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SUMMARY

The South Australjan sejsmic network, operated by the Physics

Department of the Universìty of Adeìaide, has grown steadìly from its

orìginal three statjons in 1963 to twelve in 1979. The network now

extends to the South-East of the State (to monjtor seismìc act'ivity

possibly assoc'iated with volcanism jn the region), and the densjty of

the network has been jncreased around the northern tip of Spencer Gulf

(to study the microseismjcjty of the seìsnlically active Adelaide

Geosyncììne adjacent to this important industrial area). Recordìng in

the latter regÍon has been augmented by microearthquake surveys

performed jn the area using an additjonal seven stat.ions comprised of

portabl e equì pment. The surveys, reported i n thi s thesi s, prompted

the main aim of the'investigation; viz, to re-evaluate the entjre

earthquake locat'ion and magnjtude determjnation procedures used in

South Australia jn view of the greatly ìncreased volume of data now

i nvol ved.

The re-evaluation has resulted ìn the development of a

computerized seismic data system, based around a Data General Nova

minÍcomputer, including dua'l fìoppy disks and a fast printing

term'ina1, with additjonal peripherals developed as part of the

project. Software comprises an integrated, jnteractjve system of

se'ismic ana'lysìs routjnes covering all of the data processing needs of

the networ k, from performì ng stati on cal i brat'i ons and mai ntai nì ng

up-to-date station data, through the determjnatjon of locat'ions and

magnitudes of local earthquakes and the needs of mjcroearthquake

survey data process'ìng, to the retrjeval and d'ispìay of earthquake

statistics from an archived data base. In developìng the routìnes,



some new location methods were emp'loyed, and a duratjon-based

magnìtude scale was developed and incorporated.

The computerized data processìng system extends to the

acqu'isitjon of digitaì sejsmic data in the fjeld, using a

mi croprocessor-control'led d j gì taì se'ismìc event recorder desì gned as

part of the system. The event recorder js battery powered, recordìng

data on digital cassette tape. The software ma'intains maximum dynamic

range by contro'lì i ng the ampl'if j er gai n. Events are sel ected

tentatjvely on the bas'is of ampìjtude, and are confjrmed by tests

based on total signal durat'ion and prìncìpal frequency component

before any data are commjtted to tape. Cassettes can be read directly

into the Nova computer, digìtìzed waveforms can be djsplayed, and

phases jnteractively selected and submitted for processìng by the

analysjs routjnes. The computerjzed system (with the exception of the

event recorder itseìf ) has been used in the ana'lys'is of al I local

earthquakes and m'icroearthquake surveys ìn South Australia since the

beginning of 1978.
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CHAPTTR 1: INSTRUMENTATION AND COMPUTERIZATION

1.1 The South Austral ì an Sei sm'ic Network

The then provìnce of South Austral'ia was procìaimed on 28th

December 1836, and before it was one year old the newly-arrived

settlers in Adelaide had experienced an earthquake. McCue (19i5)

djscusses th'is and other earthquakes reported in South Australia prior

and subsequent to the installation of the first seìsmograph at the

Adel a'ide Astronom j cal 0bservatory 'in 1908. Fif ty years l ater, i n

1958, the University of Adelaide set up a 3-component Benioff system

at Mt. Bonython near Adelajde, whjch became a [¡Jorld l,lide Standard

Seismograph Network station (ADE), still operated by the University,

'in 1962. The equ'ipment made redundant at Mt. Bonython was used to

establish a statjon at Hallett (HTT), 150 km North. teljth the openìng

in 1963 of an additional station at Cleve (CLV), on Eyre Peninsula,

the first Lrìpartìte seismic network was operat'ional in South

Austral'ia. HTT and CLV empìoy short-period vertica'l-component Benioff

seisrnometers onìy, and originaììy used photograph'ic recordìng as at

ADE. Thjs was changed to ink recording in 1974 (HIT) and 1975 (CLV).

Several additional statjons were opened subsequentìy, some of

which were later closed or relocated. At the time of commencement of

the present study (1975 ) , the stat'i ons of the South Austral'i an se j smi c

network were as shown ìn Table 1.1.

Earthquakes have been located sjnce 1963 us'ing a standard

ìeast-squares min'imizatjon procedure (Bolt, 1960; Bullen, 1963; etc.)

from a hand-plotted provìsional location. The computer program

(White, 1967) ran ìn a batch envjronment, generaììy processìng one

month's events at a time, using arrjval tìmes punched onto cards,



TABLE 1.1

THE SOUTH AUSTRALIAN SEISMIC NETWORK IN 1975

Hawk's Nest
( r-¡Kr,¡)

Adel ai de-Tel emetry
( ADT)

Woomera
(t^lsA)

P art acoon a
( PNA)

Umberatan a
(uMB)

Cleve
(cLV)

Hal I ett
(Hil)

Adel ai de
(ADE)

STATION

I975

I97 4

I973

196 9

I967

1963

I962

i958

COMMENCEMENT

-30.012

-34.967

-3i. 144

-32. 006

-30. 240

-33. 691

-33.43i

-34.967

LATITUDE

135.186

i38. 714

136.805

138. 165

139. 128

136.496

738.922

I38.7I4

LONG ITUDE

209

655

180

180

610

238

708

655

ELEVATION
(m)

1 SP(Z) Kinemetrics

i SP(Z) hl'illmore

1 SP(Z) Geotech

1 SP (Z) l^J 
j I lmore

1 SP(Z) Wi I lmore

1 SP(Z) Benioff

1 SP( Z) Ben i off

3 SP Benioff
3 LP Sprengnether

SETSMoMETER(S)

See secti on I.2

See secti on I.2

Moved from Islanc
Lagoon ( ILN)

t.Jt^JSSN stati on

COMMTNTS

t\)
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aìong wìth statjon data appììcable at the time of the events. Up to

six phases (P1, PR, Pn, 51, SR, and Sn) could be accommodated for each

station. Th'is was later extended to nine by Stewart (1.972a) who

regarded three particular S to P converted phases as also being

sì gn'if i cant .

The crustal model used throughout cons'isted of a sìngle-layered,

homogeneous crust over a half-space. A review of crustal structure

determinations up to 19i5 is given by Shackleford (1978). The

coefficients in l,lhjte's orìginal progratn were those of Doyìe and

Everjngham (1964). They were sìightìy modjfied subsequently by t,'lhite

to those of Table I.2, which are still in use.

IABLE 1.2

SOUTH AUSTRALIAN CRUSTAL MODEL COEFFICIENTS

3B4.608. 053. 586.23

MOHO

DEPTH

(km)SPSP

Upper MantleCru st

WAVE VELOCITIES (km/s)

Magnitudes have been quoted for South Australian local

earthquakes s'ince the f i rst I ocat j ons were determ'ined 'in 1963. Parham

(1977a) has revjewed the development of th'is aspect. The first scales

(Whìte, 1968) were based on the conversion of ampìitudes measured at

ADE, HTT and CLV to equivaìent Wood-Anderson ampììtudes, with

empìrìca1 djstance-dependent terms in Rjchter-type formulae

(Richter, 1935, 1958). Sjnce 1969, magnitudes have Lreen based on the

'new local scale', denoted MN (Stewart, 1975). Thìs contains terms

representìng average source spectrum and frequency-dependent

absorption'in addition to geometricaì attenuation, and involves a
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measurement of prìncìpa1 period component jn addit'ion to amplitude.

MN is still determjned but js becoming ìess important with the

introduction (see Chapter 3) of the more convenjent and consistent

durati on-based magni tude MD.

The network and attendant computational procedures outljned

above have enabled the overalì pattern of sejsmicity of South

Austral i a, certai n'ly wi th respect to the Adel a'ide Geosyncl i ne, to be

determined (Sutton and White, 1968; Doyle, Everingham and Sutton,

1968; Stewart, Sìade and Sutton, I973; for exampìe). Tectonjc

interpretations of the sejsmicìty have also been undertaken, primariìy

by Stewart (I972b, 1976a, 1976b; Stewart and Mount, 1972; for example)

and to a lesser extent more recent'ly by McCue and Sutton (1979).

The Un'iversìty seismoìogy group has recentìy made a number of

changes to the network. These have occurred jn paraììeì with the

present study, and have a direct bearing on it. They are discussed

briefìy in the following two sectjons.

1.2 Recent Expansjon of the Network

Fjve new stations have been opened in the South Australjan

network since 1977. Three, at Endilloe (EDO), Roopena (RPA) and

Nectar Brook (NBK), increase the density of stations around the

northern ti p of Spencer Gulf *, and the other two, at l^li I I al ooka ([^JKA)

and Mt. Gambier (MGR), extend the network into the South-East of the

state. Prev'iously the most souther'ly stati on was ADE at Mt. Bonython.

The jncreased density of statjons ìn the Spencer Gulf region

f ol I ows a pì'l ot study undertaken w j th portabì e 'i nstruments in I9Vl by

Parham and Sutton. Thjs was reported upon by Parham (I977b) and is

* See state map of South Austral'ia (Fjgure 1.1).
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dealt with in detajl l'n Chapter 4. The ìong-term goa'l is the

determjnatjon of the microsejsmic'ity of the region, particularly in

view of its jndustrjal importance to the state.

The opening of stat'ions in the South-East of the state was

prompted by the continuìng occurrence of a small but s'ignifìcant

number of earthquakes'in the region, and its known volcanjc hjstory

(Sutton, McCue and Bugeja, 1977). Prior to the installatjon of the

new stations, the regìon was well outsjde the South Austral'ian

network, a'lthough the openìng in 1972 of the Bureau of Mjneral

Resources station at Bellfield (BFD) in the Vjctorjan Grampians eased

the situati on somewhat. It 'is 'interesti ng to note that the I argest

earthquake in the state since the proclamat'ion of 1836 occurred'in

this regìon (jn 1897).

In I974, the Bureau of Mineral Resources opened a station at

Stephen's Creek (STK), near Broken Hjll in New South l,Jales. Like BFD,

thl's station has been of benefit jn locating South Australian

earthquakes, particuìarìy in thjs case in the Flindens Ranges region.

Radjo teìemetry between seismometer and recorder was used for

the first time in South Australia at NBK, with the seismometer at

Nectar Brook jn the Flinders Ranges and the recorder at the

Environmental Research Station at Chinaman's Creek on the coast near

Redclìff Point, 13 km away. Radio teìemetry was aga'in employed at MGR

with the recorder at the Mjnes Department office jn Mt. Gambier and

the seismometer at The Bluff, 19 km away.

Teìemetry by ìeased telephone ljne had been used before'in South

Australja. From 1974, data from Mt. Bonython have been telemetered to

a pen recorder at the Unjversity of Adelajde in the city. A

se'ismometer separate from the WWSSN instruments is used, thereby

establish'ing essentìalìy a paraìle1 statìon, denoted ADT. (Time and
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calibration pu'lses derive from the WWSSN facjlities.) This

arrangement gìves an immediate visual indicatjon at the Un'iversity of

any se'ismic actjv'ity near the populat'ion centre of Adelaide.

In 1975, when the seismometer ìnstalled at the Mirikata trackìng

statjon on the woomera Rocket Range two years prevìousìy was moved to

a quieter sìte at Hawk's Nest, 10 km away, line telemetry was agaìn

used to transmit the data to the recorder at Mirikata. In 1980, wjth

the closure of the tracking station, the data were rerouted 240 km to

hloomera. A 3 km telephone ljne also formed part of lrlKA when'it was

i nstal I ed I'n 1979.

Deta'il s of the f l've new stati ons are presented j n Tabl e 1.3.

The complete South Australian network, as at the end of 1980, is shown

jn F'igure 1.1, aìong with the neighbouring stations BFD and STK.

1 .3 Portab I e Stat'i ons

The permanent network descrìbed above has also recentìy been

suppìemented wjth seven sets of portabìe equ'ipment, five owned by the

un'iversity and one each by the south Australian institute of

Technology and sa'lisbury co'lìege of Advanced Educatjon. Each set

comprises a Kinemetrìcs Ranger se'ismometer and PSlA portable

recorder. spare battery packs and drums, battery chargers, portabìe

radjos and time-puìse amplifiers provide support faciljties to enable

a compìete portable network to be set up in a regìon. The equìpment

was fjrst used on a large scaìe by Shackleford (1978) to record quarry

blasts from Le'igh Creek, Iron Baron and Kanmantoo as a further study

of crustal stl'ucture in South Australia.

One additjonal portable station may be set up usìng an earìy

model of a sìow-speed tape recorder, built by the University to a

design developed by the Australjan Natjonal Universjty (Muìrhead and



TABLE 1.3

ADDITIONS TO THE SOUTH AUSTRALIAN SEISMIC NETWORK SINCE 1975

Mt. Gambier
(McR )

Nectar Brook
(NBK)

l'lillalooka
(l,lKA)

End'il I oe
(EDo)

Roopena
(RPA)

STATION

1 980

I979

I979

I977

I977

COMMENCEMENT

-37.728

-32.70I

-36.417

-32.322

-32.725

LATITUDE

I40.57I

137.983

I40.32I

138.048

I37 .403

LONG I TUDE

190

180

40

300

95

ELEVATION
(m)

i SP(Z) Kìnemetrics

1 SP(Z) Kinemetrics

1 SP(Z) Kjnemetrjcs

1 SP(Z) Kinemetrics

1 SP(Z) Kjnemetrics

SETSMOMETER(S) COMMENTS

\
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FIGURE 1.1

THE SOUTH AUSTRALIAN SEISMIC NETIdORK AND ADJACENT STATiONS IN 1980.
(Also shown are the locatjons of the main places referred to in the text.)



9

Simpson, 1972). Thjs unit records four channeìs, comprìsing'internal

clock and radio time pulses and high and low gaìn seismic data, on

convent'ional reel-to-reel anaìogue magnetic tape at a very ìovl speed.

When repìayed at convent'ional speeds, events can be recognìzed audibìy

and dispìayed on a mult'i-channel ultraviolet recorder.

The tape recorder was used at Nectar Brook and'in the South-East

as an jnterim measure whjle the permanent stations were beìng

constructed. It was also used, aìong wjth the Kinemetrjcs portabìe

instruments, in the I977 pìlot Flinders Ranges m'icroearthquake

survey. In each case a recorder was needed whjch would openate for a

ìong period of time unattended. When this is not a major factor, as

jn a second microearthquake survey in the more accessible Adelajde

Hills by Sutton in 1978, and another more compact survey in the

Flinders Ranges 'in 1979, the Kinemetrjcs jnstruments are used

exclusiveìy. Subsequent to the constructjon of the tape recorder by

the Universìty, a more advanced sjx-channel recorder has been

developed and used extensive'ly by A.N.U.

These portable facilities add a further eight stations to the

number wh'ich could be jn operation at any time as part of the South

Australìan network, bringìng the total to 2I stat'ions (or 23 if BFD

and STK are jncìuded). Th'is represents a very ìarge increase jn the

daba processing load since 1963 when the computational procedures were

desìgned. The data processing prob'lem is compounded by the fact that

when a dense portable network'is set up in an active area, events

which would be too small to be recorded at suffjcjent permanent

statjons to enable them to be located, fl.äy nevertheless be recorded on

sufficient portabìe statjons to enable a locatjon to be carried out.

Further, since the number of events increases exponentiaìly wìth

decreas'ing magnjtude (Gutenberg and Rjchter, 1944,' 1954; Lomnitz-Adler
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and Lomnitz, 1979), the data processing load from a microearthquake

survey becomes acute. As an ilìustration, the 1977 Fl'inders Ranges

survey resulted in 70 locatable events being recorded over a

three-week period, compared wjth 49 and 51 for the entire previous two

years (I975 and 1976 respectiveìy) in the permanent network. The same

was found in the northern Spencer Gulf region with the permanent

network when the new stations were opened in that region. The number

of earthquakes located per month rose from an average of 4 per month

for the first 10 months of 1977 to 15 in November and 20 in December,

the first two months of operation of EDO and RPA.

These facts implied that if the expanded network were to

funct'ion satisfactorììy, and paral'le1 microearthqr"rake surveys were

also to be carrjed out jn localjzed areas, then a major concomjtant

expansion of the data handlìng aspect of the network would be

necessary. Thjs was a prìmary goaì for much of the work carried out

i n the present ì nvesti gatì on.

1.4 Some Seismic Data Process'inq Methods Emolo yed El sewhere

Many other networks have been faced wjth a similar need to

re-evaluate the data processing aspects of thejr operatìon in recent

years. An examjnation of a selection of these and the solutions

adopted is useful for comparison with the South Australìan system.

The University of California at Berkeìey, which operates a

seìsmic network 'in northern caljfornja, is developing a computerjzed

sejsm'ic data system, the eventual operatìon of which is ouiljned in

thejr Final Technical Report (Bolt, McEvìììy and Johnson, IgTl). Data

from all stations are telemetered by line to a central sjte where they

are muìtìplexed and recorded continuousìy onto multj-channel analogue

magnetic tape, aìong wjth a centralìy-derived time code. Each tape
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contains a single day's recording from aì'l statjons jn the network.

