventional and- array
stations described in Chapter 2; the following section will contain some
‘'recommendations, which, for a modest 1nvestment of research effort and .
finances using existing facilities, may s1gn1f1cantly 1mprove on the
currently defined capablllty :

The conclu31ons of this assessment can take the form of the P
wave magnltude threshold at which existing se1smolog1cal facilities have
a certain capab1l1ty of -(a) detectlng, (b) locating and (c) identifying
a seismic event, and of how these capabilities can vary over the surface. '
of the earth.  For each of these functions we have:.defined as being ade-
quate that threshold at which there is a 90 per cent probability of >4~
station coverage, w1th adequate (2 or more quadrant) azimuthal coverage.

The lowest threshold der1ved is that for P wave detectlon, it
is mé.5 (equlvalent to 3 to 10 kiloton yield in hardrotk) or lower for.
earthquakes or explosions occurrlng anywhere in the northern hemlsphere,r
and deteriorates to a high value of m5.0 (equivalent .to 10 to 20 kllotons)
in part of the southern hemisphere. A fundamental conclu51on of - this’
assessment is that all extant capabilities are much poorer in the major
portion of the southern hemisphere; this fact will not be emphasized
further. In terms of locating the epicenters of events using detected P
waves, the location accuracy will be typically better than 20 - 45 km for
any seismic¢ event larger than the P wave detect1on threshold magnitude

for any region (see Figure 4) plus 0.2,

The 20-second earthquake Rayleigh wave detectlon threshold is
about m0.6 higher than the P wave threshold, leading to the conclusion
that existing LPZ facilities are relatively less sensitive than existing
SPZ facilities. The explosion Rayleigh wave detection threshold is about
6ml.0 higher than the equivalent threshold for earthquakes. Thus,,be-
cause of the d1ff1culty of detecting explosion 20-second Rayleigh waves,
the formally calculated threshold of explosion identification using the
M versus m criterion remains at a rather high level, about m5.6 to m6.0
for the northern hemisphere. Matched filtering can reduce these values
by about .6m0.2 . It seems reasonable, therefore, to define the network
system we have investigated as having a threshold capability of identifying
60 kiloton underground explosioms in hardrock in the ﬁorthern.hemlsphere.

Uéing stations available in the UN returns, this threshold_is
reduced to m5.0 in North America by taking advantage of the efficient

I Y Y
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continental propagatlon of the shorter perlod Rg Raylelgh waves.- We are

‘hesitant to extrapolate the North American R, results.to other continental
masses because equivalent success remains unproven (see section 9,2). The
m5.0  threshold can: be reached using 20-second Rayleigh waves only by de-

grading the number of observations (and hence the probability of application)
and relying on the matched filtered data from one or two very high-gain long -

~ period facilities. This more restricted m5.0 capability, which is not.

yet proven to be generally applicable, can be regarded as explosion- 1dent1-
fication in the 10 to 20 kiloton hardrock range. :

The identification threshold can be reduced below m5. 0 ‘only by“'
employlng criteria whose thresholds of application are below the explosion
Rayleigh wave detection thresholds with equipment currently deployed

'The criterion with greatest appeal is the P wave spectral ratio, which can

in theory be applied close to the P wave detection threshold. The spectral
ratio method. for one station-region combination is a positive identifier at
the m4.9 level; others show potential application at lower levels but
result in overlapplng populatlons. '

Thus, we conclude that to con51stently achleve an identification
threshold below m5.0 all available identification criteria must be brought

to bear as a multivariate analysis. The problem of assembling the necessary -
- regionalized data to achieve identification below .m5.0 for any conceivable.

test site in the northern hemisphere is a formldable one. This results, in
our oplnlon, in a tendency to neglect the intrinsic power of the different
methods, and leads naturally to the alternative concept of increasing the.
detectlon capablllty for explosion Rayleigh waves by a major investment in
widely distributed arrays designed to achieve, for example, the capablllty
of detectlng Raylelgh waves for any m4. 5 exp1081on.' v