A second tape drive is used to replay the previous day's

record jng f or computer ana'lys'is. Undelinteract jve sof tware controì ,

data are dìgitìzed and transferred to temporary storage on magnetic

d'isk, from where they may be subsequently retrieved and dìspìayed on a

graphics screen, the relevant seism'ic jnformation extracted, and the

jnformatìon used to locate and determine the magnitude of each event.

Data pertjnent to each event are written onto djgital magnetic tape

for archiv'ing. The interactive software itself is almost exclusively

written'in a high-level ìanguage (F0RTRAN).

A somewhat sjm'ilar system is'in operatìon jn Edinburgh at the

Inst'itute of Geologicaì Sc'iences (Houliston, 1975). Data are aga'in

recorded jn analogue form on multi-channel magnetic tape. During

p'layback, the data are temporar j ly transposed onto a cont'inuously

overwr j tten tape ì oop. l,lhen an event has been transf erred to the

ìoop, the playback tape is stopped and the ìoop repeated'ly examined.

The event can e'ither be transferred to a multi-channel pen recorder,

possibìy vìa filters, or digìtìzed for analysìs at the Edinburgh

Regionaì Computing Centre, where a sujte of anaìysis programs has been

wrjtten. Digital data can be saved on djgita'l magnetic tape as at

Berkeìey.

Computerized techn'iques have been applied as an integra'l part of

the Sejsmjc Research Observatories of the Wt,lSSN (Peterson et aì., 1976;

Peterson and Orsin'i, 1976). Besides being written as conventional

seìsmograms, data from the three broad-band bore-hole seismometers at

each SRO station are continuously djgìtized and presented to an

on-s'ite mjnìcomputer whjch is programmed to detect events and write

them (only) onto digital magnetic tape.

Being an jndustry-compatìbìe medium, digitaì event tapes from
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the SRO's, like the archjve tapes from Berkeìey and Edinburgh, can be

read by any computer with a tape drive. Recently, computer networks

have provjded an alternatjve method of transferring large volumes of

data between computers. SRO data, for exampìe, are transferred via

the Advanced Research Proiects Agency Network (Arpanet) jn the Un'ited

States between Albuquerque, New Mexico, where the tapes are read,

Cambridge, Massachusetts, where the data are stored on a mass on-line

memory system, and A'lexandria, Virginia, and elsewhere, where they are

anaìysed (Dorin and Eastlake, 1978). Real-t'ime se'ism'ic array data,

telemetered by line and satellite to Aìexandria, are also sent v'ia

Arpanet to the mass storage system at Cambrì dge and thence el sewhere

f or analys'is.

At the Seìsmì c Data Anaìysi s Centre j n Al exandri a, an

i nteract'ive se'ismic processìng system is in operation which has been

developed by Texas Instruments Inc. (Sun and Shaub, 1978). Data from

varìous sources and in various formats are converted to a standard

form and buffered onto d'isk prior to the executjon of the ana'lysìs

software which 'is itself modular and disk-based with inter-module

communjcation via djsk data files. Dig'itaì seismic waveforms are

displayed on the screen of a graph'ics console, with jnteraction

provided for by means of a light pen and keyboard. The package, which

is written in FORTRAN except for some device drìvers wh'ich are jn

assembìy 'language, provi des j nteracti ve event detect'ion, earthquake

parameter determjnation and spectraì ana'lysis amongst its procedures.

A number of factors emerge from a cons'ideratjon of these

representati ve systems :

1. More effjcient processing of seismic data ìs provided by

'involvìng the computer jn as many stages of the acquisition and

ana'lysis process as possible. Th'is requ'ires the conversion of
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data to dìgìtaì form at an early stage.

2. Notwithstanding, conventìonal anaìogue recording is retajned'in

addit j on to dìgìtaì methods wherever possib'le.

3. Sei smi c anaìysi s software i nvol ves j nteracti ve rather than batch

processing, so that the judgement and experjence of the

se'ismol ogì st compì ement the speed and computat'ional capabi I i ty

of the computer.

4. A high-level 'language is used for software wherever possibìe.

Although less effjc'ient, thjs js more amenable to on-going

ma1ntenance and does not precìude non-specjalist programmers

from contributing software to the system.

5. A graphìcs capabi'lity is necessary for the dispìay of digit'ized

sei smic data.

6. A method for archiving results of anaìyses jn machjne-readable

form is essential.

7. Max'imum flexibì1ìty in ìnput format, methods of analysìs, and

output format is desirable.

8. Software 'is modular and preferabìy disk-resjdent, being swapped

into majn memory as needed. Temporary data are also stored on

disk.

9. Transferabìììty of data with other computers is highly desjrable.

Aìthough the South Australian computerized se'ismic data system

was developed ìn paraìleì wìth some of the above systems, and

therefore knowledge of them was not possessed at the t'ime,

nevertheless the above consjderations are essent'ia1ly those used as a

basjs for the desìgn. In view of the limited fjnancial resources

availabìe, however, one further consjderation must be added, viz;

10. The system js the least expensive able to perform satjsfactorìly

subject to the previous cons'iderations.
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1.5 The South Austral'i an Seismic Data Acquisition and Processinq

System

The South Australian sejsmic data system has been developed 'in

two phases. The ajm of the first was to provìde faster, more

reìiabìe, interactive analysis of conventional seismograms from

ex'isti ng permanent and portable stat'ions. In the case of the stat'ions

of the permanent state network, the anaìys'is essentìaìly comprises

I ocat'i on and magn'itude determi nat'i on of al I South Austral i an I ocal

earthquakes previousìy processed by hand-plotting of provìsional

locatjon followed by batch revisjon. Separate anaìysis, w'ith no

previous counterpart, ìs performed for data from portable stations

involved in mjcroearthquake surveys. In either case, the results of

the cal cu I at j ons are stored off - I'i ne f or subsequent compi I at'i on of

earthquake statj stjcs.

The ajm of the second phase was to provì de for the 'i nput of

sejsm'ic data in digìtaì form, and the merging of these data with data

from conventional seìsmograms for analysis and arch'iving as jn the

fi rst phase.

The handììng of digitaì data approaches more close'ly that of the

Seismìc Research Observatorjes rather than that at Berkeley or

Edinburgh. A mjcroprocessor-based field unit, des'igned as part of the

system, provides on-sjte event detectjon of jncom'ing data. Events are

recorded on dìgitaì cassette tape, whjch is subsequentìy transferred

to the central computer. Details of the event recorders are contained

i n Chapter 6.

The central computer facility ìs shown in Figure 1.2. Its

hardware consists of the foì'lowjng components:

1. A 16-bit mjn'icomputer wìth the maximum 64 Kbytes of unmapped

memory, real-time clock, and power-fail/auto-restart option.
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FIGURE 1.2

THE CENTRAL-SITE COMPUTER OF THE SOUTH AUSTRALIAN COMPUTERIZED SEISMIC

{-
et,

DATA SYSTEM.
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2. Dual 308 Kbyte, B jnch floppy djsk subsystem.

3. A 60 character per second, 132 column printing termjnal.

4. A digìtaì cassette tape reader.

5. A mìcroprocessor-controlìed graphics unìt wjth screen and

p'lotter output and i nteracti ve ì'ight-pen i nput.

6. An EPROM programmer.

The first three components are commerciaj items purchased from

Data General Corporatìon, the minìcomputer beìng a Nova 3. The

remajnder were all deve'loped local'ly and bujlt especìal'ly for the

system. They are discussed jn later chapters.

The softwáre for the central computer consists of the folìowìng:

1. A disk-based operatìng system.

2. Text, binary and disk editors.

3. Assemb'ler, relocatable linking ìoader, and debugger.

4. FORTRAN compì I er.

5. BASIC i nterpreter.

6 . Di agnosti c rout'i nes and dì agnostì c operat'i ng system.

7. Cross-assemblsrs for microprocessor-controlled dev'ices.

B. Drjvers for EPROM programmer, cassette reader and graphjcs unjt.

9. Interactive sejsmic processìng software.

Software jn the first six categorjes was obtained commercially

from the computer manufacturers, the operatìng system beìng Data

General DOS (Disk Operatìng System). FORTRAN and BASIC are the only

hìgh-level ìanguages supported by Data General for DOS. The

cross-assemblers were converted local'ly from software designed for

other machines. One was written in FORTRAN and the other in assembìy

language. The devjce drivers were all written especjally for the

system. Assembìy language was used, of necessity, with the exception

of the EPROM programmer drjver wh'ich was able to be written in
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FORTRAN. The cross-assemblers and drivers are d'iscussed in later

chapters.

The majolitem of software'is the seismjc processing package

itself, denoted ISAS (Interactive Sejsmic Anaìysis System). In a

relatjvely slow and ljmited-capacity floppy dìsk environment, FORTRAN

compi I at'ion, ì nvol vi ng use of ed'itor, compì ì er, assembì er, ì oader,

run-tìme ljbraries and debugger, ìs unsujtable for such a ìarge and

jntricate pìece of software. Instead, BASIC, the other hlgh-level

language supported by DOS, was used. This 'is ìnterpretive and

i ncorporates j ts own edi tor, requì ri ng no dj sk-consumi ng support

uti I i ti es and no time-consumì ng compì I at'ion, assembly and 'load'ing

phases. Executjon t'imes are necessariìy'longer, but this ìs generaìly

of no consequence. The 'language, being more modern than FORTRAN, was

al so des'igned f rom the outset to f aci I i tate i nteract j ve 'input/output

(especia'lly of alphabetic informatìon), a prime requisite of ISAS.

A major dìsadvantage of an ìnterpretjve language is that comment

text 'is memory-resjdent during execution. For very large programs,

such as those comprisìng ISAS, the memory overheads involved wjth

deta'iìed program comments are prohibìtive, and a self-documenting
'lìsting is ìmpracticaì. For this reason an overv'iew of the ìogic

design is ìncorporated r'n subsequent chapters. Operation of the

software and 'its maintenance js covered ìn separate manuals (Parham

1980a, i9B0b). The f ol'lowing is a generaì d'iscuss'ion of the overall

structure of ISAS.

1.6 ISAS

iSAS is a moduìar, disk-based system of jnterrelated programs.

The software js command-structured, with each conrnand corresponding to

an independent, jdentjfiable operat'ion such as openìng a new station
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'in the network or determì ni ng a prov'isi onal I ocat'ion. Rel ated

commands are grouped jnto subsystems, onìy one of which is

memory-resident at a gìven time. The subsystems and their areas of

responsì bì ì i ty are shown 'in Tabl e 1.4.

Code for each subsystem consjsts of a root portìon and a set of

overìays. The root portìon contajns the subsystem execut'ive and a

poo'l of subroutines common to all commands in the subsystem. The

overlays contajn the command code itself, the number of commands

present jn each overlay depending on the complexìty of the commands.

Table 1.4 shows the number of commands and overlays present in each

subsystem. The overlay structure ìs transparent to the se'ismologist

usìng the system, apart from time delays while overlay swapping takes

p'lace. A subsystem with overìay Ín position consumes (a'long with the

operatìng system, ìanguage interpreter and data buffers) all available

memory. Conmands withìn any gìven subsystem enable a swap to be made

to any other subsystem.

All commands are fulìy interactjve and the commands themselves

are order-independent, giving the sejsmologìst almost unl'imited

flexjbiììty of operatìon. Data are passed between commands by a

series of disk-based data files whjch may be written to, read from and

dìspìayed in a variety of ways. Ultjmately the data are transferred

off-ljne for storage. To facjl'itate this, one of the two on-line

fìoppy disks ìs temporarììy released fr"om the system to enable an

archjve djsk to be placed on-ljne. After the transfer, the original

di sk i s returned. An unl'imi ted number of arch'ive di sks can be

generated and accessed jn this way.

The f I oppy d j sks f orm'ing the ISAS arch'ives are transportabì e

between all Data General computers operating under DOS (or the related

RD0S) and possessing a fìoppy dìsk drive. One such machine js



TABLE 1.4

ISAS SUBSYSTEMS

Earthquake Stati stics
Subsystem

Mi croearthquake
Subsystem

Local Earthquake
Subsystem

Cassette Data
Management Subsystem

Network Data
Management Subsystem

SUBSYSTEM

STATS

MiCRO

LOCAL

CASET

N ETWK

NAME

Compìles and d'ispìays statistics on
eart hquakes

Performs analyses assocjated with
mi croearthquakes

Performs anaìyses associated with
local earthquakes

Interfaces ISAS to the seismic event
recorders

Maintains data files of all seismic
recordi ng stati ons i n the network

FUNCTION

15

15

17

I4

1B

COMMANDS

1

2

4

1

2

OVERLAYS

(o
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interfaced to the main Univers'ity computer, a Control Data Corporation

Cyber 173, giving ISAS access to a ìarge majn-frame machjne'if

necessary. Via the Cyber, dìgital magnetic tapes can be written or

read (and cards ór paper-tape punched or read), thereby ensurìng

considerable transferab'ility of data between ISAS and computers

el sewhere.

ISAS has been used to locate all South AustraJ'ian local

earthquakes usjng data from convent'ional seismograms since the

beginnìng of 1978. Results of anaìyses of al'l previous events have

also been placed on lSAS-format arch'ive d'isks to enable them to be

used by ISAS for the compilatjon of earthquake statistics. Data from

the second and thjrd microearthquake surveys referred to earlier were

anaìysed by ISAS, and the results of the fjrst study have also been

added to the ISAS archives. The second phase of the computerized

system, invo'lvìng the input of data in djgitaì form from event

recorders, was realized at the end of 1980, thereby compìeting the

system as origi nal 1y desi gned.
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CHAPTER 2: NETWORK DATA MANAGEMENT

2.1 The Purpose of the ISAS Network Data Management Subsystem

The determjnatjon of earthquake focal coord'inates from data

recorded by a set of geographicalìy distributed sejsnrjc recording

stati ons requ'i res i nf ormat j on about the stat'i ons themsel ves i n

addition to the seìsmjc data; specifjcally the location of each of the

stations. Magnitude (MN) determ'ination s'imilar'ly requires a knowledge

of the gain of each statjon as a function of frequency. Statjon

I ocat'ion does not usual ìy change; but mi nor s'ite adjustments,

equìpment alterations and repìacements, and ampljfjer ga'in changes

usual'ly affect the response curve of a statjon. The number of such

changes to South Austral'ian stati ons j n the past has at t'imes been

signifìcant. Apart from recaljbrations resulting from equìpment

adjustments, the generaììy accepted practice of recalibrat'ing statìons

nomjnal'ly once per year results'in an average of at least one

recalibrat'ion per month for the South Australian network. Whiìe many

recalibratjons show neglìgìbìe change in station characterist'ics for

the purpose of magnìtude calcuìatjons, nevertheless jt is common for

one recaljbratjon every other month or so to require station data to

be updated.

The monthìy batch revjsion program LEQREV (White" L967 ) read a

set of data cards containìng the current values of all station

parameters jn the network, prjor to commencing its locations and

magnitude determjnations. If new data applied for one or more

stat'ions during the month, the batch run had to be repeated for each

segment of the month, with the correct station data for each segment.

In addition, ìf past events were requjred to be reworked, data
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pertinent to every statjon at the time of the event had to be manuaììy

reassembled. Past events occurring over a wjde time 'interval were

genera'lìy unabìe to be batch-processed'in the way in which the program

was des'igned because some of the stat'ion data had possi bìy changed

duri ng the t jme j nterval .

The assembìy of correct statjon data for every station jnvolved

in the anaìysìs of any event s'ince the network commenced and up to the

present t'ime i s perf ormed automat j cal ly by ISAS. The ana'lysì s

subsystems LOCAL and MICRO inv'isibly use the station list and event

date and t'ime suppììed to compile the network data pertinent to each

event. The data are selected from a set of network d'isk data files.
Subsystem NETWK ìs responsible for creating the files, updating thenr

with valìd data, dispìaying all or parts of themo archiving them when

they become too large, and managing the resulting archives. The

subsystem al so performs the calculatjons involved with a station

calibratìon, dìsplayìng the response curve graphìcally and updatìng

the daba on disk.

2.2 Networl< Fjle Orqanizatjon

A gìven ISAS network fjle contains a complete chronoìogìcal

history of every statìon whose data are used by ISAS, including

portable stations and some stat'ions outsjde south Australia, over a

well-defined perìod of time. The separate files are non-overìapping

in tjme and as a group span the history of the network without a

break. One network fiìe in p artìcular, the current network fjle
spans a time range contjnuing to the present. Thjs js the only fiìe
to which neu¡ data may be added. The current network fjle js a'lways

on-l'ine for immedjate access. One of the remajning network fjles may

also be on-ljne at any given tjme. This partjcular fjle is termed the
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archive network file. The rest, ìncluding a copy of the archive

network fì ì e, are stored off-l i ne on archj ve d'i sks.

The analysis subsystems LOCAL and MICRO initialìy dìrect their

search for station data to the current network file. If the event is

out of range of this fiìe, they automatica'lìy access the archÍve

network file. Subsystem NETWK enables the arch'ive network fjle to be

repìaced on-line by any other network file from the archive disks, to

ensure that any event in the past can be reworked.

The network files themselves are all ident'ical in structure.

They are sequentiaì files containing a fjle header fol'lowed by a

variable number of varjable-'length records. Table 2.1 shows the f ile

format.* The fjle header contajns the time range spanned by the data

'in the file. Each record folìowing the file header contaìns the

'information cornesponding to a sìngìe entry for a single station jn

the file. Each entry is one of seven djfferent types, corresponding

to the seven djstinct categories of statjon data shown in Table 2.2.

l^Jhen a new stati on ì s opened 'i n the network , entri es correspondi ng to

all categories are wrjtten 'into the file; thereafter, any gìven

category can be updated by adding a net,l file entry for that category.

Subsystem NETWK ensures that all entrjes for a gìven station are in

str'Íct chronolog'ica'l order, although no such restrjction ìs imposed on

entries corresponding to djfferent statjons.

Each network file has associated with it a smalì sequentìaì fjle
consisting of a successjon of 3-character strings gìvìng the names of

all stations represented jn the correspondìng network file.

Al I dates/times are 'internal ìy stored j n ISAS j n the f orm of ASCI I
character strings as shown in Table 2.I. Two such dates/tjmes can
then be convenjent'ly tested to determine their temporaì order by
performi ng a left-to-right character-wise comparjson.

*
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TABLE 2.1

ISAS NETWORK FILT STRUCTURT

Dependent on characteri st'ics
code as in Tab'le 2.2

4-byte fl oatì ng
poì nt numeric

Stati on data

Vari abl e portì on

CSSSIII
4**
I stn person's
\ code'initialstcharacteristics 

code for
vari able porti on

ASCI I
stri ng

Stat'ion, person and
stati on characteri stic

YYYYMMDDHHMmASCII
stri ng

Date/tjme of entry

Header porti on

STATION DATA RECORDS

YYYYMMDDHHmm

0R (if not concì uded)
'present I

ASCII
strì ng

Fi I e concl usi on
date/t jme

YYYYMMDDHHmm

+ +
yean day mi nute

month hour

ASCII
stri ng

F'i I e commencement
date/t ime

FILE HEADER

INTERNAL FILI FORMATDATA
TYPE

INFORMAT ION
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TABLE 2.2

STATiON DATA

* stored'internalìy reìatjve to preset origin (30oS, 130otl for
South Austra'lì a)

2.3 THE ISAS Network Data Manaqement Subsystem

Table 2.3 contains a l.ist of all commands present in the ISAS

Network Data Management Subsystem (NETWK), and their act'ions. The

commands fall into three ma'in classes: those which write data to the

current network f i ì e, those wh'ich di sp'lay data f rom the current or

archjve network file, and those involved with the network file
arch'i ves .

Program descriptìons have recently begun to appear in terms of a

generalized Pascal-like'program design ìanguage' (e.9. Lìnger, Mil'ls

and [,litt, 1979). However, sjnce thjs is not yet in widespread use

genera'lly, the more familjar flow-chart representat'ion will be used

here (and the level of detajl mostìy confined to the broad concepts).

Figures 2.1 and 2.2 present flow-charts for conunands in the first
category stated above, wìth the exception of CALiB, an extended

command to be considered separate'ly in the next section. The flow

charts serve to jl lustrate the manner in wh'ich the 'integrìty of the

data in the fjles is maintained. A password (part of which is the

person's initiaìs) is required to gaìn wrìte access to the file, the

Geograph'ic lat'itude*, ìongitude*,
Travel -time correcti on
Seismometer mass, motor constant
Cal'ibrati on curve coeff i ci ents
MN stati on correcti on
MD coefficients
Length of cal i brati on puì se

el evati on3

1

2

7

1

3
1

0
1

2
)J
4
5
6

DATAN0.
ITEMS

CHARACTER I STI CS

CODE
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TABLE 2.3

COMMANDS IN SUBSYSTEM NET!.JK

Display conarands and the'ir act'ions.

Open a new station jn the network.

Cl ose an exi sti ng stat'ion i n the network .

Update a stat'ion character j sti c.

Cal'ibrate a stati on .

Remove a prevì ous statj on cal j brati on.

Dispìay fìle for a stat'ion.

Dì spì ay enti re network fi I e.

Dìspìay list of stat'ions on file.
Di spì ay network fi I e range.

Archive the current network file and start a new file.
Load a network f ile from an archive d'isk.

Display lìst of network files and their ranges for a given
archi ve di sk.

Transfer to Cassette Data Management Subsystem

Transfer to Local Earthquake Subsystem.

Transfer to Mjcroearthquake Subsystem.

Transfer to Earthquake Statjstics Subsystem.

Log-off from system.

H ELP

OPEN

CLOSE

UPDATE

CAL IB

UNCAL

DI SP

FILE

LIST

RANGE

ARCHI VE

LOAD

N ETS

CASET

LOCAL

MI CRO

STATS

LOGOFF

ACÏ IONCOMMAND



file?
al ready on

Statìon

Re¿d f i'ì e
to end

New
file f.ìag

set?

telti
< conmencement

telti
0u tpu t
djagnostic

Input opening
date/time

InÞut stàtion
c0de

Read commence-
nìent date/tlme

Set new file
fìag

file aìready
exi st ?

Input commence-
ment date/time

0utput
diagnostic

Password
valid?

Input network
file write
access password

INTRY
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No

Yes

No

Yes

Yes

No
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IXIT

aìready on
Stati on

file?

Add station
code to
names fi I e

data
e

tJri te
to fi

New
fìle fìa9

set?
t^lrite file
hea de r

to wri te?
onfi rrned

Input data
from al l
ca tegori es

last closed?
Sta ti on 0u tpu t

d1 agnostic

0u tput
d i agnos ti c

< last date/ti
telt

on fiì
Y

Yes

No

FIGURE 2.1

OPEN COMMAND LOGIC.



IXIT

l.]ri te d¿ tô
to file

Confi rflìed
to wri te?

Set al ì stn
coords to 0

Set al ì cöl .
curve coeffs
to0

lnput new
datà

Set charôct
code to 0

Set charact
code to 3

lnput chdract
code

Conmrô nd
= CLOSE?

conuand
= UNCAL?requi

rdc c odes
to0utput kej,

to codes

Station
open ?

0utput
djögnostjc

0utput
di agnostic

asttiilìe <
on fi

0u tpu t
diagnostic

Station
on flle?

Read fi ì e
to end

Input stðtion
tode ¿nd
da te/ti nìe

0utput
d i agnos ti c

lletwork
file exist?

0u tpu t
diagnostic

Password
val ìd?

lnput network
file write-
access password

ENTRY
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No

Yes No

FIGURE 2.2

CLOSE, UPDATE, UNCAL COMMAND LOGIC.
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validity of the proposed operation is checked (and also, not showno

that of all input data where feas'ibìe), and fjnal confirmatjon is

required before the,data are actual'ly wrìtten to the file. Figure 2.2

also illustrates the fact that although commands are independent and

generaì ly separate'ly coded, j n scime cases very s'im'il ar coÍrnands share

common code with an internal branch. In th'is case, a closed statjon

'is represented on file by a set of station coordinates all equal to

zero (a combìnation rejected in the OPEN and UPDATE commands) and an

uncalìbrated station by a set of all zero caljbratjon curve

coeff ic'ients. The manner of use of the OPEN and UPDATE commands 'is

illustrated 'in Figure 2.3.

The commands jn the second category, vì2, those which disp'lay

data from the current or archjve network file, are all straight-

forward. RANGE dispìays the commencement and conclusjon dates/times

of the current or archive network fìle, as determined from the fjle
header. LIST djspìays the contents of the auxiliary names fl'le of the

current or archjve network file. DISP and FILE share common code, and

dispìay the current or archive fjle contents, the former command

selecting onìy records correspondìng to a requìred statjon. Since

stat'ion records are 'in chronoì ogi cal order, a stati on hi story i s

dìspìayed. FILE djspìays the entjre network fìle jn the order in

which jt was created. The manner of use of commands RANGE, LIST and

DISP is illustrated in Figure 2.4.

The th'ird group of commands'in subsystem NETIi'JK'involves the ISAS

archives. ISAS archjve disks may contajn archived network files or

archjved events. These may not be mixed on the same arch'ive d'ísk,

however. All archive disks, irrespective of type, contaìn a

sequenti aì 'index f i I e the structure of wh'ich is shown in Tabl e 2.4.

The file header, created when the disk js fjrst used to wrjte arch'ive
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THE USE OF COMMANDS OPEN AND UPDATE TO OPEN A NEI'J STATION IN THE NTTWORK

AND T0 UPDATE A STATION CHARACTERISTiC RESPECTIVELY. (In this and

subsequent examples of computer interactive output, underlined characters
were iyped by the seismologist at the console.)
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THE USE OF COMMANDS RANGE, LIST AND DISP TO DISPLAY NETI^IORK INFORI4ATION.
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TABLE 2.4

ISAS ARCHIVE DISK INDEX FILE STRUCTURE

4-byte fì oati ng
poi nt numerjc

Startìng record number
in event file

1 to 7 aìphanumeric
characters or syrboì s

ASCII
str i ng

Event reference number

PTR EVENT - EVENT ARCHIVE DISK

YYYYMMDDHHnUn
(as in Table 2.I)

ASCII
stri ng

F'ile conclus'ion
date/tj me

YYYYMMDDHHmm
(as in Table 2.1)

ASCI I
strì ng

Fi I e commencement
date/t jme

PER FILE - NETI{ORK FILE ARCHIVE DISK

T < 0: NETI^JORK FILE ARCHIVE
DISK

I tl = no. network f i l es on
disk

T> O: TVENT ARCHIVE DISK
T = next ava'ilable f ree

record in event file

4-byte fl oati ng
point numeric

Archive disk type
(T)

FILE HEADER

INTERNAL FILE FORMATDATA

TYPE

INFORMAT ION
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data, provides the mechanjsm for determjnìng the archive disk type ìn

future accesses. For a network fjle archìve disk, index fjle records

following the header contajn the commencement and conclusjon dates and

times of all network files stored on the disk. The archived network

files themselves are in exactìy the same format as the on-line files;

onìy the filenames are changed to ensure that each file is unique:

whereas the filenames of the on-line current and archive network files

are NETWKC and NETWKA (with aux'il'iary names f ìles NAMESC and NAMESA) ,

the archived fjles are NETWKl, NETWK2, etc. (and NAMESl, NAMES2, etc.)

'i n the order of the i r arch Ì vì ng .

Command NETS in subsystem NETWK reads and djsplays the jndex

file for a given network file arch'ive dìsk, showjng the network file
number and range of each fjle stored on the disk. In the LOAD

command, the se'isnologist specifies a fiìe number, after whjch the

on-line archive fjle NETWKA is deleted and the requested file is

cop'ied from the archjve djsk and renamed NETWKA.

A file transfer in the opposite direct'ion occurs in the ARCHIVE

command. In this case, however, valjdation check'ing is required, as

can be seen jn the flow-chart of Figure 2.5, to ensure that the

current network fjle conclusìon date specified is consjstent with the

data on the file and that the file does not overlap any aìready

archjved. 0nce NETWKC ìs copied to the archive disk, NETWKA js

deleted and NETWKC is renamed NETWKA. If the sejsmologist w1shes to

start a new NETI^IKC, the corffnencement date suppìied is also checked

against the archive disk'index file to ensure no overìap. The command

then allorvs any number of stations to be carrjed f rom NETI^JKA into

NETWKC. For each requested station, the latest data are copied into

the new fìle, wjth the date and time changed to the commencement date

and time of the file so as to ensure that no data lie outside the file
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range. The NAMES fjles are transferred, renamed and updated in the

obvious manner aìong w'ith the main NETWK files themselves. The manner

of use of the commands ARCHIVE, NETS and LOAD is illustrated in

Fìgure 2.6.

2.4 Station Cal'ibrations

South Australian stations are presently ca'librated, as they have

aìways been, using a whole-system harmonjc drive method jnvolv'ing a

constant-current, vari abl e-frequency, sì nusoì da'l si gnaì generator and

sei smometer cal i brati on coj I . in the case of statj ons usi ng

Willmore Mk Ii sejsmometers wjthout calibratjon coils (see Table 1.1),

a calibratjon cojl was designed and fitted (Stewart and Sutton,

1967). The theory of the calibration method was origina'l1y described

by Murphy et aì. (1954) and Chakrabarty et al. (1964), and has been

reviewed more recently ìn the Manual of Seismoìogical Observatory

Practj ce (Wi I ìmore ( ed. ) , 1979) .

The event recorders (Chapter 6) are presently caì'ibrated by the

same method as the statjons, with a software peak detector and djgital

readout takìng the pìace of the chart record. hJhole-system 'impuìse

methods (for exampìe, M'itchell and Landisman, 1969; Berg and Chesìey,

1976) or a random binary signaì method (Berger et ô1., 1979) are

well-sujted to the event recorders, however, and warrant further

j nvestì gatì on j n future model s of the devj ce.

For the determjnatjon of MN, the maximum peak-to-peak amplitude

of ground motion amongst the S waves and corresponding prìncipa'l

frequency component are required (Stewart, 1975). tJith a modjficat'ion

of LEQREV, Stewart determined the ground amp'lìtude from the trace

ampìitude and period, by obtaining and entering fon each statjon seven

coefficients representing the sixth-order least squares polynomjal fjt
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to ìog (9aÍn) vs log (frequency) over the interval, [1.0, 10.0] Hz,

the logarìthms being to the base ten. No reason was given by Stewart

for the choice of a sixth-order poìynomial, and tests on samp'le events

duringthe preìiminary stages of ISAS showed that for most stations a

I ower-order fit (certainìy a fourth-order) would suffice. HTT aìone,

wjth a tendency towards a double-peaked curve (see Figure 2.I0),

required a s'ixth-order fìt, being the next even order above the

m'injmum able to reproduce the requìred number of jnflections. Rather

than experimentjng with equipment adjustments in order to modjfy the

response characteristjcs of HTT to conform more closely to those of

other stations, ISAS was written to fit a s'ixth-order po'lynomial also.*

Command CALIB on request determ'ines the seven calibratjon curve

coeffjcìents representing the sjxth-order polynomiaì, after the

ampl'itudes and f requenc'ies have been entered and the correspondì ng

gains and velocÍty sensjtiv'ities jnteractively dispìayed. A new motor

constant determinatjon can be carrjed out prior to the A.C.

calìbratìon, or the motor constant can be suppljed or read from fjle.
Updated motor constant and coeffìcients are written to file on

request, provì ded the operat'ion sat'isf i es the val i dity cri teri a. The

full command'logic is shown in Figure 2.7 and a typicaì cal'ibratjon is

shown'in Figure 2.8.

* The solutjon of the least squares normal equations for a s'ixth-
order po'lynomi aì , j nvol vì ng a system of seven l'inear equat'ions i n
seven unknowns , was achi eved despì te the I'iml'ted (6 to 7 dì gi t
float'ing point) precìsjon of the Nova computer, by coding a
Chol esk j f actorizat'ion routi ne (Ra'lston and Wi lf (ed.), 1967) as
part of ISAS, and by using string arithrnetic to accumulate the
inner products. (Strjng arithmet'ic enables up to 1B dìgìts of
precìsìon by performing arjthmet'ic operatjons on ASCII number
strings rather than on 4-byte floating-point variables).
Comparjson of results wìth those from the majn University Cyber
computer using 15-djgìt sìng'le precis'ion arjthmetic verjfied the
techn i que .
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Not obvious from the printed output'is the fact that the data

are also d1spìayed graphìcaìly on the system televjsion monjtor

throughout. The screen dìsplays at tjmes correspondìng to (a), (b),

(c) and (d) in Figure 2.8 are shown in the corresponding portions of

F'igure 2.9. Fjnal plotter hard-copy ìs shown jn Fjgure 2.10. The

graphjcs material in each case was produced by the unit desìgned as

part of the computerized system.

2.5 Interactive Graphjcs Unit

A graphics capabìlìty, as has already been noted in Chapter 1,

is necessary for the interpretat'ion of dìgitized sejsmic waveforms

from the event recorders. The dìsp'lay of calibration data and (see

Chapter 5) epicentre distributìon maps js a secondary, aìthough

important, consideratjon. The event recorders are des'igned to achieve

auto-ranging based on the ambient noìse level, and as a result of thjs

optìmìzatjon use only 8 bits per sample in the recorded data. Thjs

requìres a vertjcal resolution of 256 poìnts when dìspìayed

graphìcaììy. A convenient horjzontal graphical resolut'ion of 572

points provides a dispìay window of 10 seconds at the nominal event

recorder data rate of 50 sampìes per second. Interactjve selectjon of

phases from the dispìayed data is requ'ired, and could be achieved

using a ìight-pen or controllable cursor. Hard copy of the djspìayed

trace is also necessary.