We believe that an approprlate 1ntermed1ate step, between accep-
tance of the existing rather limited capability as defined earlier in this
chapter and commitment of extensive international resources to a widely de-
ployed, highly sophisticated, integrated system of modern,array stations,
would,he further definitive national asséssments of existing capabilities
and, where necessary, minor adjustments in facilities and techniques de-
signed to improve modestly these capabilities. Some recommendations and
suggestions for 1mplementat10n of this 1ntermed1ate step ‘are given in. the
following section. :

9.2 = Recommendatlons for Improving Q;pabllltles Us1ng,Ex1st1ng
' Fac111t1es o :

The conclus1ons of this assessment that result from ‘the. formal

’detectlon calculations are closely tied to the initial assumptions required

to define individual station capabilities in terms of quoted operating mag-
nifications. The assumptions we have made, in the absence of supporting
definitive empirical data, are of necessity conservative: witness the

conservative assumed general P wave detection capabilities of ‘stations MBC

and COL compared with their empirically defined capability for a particular
site, described in section 6.2. 1If, on the average, our assumptiOns for both
SPZ .and LPZ station.capabilities are conservative, then additional empirical
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data of individual station P and Rayleigh wave detection capabilities will, '
when inserted into the formal calculations, improve on-our: assessment of
existing global detection. This, among all suggestions for studies given
here, is the study most easily undertaken by national agencies; it simply
requires documentation of probabilities of detection of P and Rayleigh

waves as a functlon of event magnltude for the more 1mportant stations 1n
- each country. :

In addition, it is 1mportant to obtain as soon as p0531ble em-
pirical capabilities for the two new large aperture arrays, the Norweglan
SPZ/LPZ array NOS and the United States LPZ array ALP

We have illustrated a number of cases in which geophy81cal pe-
culiarities of the earth are assisting the discrimination process, and a
few cases in-which they may hinder the process. However, we are able to
employ only those peculiarities with which we are familiar, from published
and unpublished research and personal experience, and which pertain par-
ticularly to the North American situation.. These phenomena are very im-

. portant to global discrimination and urgently require documentation for
other areas. Knowledge of P wave phenomena will be a by-product of any

P wave detection studies that are undertaken; the Rayleigh wave .phenomenon
that needs extensive study in other regions.is the significant reduction.
in detection and identification thresholds achieved in North America using
the short period . Rg waves. It is recommended that other countries. with
conventlonal stations on the same continental mass w1th earthquake and
explosion’ sources further test the Ry appllcatlons.

The most widely applicable discrimination’ cr1ter10n, ‘the M versus m
discriminant, has a threshold of application that is controlled by the thres-
hold of detection of explosion Rayleigh waves. The LPZ arrays are able to
dominate the Rayleigh detection ‘calculations principally because the record-
ing and/or analysis procedures can reject the dominant  long period noise
band. But, because there are too few LPZ arrays to provide adequate Ray- .
leigh wave detection, some-conventional stations must be employed. -The
total number of LPZ stations required need not exceed 20 (i.e., signifi-.
~cantly fewer than the 51 LPZ stations we have employed in Rayleigh wave
detectlon calculatlons) if the included conventional stations had an im-
proved capability; 'and a significant improvement of a conventional LPZ sta—‘
tion can be achieved with modest investment. For example, WOL and GRF
"(see. section 3.3) are considered to have magnifications about a factor of
3 greater than standard photographic recording stations because they record
on magnetic tape and have the facility to filter and reject the:dominant -
microseismic¢ noise band. An alternative method that can be used on photo-
graphic recording seismographs is the addition of an electronic or electro-
mechanical component designed to. reject periods below, 'say, 10 seconds..

An improvement. of this type on one LPZ selsmograph in: each of a’
number of countries could significantly improve Rayleigh wave detectlon,
con31der1ng those countries in the UN returns that possess LPZ stations
in reasonably quiet locations, and also considering the locations of exist-
ing LPZ arrays. Any additional new or improved stations (LPZ or SPZ) in the
southern hemlsphere would, of course, be of great value.

gl g
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