Commercial unjts satìsfyìng a1l of the above requirements were

at the time ejther of inferjor performance of else prohìbitìve1y

expensìve. A unit meet.ing aìl of the specificat'ions was, however,

beìng desìgned by the Electrical Engineering Department of the

University (Ackìand et a'l ., 1977) and after negot'iation was adopted

for the present project. The unjt uses charge-coupled dev'ices
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(256K x 1 bit CCD mernory) to store and refresh a 512 x 512 poìnt

'interl aced scan tel ev'is j on image, or two 256 x 512 poi nt

non-jnterlaced scan images. 0utput in either case 'is conventjonal

composite vìdeo, enablìng an ordinary television monitor to be used

wjth the unjt. Alternativeìy, output can be djrected to a pair of

digìtaì to analogue converters in order to drjve a conventjonal

I aboratory XY recorder. A photo-trans.i stor ì i ght-pen, used ì n

conjunctì on wjth an i nternal ìy-generated short-durati on whjte raster,

provìdes interactjve ìnput, and a keyboard can also be added if
required. Communjcatìon with the host computer js v'ia a standard 20

mA s erì al l'i ne.

The graph'ics un'i t 'Í s mì croprocessor-control 'l ed, empl oyi ng an

Intel 8080 mjcroprocessor wjth 4K of 2708 ROM and 2K of Rf\M. The

self-documenting software to drjve the unit was written by Mr P. Perry

of Salisbury Coììege of Advanced Education and the aubhor. The former

was responsible for the ìogìc desìgn and the major part of the coding

and debugg'ing, whjle the latter was responsjble for the character

generation, the compìetion of the debugging, and the user manual

( Parham, 19i9) .

The software 'interfaces the host computer to the graphics unìt

in such a way that the host computer can regard the graphìcs unit

merely as a termj nal , the graphì cs f unct'ions beìng acti vated by ASCI I

control codes transmìtted by the host computer. The full capab'iljties

of the graphìcs un'it from the user programmer's poÍnt of view can be

ascertai ned from the user manual .

In the absence of a mjcroprocessor deveìopment systern,

programmìng and debugging the software for the graphìcs unjt could

have been a lengthyif not ìmpossible task. The same is true of the

microprocessor-controlled event recorders. Thjs was anticjpated,
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however, and the Data General Nova computer was used in both jnstances

to emulate aspects of a development system, as outlined below.

2.6 Nova-based Mjcroprocessor Development System

As detailed in Chapter 6, the event recorders are based on the

CM0S Intersil IM6100 microp'rocessor, which uses the instruction set of

the PDPB/E mjnicomputer. The software executes from CMOS RAM, loaded

from Intel 2758 (lK) or 2716 (2K) RQMs. S'ince, as previously noted,

the graphjcs unit operates from Intel 2708 (lK) ROMs usìng the Intel

B0B0 microprocessor, the development system must be able to handle two

types of m'icroprocessor code and three types of ROM.

A standard Data General text ed'itor is used to enter and edit

8080 or PDPB assembìy language text, saving jt as a d'isk file, A

croSS-assembler for the required mjcroproceSsor Subsequentìy parses

the file (trvìce) and creates a new dìsk fjle contain'ing the obiect

code for the target mìcroprocessor. Finally, the obiect code js

converted to ROM ìmages and used to program the approprì ate type of

ROM.

Nova assembìy ìanguage source code for an B0B0 cross-assembler

was obtained from the Defence Research Centre, Saljsbury, and was

substant'iaììy rewritten to openate under DOS. Output from the

cross-assembler is 'in standard Intel hex format. A PDPB

cross-assembler, wrìtten'in F0RTRAN, was purchased commerc'ially and

was also mod'ifjed substantjalìy to sujt the Nova operating

environment. 0utput in thl's case is in standard PDPB BIN format.

The EPR0M progranrner was designed by Mr. I. Davidson of

Salìsbur"y Coììege of Advanced Educatjon (hardware) and the author

(sof tware). The prograrffner .is i nterf aced to the Nova by a 20 mA

serial ljne (temporarììy takìng the pìace of the graphics unjt),
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thereby obvjating the necessity for a compìjcated jnterface to the

Nova. At the baud rate of 1200 bi'bs per second used for the graphics

unjI/EPROM programmer, the read t'ime for a lK ROM'is less than 10

seconds. Programming times for a 2708 depend upon the number of wrjte

cycìes performed. Each write cycìe takes the same time as a read

operatìon, and typ'icaì'ly 6 to 10 cycles are requ'ired. A 2758 or 2716

needs only one programming cycle but requires a 50 ms programming

puìse per memory locatjon, necessitating a software delay between

bytes transferred. The effect of this delay is to extend the cycle

time to approxìmately one minute per lK locatìons.

The software to drjve the EPR0M programmer contains 15 commands,

the actjons of which can be seen in Table 2.5. Output from either of

the cross-assemblers js read from disk and held in a memory bufferin

R0M-ìmage form, prior to bejng used to program a R0M. The ROM can be

prevìously erase-tested and subsequent'ly verifjed, with a detailed map

of fauì ty 1 ocatì ons opti onal ly prj nted 'i n ej ther case.

The software enables the ROM buffer to be listed, saved on djsk,

read from dìsk, or read from the ROM jtself. In the last case,jf the

buffer ìs subsequentìy transferred to another ROM, a copy of the

orìginaì can be made. When saved on disk, ROM buffers can be split or

combined, in order to reformat data between 1 K and 2K ROMs. (The

SEROS command of Table 2.5 js used when programmjng the event

recorders: the cross-assembl er output conta'ins executabl e RAlvl

addresses, whìch must be relocated to ROM for subsequent loading into

RAM in the recorder. The SER0S command performs the address

trans ì ati on . )

The final component in the Nova-based development system is an

ultrav'iolet EPR0M eraser. This is a conrnercjal iton wh'ich erases up

to ejght EPROMS in approximately 30 mìnutes.
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TABLE 2.5

EPROM PROGRAMMER COMMANDS

Dìsplay cornmands and thejr actions.

Reset ROM and/or list'ing fiìes and/or ROM buffer size
and/or number of Iines for brief ìistings.

Read PDPS CROSS-ASSEMBLTR output 'i nto ROM buffer.

Read 8080 CROSS-ASSEMBLER output j nto ROM buffer.

Read ROM contents i nto ROM buffer.

List contents of ROM buffer.

Program ROM wi th data i n ROM buffer.

Verify ROM contents against ROM buffen.

Erase-test ROM.

Save ROM buffer on disk.

Load a previously SAVEd ROM buffer from disk.

Combine two lK disk ROM buffers ìnto one 2K disk ROM

buffer.

Splìt one 2K disk ROM buffer ìnto two lK d'isk ROM buffers.

Adjust addresses in SER0S.XF for ROM.

Return to the operatìng system.

HELP

RES ET

SPLIT

SEROS

RETURN

PDPB

BOBO

READ

LIST

PROGRAM

VER IFY

TEST

SAVE

LOAD

COMB INE

ACT I ONCOMMAND
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The combination of components outìjned above enables the

microprocessor-controlled devices des'igned as part of the South

Australìan computerized seismic data system to be prograrmed quickìy

and conveniently ìn mnemonic source code form. The use of the Nova'in

emulatjng aspects of an expensive development system also serves to

jllustrate the manner jn which criterion 10 of the ìast chapter

(page 13) is'implemented in practÍce.
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CHAPTER 3: LOCAL EARTHQUAKE ANALYSIS

3.1 Prev'ious South Austral'ian Practice

Until recentìy, the methods used to locate local earthquakes ìn

South Australia were influenced ìargeìy by the relatjvely small number

of recording stations and the consequent need to extract the maxjmum

amount of inf or¡nat'ion f rom every record. Methods have al ways i nvol ved

the determ'i nat'i on of a prov'i sì onal sol ut j on and 'i ts subsequent

computer revj si on.

The provi s'ional sol ut j on j s essentì aì ìy determ'i ned by the method

described by Rjchter (1958) and jnvolves measurement of at least one

S-P i nterval i n order to determ'ine the correspondi ng P trave'l t'ime and

hence event origin t'ime. Thence, the distance to each stat'ion js

found from the travel time of the first P arrival at each stat'ion.

From the set of distances, the epicentre was found prevìously either

by consuìtìng tables gìvìng the distance to each statjon for a grid of

possìble ep'icentres, or a'lternatjveìy by usìng a map and drawjng arcs

centred on each statjon or moving a tempìate containing concentrjc

distance circles.

Adequate depth control has always been a major concern. Since

depth has no effect on orjgin t'imes calculated from Sl-Pl and

negìigìble effect on those calculated from Sn-Pn (unlike S1-Pn and

Sn-P1) , lnlhì te (1967 ) used the method of assign'ing the provi s j onal

depth so as to bring the origìn t'ime calculated from S1-Pn into

agreement with that determined from either 51-P1 or Sn-Pn. The

travel tinles of several prominent phases for a station were then marked

on a strip which was subsequently moved over a set of travel tine

curves for various phases and depths, in order to determìne the epìcen-
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tral distance for^ the station. This enabled several phases to be taken

'into account and provided a check on the depth, which lnlhite stated cou'ld

not be changed by more than 5 km without producìng inconsjstencies.

Whjte's method subsequentìy fell jnto disuse jn favour of

assumjng a depth (usua'lìy 10 km), determinìng distances to stations

based on the assumed depth, and then revisìng the assumption l'f the

distances proved'inconsistent when fitting the epicentre. This method

was used up untìl the introduction of ISAS.

The computer revjsjon of the provìsjonal solution (l{hite,1967)

uses Geiger's method of least squares (Geiger, I9l2) wìth data for the

reference spheroid from Bomford (1962), 'in whjch one geocentric degree

'is taken as 111.2 km for South Australia. EìlipticÍty correctjons of

the type described by Jeffreys (1935) are not emp'loyed for local

earthquake rev'ision, but the flattening of the earth is taken jnto

account when converting from Eeographìc (ó) to geocentric (ú)

latitucle, accord'ing to the relatjon, tan þ = 0.993272 tan ó. Station

correct'ions for sedìmentary'layers are not empìoyed, aìthough the

possibljty was jnvestigated by Stewart (I972a). Phases are weighted

because of the smal I number of statj ons and the need to use phases

after the fìrst. Iteratjons are stopped when the standard error of

the resjdua'ls faiìs to decrease by at least 0.002 s over the value

from the previ ous i teratì on, or after fì ve i terat'i ons.

The computer program incorporating the revisìon (LEQREV), as

wrjtten by White, used the six phases Pl, PR, Pn, 51, SR and Sn. An

algorjthm jnternal to the program assocjated each observed arrival

t'ime with a partjcular phase at the commencement of the revisjon.

Thjs was necessary because of the batch nature of the program, but ìt
denied the se'ismologìst any controì over the seìectÍon, and frequentìy

resulted in more than one arrival beìng assigned to the same phase.
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Such an aìgorjthm was omìt'led by the author jn ISAS jn favour of

interactjve phase identjf icatj on.

In an attempt to 'increase the amount of l'nf ormation able to be

used from each seismogram and also to improve the depth control,

Stewart (I972a) added three further phases to LtQREV, assumed to occur

wjth signifìcant ampl'itude based on theoret'ical ampìitude versus

dìstance curves produced by Whìte (1969). The phases were the S to P

converted Moho reflection (SMP)o the S to P converted surface

reflectjon subsequent'ly Moho-reflected (sPR), and the S to P converted

surface reflection subsequent'ly strjkìng the Moho at the critical

angìe and propagating as a head wave (sPn). However, as Stewart

hjmself notes, l^lhìte's theoretical ampìitudes are not entìrely borne

out in practice: SR and sPR are pred'icted to have greater ampljtude

than 51 for distances greater than 0.70, but l'n fact 51 has the

greatest ampììtude jn about BA% of cases at HTT and CLV. Further,

LEQREV has a tendency to assìgn Pn phases incorrect'ly to sPn,

especi aì ìy for shal I ow events. Mi s'i nterpretatj on of Stewart's

converted phases is partjcularly noticeable jn the very common 10 to

20 range due to travel t'ime crossover points. These prob'lems, and

the availabjlity of data from more stat'ions than prevìousìy, resuìted

jn Stewart's phases being dropped jn ISAS.

3.? Some Alternatjve Earthquake Locatjon Procedures

Many earthquake locatìon programs have been reported jn the

lìterature, especia'l'ly shortìy after computers fjrst came into

wìdespread use (e.g., Fììnn, 1960; Bolt, 1960; Nordquist, 7962; Cleary

and Doyìe, 1962: Engdahl and Gunst, 1966). Most programs are based on

least squares'iteratìons ìn the time domajn. Many, ììke LEQREV, use

four ìndependent parameters (orìgìn time, epicentral latitude and
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ìongitude, and depth), although as mentjoned by many authors (e.9.,

Flìnn, 1965; James et â1., 1969; Lomnitz, 1980), a three-parameter

solutjon wìth orìgin tìme or depth ìndependentìy determined, reduces

the uncertaìnty in both by reducing theìr compensatory iendency.

Stewart (7972a) has a'ìready evaluated this approach 'in the South

Austral i an s'ituati on and po'inted out i ts dif f icul tì es. A number of

addi ti onal shortcomj ngs i n programs based on Gei ger's ori gi nal method

have been raised by Buland (1976).

Lomnitz (I977 ) has recent'ly suggested performing revision (for

telese'isms) in the spacìa1 domajn rather than the time domaìn, the

quoted advantage being a ljnear set of equations of cond'itìon, with

consequent simpljfjcat'ion and speed improvement. Aìthough the

approach has been challenged (Smith, 1978; Lomnitz, 1978), it warrants

further ìnvestigation jn the future to determine jts potent'ial for use

wj th I ocal earthquakes .

Perhaps the most widely used program for local earthquake

revjsion is HYP071 (Lee and Lahr, 1975). This program uses Geìger's

method, but ìncorporates stepwise multiple linear regression (Draper

and Smith, 1966) instead of s'impìe lìnear regressìon. Ampìitude and

durat'ion magn'itude can also be determined and a fjrst motion pattern

can be pìotted (usìng an equaì-area projectìon on the lower focal

hemisphere). The model used 'is f lexible 'in that mu'ltipìe horizontal

ìayers of spec'ifjed thjckness and w'ith specifjed P velocities may be

stìpulated, and statìon variations may be taken into account.

However, S velocitjes in the model may not be assigned independentìy,

beìng determined by a singìe stìpuìated P to S velocity ratÍo. Onìy

one P and optionaììy one S phase (tfie first arrivals) may be used for

each statjon. Overall, the flexibjlity of the program is impressiie

but 'is 'is better su'ited to ìarger networks and was not consjdered

f urther f or use 'in South Austral i a.
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HYP071, lìke LEQREV and the previousìy referred to programs, is

batch orìentated. Some jnteractive programs have recentìy appeared in

the lìterature (e.g., Garza et al, 1977 and 1979). For the reasons

stated in Chapter 1, ISAS was desìgned from the outset to be fuìly

interactive. Its principa'l local earthquake routines are a

provì si onal I ocatj on procedure, repl aci ng the prevì ous maRual

determjnation, and a revision procedure, based ìooseìy on its

predecessor, LEQREV. Addi t'i onal routj nes determi ne ampl i tude and

durat'ion magnitudes, enable entry of djrectjon of first motjon data,

and provìde data management and archiving support. These routines are

available as comrnancis within the Local Earthquake Subsystem (tOCnl) of

ISAS.

3.3 The ISAS Local Earthquake Subsystem

The commands of subsystem L0CAL are shown in Table 3.1. PR0V,

REViSE, MAGD and MAGN are tlre princìpa1 sejsmic analysis routìnes, and

these are d'iscussed i n I ater secti ons, a'long wì th FiRST.

LOCAL, as presently constructed, deal s excl usi ve'ly w'ith crustal

models of the type genera'i1y accepted for South Australia; viz, a

uniform sì ngìe-ìayered crust over a half-space; aìthough Shackleford

(1978) has recentìy presented some evjdence for a more complicated

structure. Model parameters, consjstìng of the model number, P and S

wave velocjties in the crust and upper mantle, and the depth to the

Moho, are'internalìy read from a small sequential djsk data fi1e, jn

the format shown jn Table 3.2, when the subsystem is first entered.

Currentìy, the mode'ì coeff i ci ents are those of Tabl e LZ and the model

number is 1.
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TABLE 3.1

COMMANDS IN SUBSYSTEM LOCAL

Di sp1 ay conrnands and thej r actj ons.

Determj ne provì si onal I ocati on.

Rev i se prov ì s'i ona.ì I ocati on .

Determine MD magnìtude.

Determjne MN magnitude.

Enter fìrst motjon data jnto a temporary fjle.
Dispìay a temporary file and optìonaìly transfer to an
arch'ive di sk.

Load an everrt from an archjve disk into a temporary file.
Disp'lay event numbers ìn temporary fìle and optionaììy
del ete events.

Renumber an event in a temporary file.
Di spl ay si ngì e I ayer model coeff ici ents and opt'iona'l1y
change temporarììy or permanently.

Restore permanent single ìayer model coeffjcients after a

temporary change.

Transfer to Network Data Management Subsystem.

Transfer to Cassette Data Management Subsystem.

Transfer to Microearthquake Subsystem.

Transfer to Earthquake Statistics Subsystem.

Log-off from system.

H ELP

PROV

RTVISE

MAGD

MAGN

F IRST

ARCH I VE

LOAD

TEMP

RËN UM

MODEL

RESTOR E

NETWK

CASET

MI CRO

STATS

LOGOFF

ACT I ONCOMMAND
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TABLE 3.2

ISAS MODEL FILE STRUCTURE

4-byte floating poìnt numeric

il

il lt

Model number

P velocity in

S velocity in

P velocity Ín

S velocity ìn

Depth to Moho

crust (kmls )

crust ( km/s )

upper mantle (km/s)

upper mantle (km/s)

(km)

DATA TYPEINFORMAT ION

If a seismoìogist at the 'interactjve console wjshes to

experiment with djfferent model coefficients, or if a new set of

coef f i c'ients i s to permanent ly rep'l ace the oì d, the MODEL command i n

subsystem L0CAL 'is executed. Thjs dìsplays the current model

coefficjents and enables them to be repìaced e1ther temporari'ly on

permanently. If a temporary replacement is requested, only the values

held l'n memory are changed: when the subsystem js next entered, the

permanent values are agaìn read from d'isk. A permanent replacement

changes the values jn memory and also writes the new values to the

dl'sk file (ìncrementing the model number) so that the new values wjll

subsequentìy be read on entry to LOCAL. A password is requìred'if the

latter mode of rep'lacement is requested.

To ensure that archived events can always be subsequentìy

reworked and the same results reproduced from the same data, the

number of the model orìginalìy used'is archived along with the event

data for every earthquake. Events analysed wjth a temporary model

cannot be archived. (The system js always aware that a temporary
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model js in use s'ince the MODEL command'internal'ly changes the model

number to zero when the coeffic'ients are temporarjly changed.) The

REST0RE conrnand returns to the permanent model after a temporary

change, by rereading the disk data fìle.
In keepìng with the stated aim in Chapter 1 (page 13) of maxjmum

flexìbìlity, the four anaìysìs commands in L0CAL are all ìndependent:

MAGD for example can be executed in 'isolatìon ìf a magnitude js

required for an otherwise located event, or all four commands can be

ì nvoked j n turn to f uì'ly anaìyse a new event. Si nce al l commands

require network data, and some comrnands require data produced by other

commands (e.g., the magnìtude commands require epìcentral d'istances

and the rev'i si on command requì res a provì s.i onal 1 ocati on ) , a system of

temporary fi I es exi sts , to which the results may be written at the end

of each command for poss'ible use by subsequent commands, and to whjch

all network data pertinent to an event may aìso be written after the

network files have been accessed, thereby avoiding the need to

repeatedìy read the (sometìmes lengthy) network files to accumulate

the same stat'ion data for each command in turn.

Five temporary fjles exist (wjth filenames TEMP1 to TEMPS), each

able to accommodate a sjngìe event. They are sequential files hav'ing

the structure sholvn in Table 3.3. At the conclusion of the first
command for a new event, ìf the seismologìst requests the results to

be saved ìn a temporary fiìe, each file js tested in turn and the

fjrst free fìle is used to store the data. A message is printed

jndicating which file is used, after which an event reference number

is requested by the system. Thl's js hereafter associated wjth the

event, eventuaìly beìng archived with it and subsequentìy used to

reference the event from the archi ves. At the commencement of

subsequent conmands for the event, input can be requested frorn the
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TABLT 3.3

iSAS TEMPORARY FILE STRUCTURE

4-byte fì oatì ng
poì nt numeric

il

il

ll

lt

il

il

ll

il

il

ll

I

il

I

il

il

il

Mean MD magnìtude
No. stations contrib. to MD

Std dev. MD

Mean MN magnitude
No. stations contrib. to MN

Std dev. MN

Revised origin tjme
Std err. rev. orjgin tìme
Revised geog. lat'itude
Std err. rev. geog. I ati tude
Rev'ised ì ongìtude
Std err. rev. I ongì tude
Rev'ised depth
Std err. rev. depth
No. phases used
Std. err. rev. resi dual s

Model number

3 characters per station
1 character per statjon

ASCII stringStati on codes
Fi rst moti ons

4-byte f1 oati ng
poì nt numeric

ll

lt

il

ll

ll

il

Prov'is'ional orì gì n t jme

Provi si onal geog. l at'itude
Provi s'ional ì ongitude
Provi si onal depth
Std err . prov . re si dua'l s
No. statì ons
No. seì smogram stati ons

1 to 7 characters
YYYYMMDDHHmm

year day minute
month hour

ASCII string
il

Event reference number
Base date and time

INTERNAL FILE FORMATDATA
TYPE

INFORMAT ION
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TABLE 3.3 (contd)

No. stat'ions x 12 array
(Arr. time & error f otr
Pl, PR, Pn, 51, SR, Sn

ìn turn)

4-byte fl oati ng
poi nt numeri c

Revi si on arri val times
& errors

No.statìonsx2array
(Fìrst col. MD, second
MN)

4-byte fl oatì ng
poì nt numerj c

Magnìtudes

No.stationsxlarray
il

4-byte f ì oat'ing
po'int,,numericAmpììtudes (in m)

Per i ods

No. statj ons x 1B array
(18 val ues as 'in
Table 2.2 valid at base
date/time from network
fììes)

4- byte f 'l oatì ng
fl oati ng numerì c

Stati on data

No. stati ons x 1 arraY

I

il

il

il

4-byte fì oatì ng
poì nt numericProvi si onal P arrival t'imes

Provisional S arrivai times
Durati ons
Epì central d'istances (i n km)
Az'imuths
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temporary fi le contai n'i ng the data. Al ì previ ous resul ts and

previously assembled network data then become avajlable to the new

conmand, and resul ts of the command can on request be added to the

temporary file at the conclusion of the command. By means of the fjve

temporary files, fìve earthquakes can be at various stages of

progress j on through the d'iff erent commands at any t'ime.

The TEMP conrnand i n subsystem LOCAL d'ispì ays a surûnary of the

status of each temporary fjle, indicating whether or not it is free.

If a file is occupied, the reference number of the event js dl'spìayed

and the optì on 'is gì ven of del etì ng ì t, thereby maki ng the f i I e

available for a neyv event. The reference number of the event in a

temporary file can be changed usìng the RENUM command. Both of these

commands are strajght-forward and no comment on thejr coding ìs

necess ary.

After an earthquake has been located, its magnìtude determined,

d'irection of first motjon recorded, and all results accumulated in a

temporary file, the data are normalìy transferred off-l'ine to an

archive djsk. Conynand ARCHIVE fjrstìy dìspìays the detajled contents

of a requested temporary fi I e (wi th the exceptì on of the network data)

f or verif j cati on and conf i rmat1on to transf er. (The conrnand i s al so

used when a detajled exam'ination of the contents of a temporary file
ìs required, jn whìch case confirmation to transfer the event to an

archive disk js den'ied.) Follow'ing confjrmat'ion and supply of a val jd

password, on request up to 20 characters of text descrjbing locat'ions

at which the earthquake was feìt may be added to the data, or the

event may be tagged as a quarry blast (the latter enabling the event

to be rejected ìn subsystem STATS if requìred). The non-network data

are then transf erred to an arch j ve d'isk, af ter wh'ich the temporary

file js deleted on request.
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Once placed on an archive disk, the event can be used by

subsystem STATS for the accumulation of earthquake statjstjcs (see

Chapter 5). Any event on an archive d'isk can also be reloaded into a

LOCAL temporary fjle (provìded jt was orìgìna'lly archjved from

subsystem LOCAL) by means of the L0AD conunand, in order to be

reworked. LOAD searches for a free temporary fììe, reads the data for

the requested event frcrn the archive disk, accesses the network files

for network data applicable at the date and time of the event, and

then writes all information to the temporary fììe. If the current

model number dìffers from that archived with the event, an ìnformatjve

diagnostic, quot'ing both model numbers, is printed. The manner of use

of each of the commands discussed above is shown in Fjgure 3.1.

The structure of the ISAS temporary files is designed to

facilitate rapìd interchange of data between djsk and memory, wìth

data grouped on fjle as ìn memory, by varìable rather than by

station. The structure of the ISAS event archive disks is determined

by totally different constraints, however, and in consequence is qu'ite

djfferent. Since an event archive file can be extremeìy 1arge,

contajning data for perhaps many hundreds of earthqualces, a random

fjle structure is necessary in order to locate any given event

efficientìy. To take into account the widely diffenjng amounts of

data held for djfferent earthquakes, dependìng on the number of

stat'i ons recordì ng them, a smaì I record sì ze, equa'l to 48 bytes , i s

used and events are buiìt up on the basjs of a varying number of

records, as shown in Table 3.4. In particular, each earthquake

comprises three 48-byte random records pìus two add'itjonal records per

stati on.

The number of the first random record in the file for any given

event is contained in the archive disk index f ile shown 'in Tabl e ?.4.
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TABLE 3.4

ISAS EVENT ARCHIVE FILt STRUCTURE (Subsystem L0CAL)

Mean MD

1tStd err . prov . resì dual s ( L0CAL ) ,

0 (MrcR0)

ilProv'is j onal depth (LOCAL) ,
mean depth (MICRO)

Prov'isi onal I on
I ongi tude (MI CR

situde (L0CAL),
o)

ilProvi s'ional geog. I atitude (L0C-
AL), geog. latjtude (MICRO)

4-byte fì oati ng
poì nt numeric

Prov'isj onal orìgi n time (L0CAL),
mean origin time (MICRO)

YYYYMMDDHHmM
(as in Table 3.3)

ilBase date and time

NNSRRRRRRR

no
st

\-.\ ref. no.
NS\

SUBSYSTEM:
Q = pre-ISAS
I = LOCAL
2 = MICR0

(l = RTGNL)

ASCI I stri ngNo. stati ons, subsystem, and
event reference number

RECORD #1 PER EVENT - ALL SUBSYSTEMS

Reserved for future use

RTCORD ZERO

INTERNAL FILE FORMATDATA
TYPE

INFORMAT I ON
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TABLE 3.4 ( contd )

3 characters

1 character

1 character,
presentì y rr0rr

ASCII string
4-byte f I oat'ing
poi nt numeri c

il

ASCII strìng
4- byte f 'l oati ng
po'i nt numer j c

il

ll

ll

il

il

¡t

ASCI I strì ng

Stati on code

Durati on
Amplìtude (in mm)

Peri od
Fi rst moti on

Provisional P arrival time
Provisional S arrival t'ime
tpicentral d'istance (in km)
Az i muth
MD

MN

0 (Reserved for future use)
F uture exp an s'i on f ì ag

RECORD #1 PER STATION - LOCAL

3 characters, then
1-20 chanacters or
" Q/8"

ASCII stringI n i ti al s of person archi vi ng,
locations felt or quarry blast

t¡
Std dev. MD

Std dev. MN

3t
O 
I 

Reserved for future use

RECORD #3 PER EVENT - LOCAL

(no. MD) +
(no.MN)/tOo

(
(

no. phases) +

model no. ) /100

il

il

ll

il

il

il

ll

il

I

il

il

lvlean MN

No. statjons MD, MN

Revised origìn time
Std err. rev. origin time
Revised geog. latitude
Std err. rev. geog. I ati tude
Revised I ongitude
Std err. rev. I ongì tude
Revi sed depth
Std err. rev. depth
No. phases, model no.

Std err. rev. resi dual s

RECORD #2 PIR EVENT - LOCAL
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TABLE 3.4 (contd)

When a new event is added to an archive dìsk, the next free record is

obta'ined from the f ile header of the'index file. After the event data

have been added to the archjve file and an entry for the event created

in the ìndex fi'le, the file header is updated jn preparation for the

next event to be archived.

3.4 Prov'isional Location

The manual determ'inat j on of the provi si onal sol uti on outl i ned 'in

an earlier sectjon ìs repìaced jn ISAS by an jnteractjve numerjcal

procedure within the framework of command PROV in subsystem L0CAL.

Raw jnput data consjst of the arrjval times of the first P and S

phases at each station where known, the values being either entered

interactiveìy at the console (ìf read from seismograms)o read

automat'ica'lìy f rom the cassette f j I e (jf read f rom event recorder

cassettes - see Chapter 6), or accessed f rom a temporary f i'le (1f

loaded from an archive d'isk for reworking, or transferred from

subsystem MICRO - see Chapter 4). At least three P times and one S

time are required.

4-byte fì oati ng
poì nt numeric

I

I

I

I

I

il

P1 arri
error i
PR arri
error i
Pn arri
error i
51 arri
error i
SR arri
error i
Sn arri
error i

val time
nP1
val time
nPR
val time
nPn
val t'ime
nSl
val time
nSR
val time
nSn

RECORD #2 PER STATION - LOCAL
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The seis¡nologìst may elect either to supply or aìternativeìy to

have calculated the origin time and/or hypocentral coordinates, the

former option generaììy being invoked jf the arrival times are to be

checked agaìnst known quantìtjes. The origin time is calculated from

the P and S arrjval t'imes of a sjngle stat.ion and thejr assumed phase

type (P1 or Pn and 51 or Sn), supplìed by the sejsmoìogist, using the

S-P jnterval and crustaj model. Standard formulae are used (e.9.,

Garland, I979). From the orìgìn tjme and the arrjval tjmes of all

phases, â Set of travel times is determined.

The hypocentre j s 'located by perf ormi ng a tlrree-djmens j onal

bìnary search over a reg'ion of roughly equaì extent jn latitude and

ìongìtude and coverìng the state by defauìt, but able to be changed

from the interactjve console. The depth variable changes least

rapì dly. It i s i nitj al'i zed by dì vi dì ng the dj stance from the surface

to the Moho into two equaì intervals and then selecting a depth equaì

to the mìd-point of the upper jnterval. A two-dimensjonal search js

performed at this depth, and this is repeated at a depth equal to the

mid-point of the lower interval. One of the two is subsequentìy

d'iscarded, the rema'inìng Ínterval halved, and two further searches are

perf ormed. Thi s i s conti nued unti l the dimens'i on of the i nterval 'is

reduced to sorne nomi nal val ue, pÌ'esently set i nternaì'ly to one

kìlometre.

The two-djmensjonal search is performed in the manner of

Fìgure 3.2. The hypocentre js assumed at the centre of each of the

four subregions (at the fjxed depth)'in turn. Three of these are

subsequently rejected, the fourth further subdivided, and four further

tests perf ormed. Thi s j s cont'inued untì I the d'imens'ions of both s.ides

of the sub-regìons are reduced to sqne nominal value, again presentìy

set ì nternal ly to one ki I ometre.
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FIGURE 3.2

THE Tt^lO-DIMENSIONAL SEARCH PERFORMED BY PROV.
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For the default search region, 11 cycles are required to reduce

the s'ize to one ki I ometre 'in the two-dimens i onal search and 6 i n the

depth search. In practìce, however, once the fjrst two-dimens'ional

search ì s perf ormed, an approximate epì centre i s known and 'it 'is

unnecessary to return to the outermost level for subsequent

two-djmensjonal searches. This greatly reduces the total number of

nodes requìred to be tested during the entìre search.

The test performed at each node consìsts of determining the

computed travel time of the first arrival at each station, based on

the assumed nodaì hypocentre and the s'ingìe-1ayer model coefficients

jn use. Fìrst P phases onìy are consjdered, wjth the exceptìon of the

station (jf any) providìng the origin tìme, for wh'ich the fjrst S

phase ìs also used. The (observed mjnus calculated) travel tjme

residual is determined for each arrìva'I, and the sum of the squares of

all residuals computed. The node for wh'ich this 'is a mjnimum 'is the

one selected ìn every case.

The procedure js well suited to computer executìon, beìng highìy

structured and repetjtjve. The basic aìgorìthm also remains the same

irrespective of the comp'lexìty of the actual travel tjme calculations

w'ith regard to the nature of the model and the number of corrections

app'lied. It has been used as part of the routjne location of all

South Australjan local earthquakes usìng ISAS sl'nce the begìnnìng of

1978.

Figure 3.3 shows a typìca'l local earthquake provisional solut'ion

beìng determined by PROV. The nature of the printed results can be

seen, as can the manner jn which results are entered'into a temporary

fjle. The example also serves to jllustrate the flexjbility of the

j nteracti ve approach adopted, i n that the sei smol ogi st, on exam'i nat'i on

of a prov'is j onal so'lutì on, can change one or more arri val tìmes,
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and/or the station and/or the phase assumptions used to determ'ine the

orì gì n time, and perform addj ti ona'l cal cul atj ons . Up to fj ve

solutjons can be held (in disk buffers), and any one (or the last

soìution, still in memory) can be eventualìy wrjtten to the temporary

file at the conclusìon of the command, for subsequent rev'ision.

The internal command logic for PROV is shouin 'in the flow-chart

of Fjgure 3.4, the elements of which are as presented jn thjs

section. The dìscussion of the manner in whjch PROV (and other ISAS

cornrnands) deaìs with cassette data from the event recorders 'is

deferred until Chapter 6.

3.5 Revision of the Prov'isional Locat'ion

The hypocentre determìned by PROV is confined to a finìte,

albejt ìarge, set of fixed nodal coordinates defining the search

grìd. In addjtìon, ìt js derjved from a limjted subset of the total

avajlable data, comprising essentia'lìy the fjrst arrivals. It js

theref ore regarded as provi s'ional and 'is f urther ref j ned usì ng the

REVISE procedure 'in subsystem LOCAL of ISAS.

REV ISE empl oys standard I east squares rev'i si on (e.g. , Buì 1 en,

1963), involvìng the determination of add'itjve corrections xrlcos ú,

^2, 
x, and xO to the longitude, geocentric latjtude (r/), focal

depth (h) and origìn tìme, based on the equation of condjtjon:

-(xt sjn o + x2 cos ") # * *:# * x4 u = e

j n whi ch o 'is the az jmuth, A the angul ar epi central d'istance, p the

(observed m1nus calculated) travel tjme residuaì, e the error jn the

observed travel time, and T the travel tjme itself. Weìghting of

observations is used (Bolt, 1960), the weighting function being
a

0.04/e'(Whìte, L967), where e ìs the error jn the arrival time
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est jmated f rom the records. Stoppì ng condi t'ions are the Same aS

described earlier for LEQREV. The REVISE command in ISAS djffers

markedly from LEQREV, however, in the allocation of arrjval tjmes to

theoretical phases. Prior to the commencement of the first iteration,

the calculated ar¡ival tìmes of the sìx phases, P1, PR, Pfl, S1, SR and

Sn, at each of the stations recording the earthquake are printed,

based on the provisjonal solution. The observed arrival tjmes are

then entered 'interactjvely from the keyboard, and allocated to phases

at the discretjon of the sejsmoìogìst. Thjs js shown in Figure 3.5,

us'ing the same earthquake as in Fìgure 3.3.

Fì gure 3.5 al so serves to i l l ustrate the mannerin wh j ch data

stored in a temporary file at the conclusjon of PROV are made

available at the conrnencement of REVISE. Alternatjvely, a provisional

solution and set of recording statìons could have been suppljed from

the keyboard without using a temporary file, or in the case of a

prevìous'ly revìsed event stored ìn a temporary fì1e, the revision

arrjval times could also have been read frorn the temporary file, in

whjch case onìy changes would need to have been entered from the

keyboard. In aì'l , 16 comb'i nati ons of ì nput and output modes are

provi ded i n REV ISE.

As jn the case of PR0V, the optìon'is available at the end of a

calculatjon of repeatlng it wìth modified data, in this case arrjval

times and/or provìsjonal solution. If the latter is changed, a nevv

table of theoretjcal arrival t'imes ìs printed. Because a provjsional

solution can be assigned by the seismologist independently of any

model, eìther jn PROV or REVISE, the model number stored in the

temporary fjle js always zero, correspondìng to a temporary modeì,

until a (model-dependent) revjsjon has been performed. (Thjs ìmpììes

that an event cannot be archjved until jt js rev'ised, because of the
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I ock on temporary mode'l s . ) As w'ith PR0V, f i ve compi ete cal cul ati ons

may be he'ld pending the final decjsion as to which to accept for

wrjtjng to the temporary file at the conclusjon of the conrmand.

Each least squares calculatjon performed by REVISE may proceed

'in either of two modes. In the fìrst, all phases entered are used jn

the calcuìation; in the second, phases may be jnternally rejected from

an iterat'ion, based on the magnìtude of thejr residuals. In this

mode, folinclusion jn the first jterat'ion, residuals must be less

than two seconds; for subsequent ìterat'ions, less than twìce the

standard error of the res'i dual s f rom the prevì ous 'iterat j on. Th j s and

the other aspects of REVISE discussed above appealin i ts f ì ow-chart,

F ì gure 3. 6.

Stewart (I972a) compared the originaì 6-phase LEQREV with h'is

9-phase version containìng the three converted phases. His data have

been brought togetherin tabular form and are presented, along with

those correspondìng to the fjrst year of operation of ISAS, jn

Table 3.5. Despite the improvement ach'ieved by Stewart, the ISAS

solutions exhibjt even lower standard errors wjthout using converted

phases. These results can be explajned in part by the 'increased

number of stations jn recent years and their improved azimuthal

distribution relative to the main seismic areas of the state"

However, ìn view of the ìmportance of a good provìsjonal solution to

the operat'ion of least squares revjsion (Fì1nn,1965), the effect of

the PROV procedure 'in ISAS j s 'lì kely to be si gnif ì cant. The removal

of automatic phase allocation has eljminated another known source of

error and incons'istency due to misidentificatjons, which became

especiaììy troublesome with the additjon of the extra phases by

Stewart. Finally, past jnvestjgators have tended to concentrate on

theoret'ical methods f or ìmprovi ng 'locati ons, f orgetf ul that 'in the
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TABLE 3.5

COMPARISON OF ACCURACY OF CALCULATED HYPOCENTRES FROM ISAS AND LEQREV

6-PHASE ISAS
( PROV/R EV r SE )

g-PHASE LEQREV

6-PHASE LEQREV

LOCATION METHOD

I978

I970

196 9

YTAR

174

66

82

N0.
EVENTS

5.3

4.3

3.5

MIAN NO.
STATIONS
PER EVENT

11.5

9.0

7.r

MEAN NO.
PHASES
PER EVINT

0.0240

0.0380

0. 07 10

MEAN S. E.
GEOG. LAT.

0. 0400

0. 0570

0.0730

MEAN S. E.
LONG.

3.1 km

4.2 kn

8.3 km

MEAN S. E.
DEPTH

æÈ
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majority of cases their methods are impìemented by often less sk'illed

and ded'icated data processìng staff. The greater care required in the

readjng of seivnograms and the need to scrut'inìze output more

caref ul ìy f or mi s j dentif i ed phases, f or examp'le, probabìy mi I'itated

against the greater success of cclnverted phases jn LEQREV. One of the

major strengths of ISAS is its extreme ease of use and the fact that,

being interactive, effects of actjons can be seen immedjateìy and

corrected 'if necessary whìle stìll fresh in the m'ind. The elim'inatjon

of the 'long and tedi ous hand determi nati on of the provi si onal sol ut'ion

al so leaves more tjme for i nvesti gatì ng a'l ternati ve phase al I ocati ons

and j nterpretati ons.

A d'iscussion of the sjgnifìcance of the standard errors and

thei r dependence on the model used has been gì ven by t^lh'ite (1967) .

S'ince the model 'is unchanged, no further comment need be made on thjs

aspect .

3.6 Maqn'itude

The f j rst magn j tudes determined f or South Austral'ian I ocal

earthquakes (1n 1963) were obtajned (White, 1968) by converting

ampìitudes derived from the Benioff se'ismometers at ADE, HTT and CLV

to equìvalent !.lood-Anderson ampììtudes, and substituting in Richter's

formula (Richter, 1935), derjved for such instruments and for southern

Caljfornia. The magnìtudes so determ'ined were found to jncrease wìth

dj stance. A dj stance-dependent correct'i on ( and stati on correctì ons )

were found, and the resulting formula was used for magnìtude

determinat'ions from 1963 to 1966. During that period, magnitude

resjduals were ana'lysed by l,lhìte usjng a modif ication of the "time

term" method originaì1y developed for refraction surveys (Scheidegger

and Wjllmore, 1957; Wjllmore and Bancroft, 1960), as a result of whjch



B6

a revjsed formula was obtained (White, 1968) which was used for

magnitude determj nat'ions f rom 1967 to 1969. in 1969, ldh'ite's scal e

was repìaced by the "new local scale" MN (Stewart, 1975), which'is

stjll in use. MN ìs based on a theoretjcal examjnatjon of the energy

radjated from a seismic source, and contains terms representìng

average source spectrum, geometrica'l attenuatjon and frequency-

dependent absorptì on. The formul a i s:

MN = 4.85 + ìog Ag + 0.84 log A + 0.0003f L /2.3

-2.8g ìos f + 2.45 (ìog f )Z * ,
jn whìch A is the ep'icentral djstance jn km, Ag js the peak-to-peak

max'imum vertjcal ground ampìitude amongst the S waves, f is the

corresponding frequency, c is a statjon correctjon and alì logarìthms

are to the base ten. The standard error of one observati on based on

thjs formula is quoted as 0.24, and the relationsh'ip between MN and

local Richter magnìtude ML is given as ML = 1.33 MN - 0.73

(Stewart , I972a).

Subsequent to the 'i ntroducti on of MN and pri or to the

cormencement of the present study, sìgnifjcant changes'in the South

Austral i an network occurred: ILN ( Isl and Lagoon) was cl osed i n Aprì ì

1973 and the equipment shjfted to WSA, 25 kr¡ west (ref. Figure 1.1),

MTA (Mìrjkata) was opened in June 1973 and shjfted to HKN, 10 km

south, in August 1975, ADT (ADt telemetred to Adelaide University)

commenced operation'in May 1974, all new equìpment was jnstalled at

UMB ìn November 1974, and HTT and CLV were converted from photographic

to pen recording in September 1974 and April 1975 respectìveìy. This

j nvestj gati on therefore corrnenced by recal j brati ng al I stati ons and

monitoring MN values in order to determine updated station

correct'ions. The mean magnitude resjdual was obtained for each

statjon usjng the 55 earthquakes occurring from the tjme all stat'ions
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were recalibrated (November 1975) untjl the end of 1976. These

were used to bring magnìtudes from new or modjfied statjons jnto

coincidence with those from the onìy unmod'ified station, ADE (PNA

not previously havìng been used for magnitude determjnations),

thereby ensuring that the scal e was not shl'f ted j n absol ute

terms. t^Ji th the new stat'ion correct'ions, the standard error of a

sìngìe observatjon over the monitoring period was 0.21. Table

3.6 shows the stati on correct'ions determ'ined as above, together

with correct'ions for several new stations which were determined

in the same manner at the beginning of 1980.

MN is determined for an event jn ISAS usjng the conrnand

MAGN, the manner of use of which ìs shown in Figure 3.7 using the

same earthquake as previousìy. Input is agaìn frorn temporary

f i l e, aì though a l'i st of statj ons coul d al ternatj vely have been

suppìied for an isolated magnjtude determination. In the table,

anY data aìready known from the temporary file are used (and

printed); otherw'ise appropri ate values are requested. The

cal i brati on pul se I ength suppì i ed for each statj on i s checked

against the app'l'icable nomjnal value read frorn the network fiìes,

and a warn'ing is jssued if the two djffer by more than 20%. The

ground amplitude Ag used'in the MN formula'is determined from the

suppl ì ed ampl.i tude and peri od, and the seven cal j bratj on curve

coefficjents for each station (Chapter 2).

For a new statìon, for which a station correctjon is not

known, amplìtudes are entered as negative, whìch ensures that

magnitudes calculated for the station do not contribute to the

means. The statjon magnitudes are still archived wjth each

event, however, and after sufficient have accumulated, a command

in subsystem STATS (Chapter 5) js used to compare the statjon
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TABLT 3.6

MN STATION CORRECTIONS

0

0.70

0. 54

0. 66

0. 64

-0. 10

0.24

0. 69

0.57

0. 10

0.74

0.65

0.63

ADE

HTT

CLV

UMB

PNA

WSA

HKN

BFD

STK

ADT

RPA

tD0

NBK

CORR ICT IONSTAT ION

magnjtude wjth the mean for each event, and so determine the mean

residual and hence the station correction. 0nce determined, the

statjon correctjon ìs entered into the current network fiìe, and the

station is then able to be used as a contributor to the mean magnjtude

for subsequent earthquakes. Thjs method was used for the nelv stations

in Table 3.6, and is stjll in progress for the other new stations of

Table 1.3.

A discussion of MN with respect to factors contributìng to the

standard error of one observation has been given by Stewart (1975),
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who stated that the standard error approached the theoretical ljmit

provided by anìsotropy ìn the source radiat.ion pattern and variations

i n I ocal geo'logy (Duda and Nutt'l'i , I974; Duda, 1978) . A breakdown of

the MN formula by term and by variable usjng a sanple of the 1976 data

by the author, however, showed that errors in the frequency, which

enters jnto several of the terms.in MN, can cause sìgnifjcant errors

in the computed magnìtude, the errors ìncreasing with decreasing

f requency. For examp'le, Table 3.7 shows the eff ect on MN of an error

TABLE 3.7

EFFECT ON MN OF ERRORS IN THE PERIOD

+0.2I+0.1 s

230.5 s
-0. 15-0.1 s

+0. 1B+0.1 s

200.4 s
-0.12-0.1 s

MEAN ERROR IN MNTRRORNO. OBSPER IOD

of 0.1 s in period for the two most common periods,0.4 and 0.5 s. In

vjew of the diffjculty in reading perìods of this order accurately

from seismograms, the above must be regarded as a serious contrìbutor

to the observed vari abi l'ity i n MN. A magnitude scal e whj ch is not as

sens'i t j ve to source rad j ati on an i sotropy and geo'l ogi caì ì nhomogenei ty,

and at the same time does not place great demands on measurement

accuracy may be expected to produce more consjstent magnitudes. A

duratjon-based scale'is the most promisini in this regard. It js also

very convenient for use with the event recorders since they aìready

determjne total signaì duratjon aS one of the triggerìng parameters,
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whereas maximum ampl'itude js somet jmes unreadable f or ì arge or cl ose

events due to sì gnaì saturati on, a probì e¡r shared wj th convent'ional

seivnographs. In consequence of the above considerations, a

duration-based magnìtude scale was developed for South Austraìia,

using the same earthquakes as used for the determ'ination of revised

station correct'ions for MN. The scale has been in routine use

aìongside MN s'ince the begìnning of 1977.

Signaì duratjon as a basis for magnitude determinations was

fjrst used by Bjsztricsany (1958), who used the durat'ion of the

surface waves only to determine the magnitudes of teleseìsms. Total

signal cluration has been more commonly used subsequent'ly, and the

method was reported appìied to local earthquakes 'in Sakhaljn

(Solov'ev, 1965), Honshu (Tsumura, 1967), Puget Sound (Crosson, I972),

central Cal'ifornia (Lee et â1., I972), southern Caljfornia (Reaì and

Teng, 1973) and 'in the central United States (Herrmann, L975).

Preljminary results from a survey conducted by the Workjng Group on

Magnìtude Determjnat'ion of Near Earthquakes set up by the

Internati onal Assoc'i atj on of Sei smoì ogy and Physj cs of the Earth's

Interior (IASPEI) for North, Central and South Amerjca (Lee and

Wetmilìer, 1976) showed that by 1976,27 of the 52 networks involved

'in the survey were usjng duratÍon either solely or in conjunctjon wjth

other magni tude scal es . Prel im'i nary resul ts for Austral i a and

South-east Asia (Sutton, pers. comm.) showed no networks 'in these

regions usìng a duration-based magnitude scale at the tìme, aìthough

some have s'ince begun to do so (e.g., Cuthbertson, 1977). Final

reports of the IASPEI survey have s'ince been pub'lished (Lee and

f,Jetm'iììer, 1978; Adams, 1977 ) and jnclude data for other parts of the

world, in which a further 11 networks reported usìng duratjon as a

basis for local magn'itude determjnatjons. The method must therefore
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now be regarded as fjrmly established.

Duratjon magn'itude formulae jn the majority of cases jnvolve as

the'ir principaì term,'log r, where the logarithm is to the base ten

and r is the total durat'ion of the dìsturbance measured on a

seì smogram f rom the 'inì ti al onset to scrne predef i ned term'inatj on

poìnt, usua'lìy eìther the pojnt at which the signaì last exceeds a

certajn peak-to-peak level on a certain type of instrument, or else

the t'ime at which the amplitude of the signal becomes equa'l to that of

the background noise (and hence the signaì to noise ratio becomes

unity). The fjrst defjnitjon is less subjective and to a degree

i ndependent of fl uctuatj ons i n the mjcrosej sm'ic background, whereas

the second ìs independent of the part'icular seìsmograph and of

j nstrumental gai n changes. i n i nvestì gati ng a scal e for South

Australian local earthquakes, both methods were used for comparìson,

the termjnatjon signa'l level for the first method beìng 2 mn. The

event recorders, however, bei ng autorangì ng based on the mean noi se

level, effectìveìy use the second method. An event recorder seismjc

wavef orm 'is deemed compl ete when 256 conti guous samp'les (5.L2 seconds

of data) ììe below 4 times the mean computed noise level. (See

Chapter 6. ) Imespect'ive of the method used to measurê r,
scattergrams of ìog r versus an otherwise determined local magnitude

show that the two quantit'ies exhibit a generaìly high ljnear

correlation. For exampìe, Figure 3.8 shows four such pìots for the

1976 South Australian data referred to ear'lìer, comb'ined w'ith data for

1977. (The comb'ined data were used f or a re-evaluat'ion of the duration

magnitude scale at the end of jts fjrst year of operation.) The fjrst
two diagrams dispìay a'll data, ìrrespectìve of station, for durations

measured to the 2 mm and background levels respectìvely. Corres-

ponding (Pearson product-nroment) correlation coefficjents are 0.83 and
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0.81. Individual statjon p'lots show the same relatjonship, wjth all

statj ons exhj bi tì ng correl atj ons wÌ thj n the range 0.7 to 0.9. The

second two scattergrams of Figure 3.8 show examples of station pìots.

In all cases, duration js p'lotted agaìnst the MN value determined from

the same se'ivnogram.

Some workers (e.9., Rea'l and Teng, I973; Herrmann, 1975) have

reported a'knee' jn scattergrams such as those of Figure 3.8. This

has also been observed in the Orovilìe, California regìon by Bakun and

Ljndh (1977); and has been treated either by fittjng two separate

log'r segments to the data (Herrmann, 1975; Bakun and Lìndh, 1977) or

by ìntroducìng an additional (ìog r)2 term (Reaì and Teng, Ig73).

In the'latter case, the quadratjc term js found to render the linear

term j nsì gnifi cant. l,rlhi I e no devj ati on from a I j near trend 'i s

apparent in the South Australjan data, nevertheless scales

ìncorporating second-order duratjon terms were'investjgated, amongst

others, as discussed below.

In addit j on to the durat'ion term, most f ormul ae al so ì nvol ve a

distance term, usualìy epicentral distance A, but sornetimes

hypocentraì distance ( t2+¡2¡l/?, where h 'is the f ocal depth

and A and h are both jn km. Scrne formulae separate A and h as two

independent terms. In all cases, contributions fnom terms other than

the duration term are found to be small, and to a first approximation

can be neglected. Suteau and Whjtcomb (1979) use a formula w'ithout

any distance terms, but jntroduce distance implicitìy by measuring

durati ons f rom the earthquake orì g'in time.
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In the South Austraììan study, six formulae were 'investjgated,

as fol I ows:

MD = ao + a1 log'r

MD=ao+arìogt+aZA

MD = ao + a, ìogt * UZO n u3

MD = ao + at log r + a2( L?+hz)r/z

h

2

(1)

(?)

(3)

(4)

(5)

(6)

MD = ao + at (lo9

MD = ao + a, 'log t

2 +ar) .)
L

A

* uz(ì09 r) + a3A

where ao, dl, d?" and a, are coeffjcjents to be determjned, and

MD is the durat'ion magnitude. The coefficients were found in each

case by stepwise multìpìe linear regression (Ralston and W'ilf (ed.),

1960), the dependent variable being the mean value of MN for each

event. The resulting duratìon magnitude scale therefore corresponds

on average with MN over the range of the regression. A separate

ana'lysis was performed and a separate set of coeffjcients obtained for

each statìon, jn addition to a combined network regressjon for each

formul a.

Results of the anaìyses can be conveniently summarized by the

method used by Rea'l and Teng (1973) of determjn'ing three standard

devi at'ions per stati on, i n th j s i nstance:

(MD-tu=D) ,'J'/'

o?

"Nrl01 = Lç1 .r
l-

= t# ,!,,r*-*)r2lt/z

o, = t¡!,!r,ro-*) rzlt/z

1

where N is the number of events. The mean values of o' o, and
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o3 over all statjons are presented jn Table 3.8 for each of the

formulae tested and each of the duration measursnent methods used.

Values reported by Real and Teng (1973) for southern Californja are

i ncl uded for compari son.

TABLE 3.8

EVALUATION OF SIX DURATION MAGNITUDE FORMULAE AND

T[,'JO DURATION MEASUREMENT MITHODS, USING DATA TO THE END OF 1977

0. 20

0.19

0.27

ll

0. 10

0. 06

(6)

(6)

CIT (Real & Teng)

BHSN (Real & Teng)

0. 18

0.I7

0. 16

0. 17

0. 16

0. 16

0.19

il

ll

0.I2

0.11

0. 10

0. 11

0. 10

0. 10

0.77

0. 16

0. 15

0. 16

0. 16

0. 15

0.20

ll

il

il

0. 10

0. 09

0. 09

0. 09

0.09

0. 09

(1)

(2)

(3)

(4)

(5)

(6)

South Austral'ian

o3ozo1o3ozo
1

FORMULANETbJORK BACKGROUND2nm

Irrespectjve of the partjcular duration magnìtude formuìa used,

the variabjlity amongst station estimates of MD for an event'is about

half that of MN, with measurements to the 2 mm cutoff level being

margìnaì'ly more consjstent than those to the background level. Apart

f rom the si mpì est f ormu'l a, j nvol v'i ng the I og t term al one, no

particular MD formula is sìgnìfìcantly better or worse than any other,

support'ing the f ì ndi ngs of smal I di stance dependence i n other stud.ies
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and the lack of any noticeable deviatjon from linearity in the

scattergrams.

A strength of the stepwise method of mu'ltiple linear regression

is that it enables independent variables to be added to the regression

jn a controlìed way, one at a time, wjth statjst'ical tests at each

step to determjne the proportion of varjance jn the dependent varjable

a'lready accounted for by previousìy ìncluded variabìes, to be

accounted for by the new variable, and whether or not the ìmprovement

'is statisticalìy signifìcant. In the particular method used in thjs

study, variables were added to the regress'ion jn order of bhe

magnitude of the'ir contributjon to the variance of the dependent

variabìe, as determ'ined by thejr respective F values at each step. In

the case of formula (3), for examp'le, the log t term was aìways the

fjrst to be jncluded, accountìng for typìcalìy 0.78 to 0.90 of the

variance, dependìng on the station and the measurement method. The A

variable was almost always jncluded next, typicalìy accounting for

0.02 to 0.04 of the vari ance, whi ch was overal I statì stÍ ca'l 
'ly

sìgnlficant at the 99% level. The contribution to the variance due to

the fjnal variable h was too small to be measured in nearly every

case, or if measurable was not statistically sìgnificant. (In the

case of the exceptional stations for wh'ich h entered the regressjon

before A, neither varjable was statjstjcally sìgnificant.) The

conclusjon to be drawn from thjs example is that a duratjon magnitude

formula for South Austral'ia should not exclude the distance term

(except as a first approxìmatìon) but an additional depth term is not

warranted. (Depth also appears as part of the hypocentraì distance

term in formula (4), from whjch jt cannot be separated for statistical

analysis as above. However, it seems hìghìy unljkely that formula (4)

represents an improvement over formula (3) in vìew of the data of

Table 3.8.)
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An examjnation of the statistical aspects of the method jn the

case of formula (6) showed that neither the l'inear nor the

second-order ìog r term'in the forrnula consjstently entered the

regressì on fj rst. Whj chever term dj d enter fi rst, however, accounted

for 0.78 to 0.90 of the variance and rendered the other term

i nsi gnifi cant. Thj s bei ng the case, the simp'l er I i near term al one was

adopted for use, and the South Australjan duratìon magnitude scale is

therefore based on the formul a:

MD = ao + al log"r + a2A

This formula is jn fact the one most commonìy used elsewhere,

according to the above-mentioned IASPEI survey, by other networks

around the world empìoying a durat'ion-based magnitude scale. It is

also jnteresting to note that Cuthbertson (L977), using non-linear

least squares (e.9., Sadìer, 1975) to determine the value of the

exponent of log r, obtaìned values betleen 1.0 and I.7 for statjons

i n Vi ctori a.

As a result of the review at the end of 1977, and coìnciding

with the jntroductjon of ISAS at the beginning of 1978, the background

level was adopted for subsequent duratjon measurements. Although

sììghtly'less consistent than the alternatjve 2 mm level (Table 3.8),

background measurements do not involve correctjons whenever the gain

of a statjon changes (sjnce signal and noise change by the same

amount) and are djrectly re'lated to the quantìty determined under

software controj in the event recorders. The 1:1 signaì-to-noise

rat'io embod'ied j n the background I evel is al so more "natural " and

consequently aesthet'ical ìy more s at'isf yì ng.

The data used in the 1976 and 1977 evaìuatìons covered all

months of the year, provìding a uniform sample of all levels of

weather-related background mjcroseisms. The majority of the data was
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i n the d'istance range 0. 50 to 3. 50, and MN magni tude range 1. 5 to

4.0, with corresponding background-level durations extendÍng broadly

from 40 to 400 seconds. To avoid regressìon extrapolatjon errors, MD

should be regarded as beìng ljmited to these ranges. Bakun and Ljndh

(I977) and Suteau and Wh'itcomb (1979) have cautioned agaìnst the use

of duratj on f or magn'itude determ j nat.ions of very smaì ì earthquakes

(say with duratjons less than about 10 seconds), as the coda is not

sufficiently dìfferentjated from the S wave arrival. Also, MN was

developed and studied for distances to 50 onìy, thereby pìacing a

corresponding ljmjt on MD by way of the regressjon, although the very

small distance dependence 'in MD means that the duration magnìtude

scale may weìl be able to be extended beyond the range of MN. Indeed,

Nersesov et al. (I976) have used a duration-based scale with distances

as large as 3000 km in the U.S.S.R. The cont'inuing accumulatjon of

data frorn the interstate statjons BFD and STK (Fìgure f.i) wiìì

eventuaì1y enable these statjons to be jncluded jn the South

Australìan magnjtude scales, at which tìme the distance ranges of both

MD and MN can be re-evaluated, and theìr relationshìp with jnterstate

magnìtude scales al so cl arifjed.

To take advantage of the ever-'increasìng data base, at the

begìnning of 1980 the MD coefficients were recalculated usìng the data

accumulated from earthquakes to the end of 1979. The coefficients so

determjned are shown jn Table 3.9. Unl'ike sorne networks, whìch use a

si ngì e network formul a, possi bìy wi th stati on correctì ons, i n South

Australia the large aperture of the network, w'ith attendant varjations

'in local geologyo and the range of equipment in use at the various

stat'ions has meant that i ndi v'idual stati on coeff i c'ients are more

appropriate. In ISAS the coefficients are stored ìn the network files

as part of the station data (Table 2.?).



100

TABLE 3.9

COEFFICiENTS IN MD = uo * at ìog r + a2a (A IN KM)

FOR SOUTH AUSTRALIAN STATIONS, USING DATA TO THE END OF 1979

0.0004

0.0001

0.0001

0.0002

0. 0001

0.0004

0.0002

0.0002

0. 0001

0. 0002

0. 0002

0. 0003
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0.0003
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0. 0005

0.13

0. 05

0. 05

0. 10

0. 05

0. 10

0. 19

0. 13

0. 04

0.05

0. 08

1.41

1. 54

1.39

i.80

I.7T

1.62

2.33

I.52

1.63

t.67

1.58

-0. 06

-0.94

-0.29

-1.41

-1.63

-T.L2

-2. B0

-0.49

-1.20

-I.23

-1.06

26

2TT

73

50

342

B5

32

35

280

166

BO

ADE

HTT

CLV

UMB

PNA

t^lSA

HKN

ADT

RPA

tD0

NBK

a2
STD

ERRORa1
STD

ERRORao
N0.
OBS.STATION

Durat'ion magnitudes are determined by the ISAS command MAGD, the

manner of use of whjch js shown ìn Fìgure 3.9 for the same earthquake

as previousìy. For cassette-recordìng statìons using the event

recorders, the durations determined by the recorders are automaticalìy

made available and used by the command, whether entered directly or

v'ia a temporary file. Distances, for temporary fjle input, are also

used automat j cal ly 'if aì ready determi ned. Remai n'ing 'inf onmat j on 'is

requested from the keyboard, as MD is interact'ive'ly ca'lculated and

dìspìayed for each statjon in turn. Resuìts may be added to the

temporary file at the conclusion of the conrnand on request.
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For a neuu stat'ion, f or wh j ch MD coeff ic j ents are not known,

durat'ions are entered normaììy. The lack of, coefficients for the

station prevents the undetermined values jnfluencing the means, but

the durati ons are sti'l I archi ved wi th the events. After suff i ci ent

events have accumulated, a command in subsystem STATS (Chapter 5)'is

used to perform the stepwise multìpìe 'linear regression for durations

and distances correspondìng to bhe stat'ion agaìnst the mean value of

MN for each event, from which the duration magn'itude coefficients can

be read and subsequentìy entered jnto the current network fl'le. The

stati on can thereaf ter be used 'in the determi nati on of durat'ion

magnìtudes. Thìs procedure was in fact followed jn the 1980 update of

stat'ion coeff i ci ents presented i n Tabl e 3. 9.

A number of workers have investigated the theoretjcal bas'is for

the observed propert'ies of duratjon-based magnitude scales. Aki

(1969) proposed the theory that the later part of the coda of local

earthquakes js composed of back-scattered surface waves due to lateral

inhomogene'it'ies 'in the shallow crust, showing that this imp'lies

durations wh'ich are nearly ìndependent of epicentral djstance. Akj

and Chouet (1975) have expanded upon thìs, and suggested alternatjve

theorjes for the coda in terms of scattered body waves and also as a

diffusion process. The data, however, appear to favour scattered

surf ace waves under normal condit'ions (e.g., Suteau and tn/hitcomb,

I979; Herrmann, 1980).

Herrmann ( 1975 ) showed that a durat'i on magn'itude f ormul a of the

form q ìog t + r (q and r constants) foììows as a result of a t-Q

coda enveìope, and suggested a typìca'l q value of 1,5. A comparison

with Table 3.9 shows that the ìog t coefficient for South Australjan

statjons lies jn the range 1.4 to 1.8, with the exceptìon of HKN whose

higher value is perhaps more typical of values general'ly reported
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eìsewhere. Herrmann (i975) attributes such differences to

geographìcaì dependences for the scattering process, aìthough

jnstrumental response is al so signìfìcant (nakun and Lìndh, I977).

Indeed, the non-linearity sometjmes observed in scattergrams such as

Figure 3.8 has been attributed to the source spectrum corner frequency

passìng through the peak ìnstrumental response (Herrmann, I975; Bakun

and Lìndh, I977), a'lthough Herrmann (1980) has suggested an

alternative explanatjon in terms of changes jn the coda shape due to

di spersi on by the Earth's Q fi I ter.

3.7 Direction of First l4otion

D'irection of fjrst motjon data are gathered by ISAS but are not

used at present i n the determj nat'ion of f au'lt pì ane sol ut j ons due to

the relatjvely small number of stations and the fact that fewer than

I0% of events are recorded by aìì statjons. Stewart and Denham (i97a)

combined data from South Australian stations with those from

jnterstate stat'ions to produce a fault pìane solution for the first
accurately-ìocated earthquake in the Sìmpson Desert in Central

Austral i a j n I972. Si nce that t'ime, onìy three f aul t pì ane sol ut'ions

have been publìshed for South Australian events (McCue and Sutton,

1979). These correspond to earthquakes occurring ìn 1977, one of

i^rhi ch was recorded wi thi n the 7-stati on portabl e network 'in the

Fl'inders Ranges (as weìì as being recorded by the permanent statìons)

durì ng the f irst mi croearthquake survey ment'ioned 'in Chapters 1 and

4. The paucity of f au'lt pì ane solutjons is not to imp'ly that f ocal

mechan j sms have not been i nvest'i gated 'i n South Austral 'i a: Stewart

used the azimuthal d.istributjon of MN residuals as a means of studying

tectonic stresses, particularìy for the Flinders-Mt. Lofty Ranges

(Stewart and Mount , I97?) . Composi te faul t pì ane sol ut'i ons (Aki ,
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1966; Mendiguren, 1980) also provjde an alternatjve which could prove

usef ul i n the South Austral i an si tuat'ion.

Di recti on of fi rst moti on data are added to the i nformati on hel d

in a temporary file ìn ISAS using the command FIRST, the manner of use

of which is shown jn Figure 3.10 for the same earthquake as prev-

iousiy. For cassette-recordjng statjons us'ing the event recorders,

the direction of fjrst motjon is entered ìnto the temporary file
automat'ica'l ly when the cassette j s read; the val ue i s theref ore merely

dispìayed. For the remainder of the statìons, the djrect'ions of first
mot.ion are requested from the keyboard. [.ljth the jncreasjng number of

stations in the state network, the time is approachìng where it u¡jll

be feasible to extend this command to produce a first motion pìot,

such as is done in HYP071 (Lee and Lahr, 1975), from which the fault

p'lane and auxilìary pìane can be added by hand. Computer programs

have been wrjtten to produce the final faujt plane solutjon from

direction of fìrst motjon data (e.g., Kasahara, 1963; Julian, 1978)

and these warrant closer examìnatìon, aìthough the machine tìme

required may weìì exceed the t'ime taken to add the two planes by hand,

wìth onìy a dubìous 'increase jn accuracy. Compos'ite fault p'lane

so'lutions would have to be prov'ided wjthjn the framework of subsytem

STATS (Chapter 5) s'ince data would be required from several

earthquakes. Such a command would be able to utiljze the

currently-archìved first motjon data. 0nìy the djrection of P wave

fjrst motjon ìs presently recorded, aìthough if the direct'ion of S

wave fjrst mot'ion were requìred to be added in future, the arch'ive

file structure of ISAS (Tabìe 3.4) could accommodate it, either wjthin

jts existìng record structure or as part of a new record, by way of a

"future expans'ion fìag" included wjth each set of statjon data but at

present never set. A sjmjl ar situat'ion ex'ists wjth the header records



¡'¡t..,¿ì'{,.'l -9i-ìl J f j rìtl f LLltHLf tt1îlft,¡)fifr , FIÆS f

fEPfPt]FÉìF.t| FILE I'lt-ÌliEEF. {l Trl 5i' 3

ttLt 1'tlLt i,ttll'lT R'Ei'fû Si'llFt-'TL:l FFIfffË0 ii LlF" l'1.ì::1'

,\L 
'

II

a
Ii r:;{
tir:.{

f¡tr-'r i i r-rfl
n¡¡-r{ir-r,1

Ì,t =

rlear anci up 0 = iir={
Fclr-l l' ,:nd UP

i i rs I nta { .i r-rn nn I r-p¿r,{¡h J p

nir-r f i r-rn cJ e¡r âfid dûttll
fi]r-r { j r-rfi FLIL'i r .gnd tjrrt.rn

EHTEE Ti}TÈI TI'I THE F]ILLLIþIII.IG TÈ9LE {IF FE¿]I/ESTEO.i.

5r¡t
EttLl
HTT
¡JE'fi'
PHFt
,qFÈt

1 { t4L1Tl.t
?'

=g
I
ll

Il'tttÈL It j--li'l'lFLrL EEFFTI I' +

FEFltly frl IF.'¡ll'/SFEn' ftl fEHFt-lF.'¡iF.'\' FILE
IF.',;l HS FE.F."_I r-ì /blP L 5 IStt .

FFJLILIEE0 t'P.! tlF.'rìFtlÆT fil .l'l F

FIGURE 3.10

THE USE OF COMMAND FIRST TO EI.ITER DIRECTION OF FiRST I'IOTION DATA INTO A

TEMPORARY FILE.

H
O(tr



106

of each event if the strjke and dip of the fault plane and auxi'liary

plane are requ'ired to be added to the archived data in future.

The direction of first motjon data of Figure 3.10, aìong with

the provis'ional and revjsed locatjons of Fìgures 3.3 and.3.5, and MN

and MD magnitudes of Figures 3.7 and 3.9, can be seen jn the detajled

temporary file djspìay of Figure 3.1n whìch appìies for the same

event. After all conmands have been executed to the satisfaction of

the seismoìogist, the event is normalìy transferred off-line to an

archjve djsk, and the temporary file made avajlable for use with a new

local earthquake.
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CHAPTER 4: MICROEARTHQUAKI SURVEYS AND ANALYSIS

4.1 Fjrst F'l'inders Ranqes Microearthquake Survey

The area around the northern t'ip of Spertcer Gulf in South

Australia (Figure 4.1) is ìmportant to the state because of its hìgh

level of industrjal development. However, the regìon borders the

southern F I i nders Ranges, whj ch j s part of the sei smi cal ìy act'i ve

Adelajde Geosyncline, and it is therefore an area of non-negìigibìe

seì smi c rj sk. Because of th'i s, a detaj I ed examj nati on of the

seìsmi cì ty of the regi on was seen to be important, and 'in f act

prompted much of the fundìng of the present research. The eventual

ajm of the study is to locate and map actjve faults, and to quant'ify

the seismic risk in the area.

To achìeve the goaìs stated above, mon'itorjng over a long period

of time by a ìocaljzed network in the region is requ'ired. This is nour

ìn progress and was the reason for openìng the new stations RPA, EDO

and NBK (Table 1.3, Fìgure 1.1). As a guide to the pìacement of these

statì ons, and to ga.in an earìy i ndi cat'ion of the I i kely acti v j ty to be

expected, a ?5 day pì'lot study was carrjed out in April-May 1977 using

7 portabìe stations, the locat'ions of which are shown jn Figure 4.1.

Studjes have been made of the optimum pìacement of sejsmjc stat'ions

for a small 'localized network such as the above (e.g., Underwood,

t967; Uhrhammer, 1980). The locat'ions shown in Figure 4.1, however,

were largeìy a result of the pract'ical consideratjons of

accessi bi l ì ty, i sol ati on from potenti al noj se souì ces, and

avajlabìlity of sujtable foundat'ion rock for the sejsmometers. Sjte

coordjnates were determ'ined to wìthin 100 tét"u, using 1:50 000 maps.
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FIGURE 4.1

THE NORTHERN SPENCER GULF REGION OF SOUTH AUSTRALIA, SHOWING THE LOCATIONS
OF THT PORTABLE STATIONS USED IN THE FIRST FLINDERS RANGES MICROEARTHQUAKE

SURVEY, APRIL-MAY L977. (Aìso shown are the locat'ions of the main places
referred to i n the text. )
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[.Jith the exceptìon of cuì, all statjons were equipped with

identical Kinemetrjcs Ranger SS-1 se'ismometers with 1 s perìod, and

K'inemetrics PS-14 sei smographs. l-he se j smometers were p'laced i n

covered holes wherever possibìe, and the seistnographs and external

batterjes r,lere conta'ined in locked metal boxes with heat shields, or

in small tents. Fjgure 4.2 shows the arrangements at some of the

stations. The sìow-speed tape recorder (Chapter 1) was employed at

cul due to the relatìve isolation of the site and the fact that the

tape recorder can operate for several weeks unattended. For the

remajnder of the network, each station was visited daiìy to change the

record, insert calibratjon puìses, check the cìock, and change

batteries as needed; representing over 300 km of travel daììy.

Members of the Univers'ity seismology group manned the network jn paìrs

for a few days at a tjme, with teams ccmmutjng between Adelajde and

the network base at Endilloe (end, Figure 4.1) by ljght aircraft.

Al I stations using K'inemetrics seismographs operated for most of

the tìme usìng PS-14'internal fjlter #4 (l-ìgure 4.3), beìng the most

appropri ate for typi caì m'i croearthquake frequenci es. For compari son,

however, the stations \{ere operated usìng the #2 fjlter (tìgure 4.3)

for a few days. Response usìng this filter corresponds approximateìy

to that of the permanent statjons in the state network. (An exceptìon

was nbk which, due to the proxìmìty of a transmjssion line from the

Port Augusta power stat'ion, i.4/as operated excl us j vely wì th f j I ter lf7 to

avoj d 50 Hz 'i nterference. ) The equì pment functj oned sati sfactori ly

over the 25 day period with the exception of a problem wjth the

internal c'lock jn the tape recorder at cul whjch resulted in that

station not being used for events after the first.
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(a) Covered, above-ground sejsmometer (foreground) and tent containirrg
the recorder at ìgp; also empìoyed at end.

(b) Heat-sh'ielded seì smograph box
used at mck, nbk, and coo.

(c) Locked, disused mine used to
house equipment at sck.

FIGURE 4.2

ARRANGEMENT OF SOME PORTABLE STATIONS IN THE FIRST FLINDERS IìANGES MICRO-

EARTHQUAKE SURVEY.
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IABLE 4.1

DISTRIBUTION OF RECORDED EVENTS BY STATION

IN THE FIRST FLINDERS RANGTS MICROEARTHQUAKT SURVEY

75

I2

23

15

16

I07

57

54

5B

67

57

59

end

lgp

mck

nbk

sck

coo

NO. UNLOCATABLE
EVENTS

NO. POTENTiALLY
LOCATABLE EVENTS

STATION

Duri ng the recordi ng perì od, 70 potenti aì ìy I ocatabl e events

(recorded at 3 or more stations) were observed. Table 4.1 shows the

distrjbutjon of these events by statìon, and also the further number

of events recorded at only the statjon concerned (or at most one other

stat-ion). 53 of the 70 potentiaììy locatable events were in fact

located, the remajnìng 17 bejng elimjnated either because one or more

records were too noìsy to enable suffjcjent phases to be read, or

alternat'ive1y because the event was too far outsjde the network to be

reliably ìocated. A fast, direct locatjon algorithm was devìsed,

whi ch was subsequent'ly 'incorporated as the central command i n the ISAS

Mjcroearthquake Subsystem. It is discussed ìn the next sectjon of

this chapter. The geographìcaì distribution of located events is

presented, together with that of events subsequently located by the

new permanent statjons jn the regìon, in the next chapter.

The fjrst event recorded durìng the mon'itoring period was in fact

felt around Quorn (by, amongst others, the author and hjs superv'isor,

who were mann'ing the network at the tìme), and was also recorded by
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all stat'ions in the permanent state network. it had a magnitude (MD)

of 3.4 and was one of the three earthquakes mentjoned in the last

chapter whose fault p'lane solutjon was pìotted by McCue and Sutton

(1979). Many of the located events of the followjng few days were

attributable to aftershocks of th'is earthquake. The large number of

unlocated events jn Table 4.1 for nearby statìon end represents an

extensjon of the aftershock sequence 'into the smaller magnitude range

(as inferred from the S-P t'imes and temporal relatÍonsh'ip with the

maìn shock). The other stat'ion with an abnormally ìarge number of

small earthquakes jn'its vìcìnity, as seen jn Table 4.1, is coo. The

events occurred unìforrt'ly throughout the recordjng perìod and their

S-P times correspond to distances of 16 to 29 km from coo. The'ir

orì gì n ìs unknown.

An approximate duration magnjtude scale was establishecl for the

portable network by comparing durations and djstances jn the portab'le

network with MN values from nearby PNA (Fìgure 1.1), for 16

earthquakes whjch were recorded by both PNA and stations'in the

portab'le network. The technìque of stepwìse rnuìtipìe ljnear

regressìon (Chapter 3) was again empìoyed. In th'is case, however, due

to the small amount of data, a singìe network formula onìy was

obtaìned, rather than indjvjdual statjon fornrulae as obtained for the

permanent stati ons. Th'i s i s justifj ed j n thi s case consj derì ng the

limited geographìcal extent of the portable network and the fact that

al I statj ons used ì denti cal sej smometers and recorders. The resul ti ng

formula is:

MD = -I.72 + I.B7 ìog "r + 0.00134

jn whjch A'is the epìcentra'l djstance in kjlon¡el,res and t js the

durat j on j n seconds f rom 'in'iti al onset to the background cutoff I evel

(Chapter 3). Standard errors for the durat'ion and djstance
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coeffjcìents jn the above formu'la are 0.5 and 0.002 respectiveìy.

These are larger than the corresponding errors for the permanent

statjons (Table 3.9), reflecting the smaller amount of data used jn

the anaìys'is. The error in the distance coeffìcient ìs such that the

djstance term could be just'ifiabìy ìgnored entirely. In practice,

however, the formula breaks down at very small distances, as jt does

for very small magnitudes (Bakun and Lìndh, 1977; Suteau and Whjtcomb,

I979), due to the lack of a clear'ly delineated coda of back-scattered

surface waves. When appìied to 52 of the 53 located events jn the

survey (the coda of one being lost in the following event), the above

formula resulted in magnjtudes w'ith a standard error of one

observatjon of 0.23; higher than that obtained in the permanent

network for MD but still of the same order as that obtained for MN.

A compìjcatjng factor in obta'ining a magnitude scale for the

portabìe network was the filter change during the recording period.

Ideal ly, separate formulae should have been obta'ined for each fjlter,
ìn vjew of the dependence of signaì duration on system response (e.g.,

Herrmann, 1980). In thjs case, however, ìnsufficient data were

avajlable to enable such a breakdown. Nevertheless, a comparison of

durations from nbk, which used filter #2 excìusiveìy, wjth those from

the other stations, wh'ich operated predominantìy wjth filter #4,

showed that the former were not systematìcaììy above nor below the

latter, and suggested that a single formula ìs justifìed despite the

sì ì ghtly d'iff erent f requency wi ndows.

The 25 days of recording w'ith the portabìe network resulted jn

50% more potentìaìly locatable earthquakes than actualìy ìocated for

the enti re previ ous year w1th the perrnanent state network . The

I ocat j on methods i n use at the tìme (manuaì determj nat'ion of

provìsional location and batch computer revisjon) were very slow and
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ìnappropriate for use ìn mjcroearthquake surveys. Consequent'ly, a

fast method, makìng use of the restricted geographìca'l extent of the

portab'le network, was dev'ised, and js discussed below.

4.2 Mj croearthquake Locati on Method

Because a microearthquake survey generaì1y ìnvoìves a network

operating ìn a regìon of limited geographjc extent, spherica'l geometry

and e1 ì i pti ci ty correcti ons used w'i th I ocal earthquake sol utj ons can

be di spensed w'ith and the sol ut'ion j nstead perf ormed usi ng rectangul ar

coordj nates. Thi s resul ts j n a si gn ìfì cant computati onal

simpl if i cati on. Another consequence of usi ng a I ocal i zed network,

with the added assumption of a homogeneous isotropic crust, ìs'Lhat

the first P ancl S wave arrjvals can be taken to be the direct waves,

havìng travelled in a straight line from hypocentre to stat'ion. Thìs

further s'impìjfjes the anaìysis. In the method developed for the

South Austral'ian surveys, an over-deternrjned ljnear system of

equati ons 'is obtaì ned, whì cir j s sol ved by standard (ì ì near ) 'least

squares technìc¡ues. The method (see below) determjnes the (assumed

constant) crustaì P and S wave velocitjes aìong w'ith the hypocentraì

coordinates, and can therefore be used jn a region of unknown crustal

structure, provided the assumptìons ìmpìicjt 'in the method can be

justifi ed. 0ther methods for joi ntly determj ni ng crustaì structure

and foca'l coorcljnates have appeared in the ljterature (e.9., Aki and

Lee, 1976; Crosson, L976; Mìtcheìl and Hashim, 1977; Hjleman, I979;

Pavlis and Bool<er, 1980). These typicaì1y deterrnjne a more general

crustal structure, i ncì udì ng depths to di sconti nui ti es, at the expense

of the speed and sirnpììcity whìch was the prìmary motivatjon for the

method described here.
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If P and S denote the arrival tjmes of P1 and 51 respectìveìy at

a station djstant A from an earthquake hypocentre, vt and vS are

the correspondi ng crustal vel oc'itì es, and 0 j s the orì gì n t'ime of the

earthquake, then:

P-0= n/vp andS-0- ¡/vS (1)

from whi ch:

0=P-(S-P)/(vrlvr-1) (2)

Thìs expression is used to determine the origin tjme of an event for

each station reporting both a P and S arrivaì, from whjch the mean

origin time js found. Thl's js used to compute travel t'imes for all

phases.

The value of v,lv, ìn (2) is found from a preìiminary

examination of many events. Rearrangìng (2) and combinìng with (1):

S-P=(vrlvr-l)P+b (3)

where b=(1-vr/v5)0 (4)

showjng that if 5-'P intervals for a given event are pìotted against P

arrival tjmes, a va'lue of vrlv, can be obtajned from the slope of

the resuìting straight line. Repeating over many events enables a

mean val ue to be computed, whì ch 'i s then used i n (2 ) .

If stations i and j have rectangular coordinates (*j, yi, t.i)

and (*j, ,j, ,j) respectìvely reìative to sea level at some

point of lat'itude and'longìtude taken as the origìn, and jf

t j = Pi-0 and t, = Pj-0 are the trave'l t'imes of P1 to stati ons

i and j respectìveìy, then:

,r2t.2 = (xi - ù2 * (yi- y)z + (zj - z)2

and

,rzt.z = (xj 
^)Z 

* (v¡- v)2 * (rj - ,)Z

where (x, y, z) are the rectangular coordìnates of the hypocentre.
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Subtracti ng and sìmpì ify'ing:

ftiz-rjz)rpz q*,2-*r2) * (yi'-rr') + (r,2-r12)

- Z(xi-rj)x - 2(v1-v¡)v - 2(2,-zr)z

The process of subtracting eìjminates non-l'inear terms in the

vari abl es x, y, z and vr2. However, i t l eads to an 'il l -condi ti oned

system of equations, since ,i=rj and both are 'in any case much

smaller than the corresponding x and y coordìnates. The probìem can

be overcome to a good approximation by taking the statìons to be the

same height above sea Ievel . Thjs el'iminates the variab'ìe z entìre'ly,

necessitating an ìndependent depth determjnat'ion, and produces the

f o.l I owi ng system of eq uat j ons:

u.ij* * bijy * .jjup2 * dij = 0

where, ujj=z(xr-x¡)
b.. = 2(yi_yj)lJ 

2 2c.. = t.'-t.-]J ] J

and

By considerÍng every combinat.ion of stat'ions j and j record'ing the

earthquake, an over-determ'ined system of linear equations in x, y and

upZ is obtaìned, provìded at least four stat'ions are involved.

This system is solved for the epicentral coordjnates and crustal P

wave velocity using conventjonal least squares theory.

Standard errors for x, y and vO2 can be found as for any

I east squares sol uti on. However, the assumptì on of normal i ty on wh'i ch

standard errors are based breaks down when the square root js taken to

obtaìn up. Hence the standard error of v, is only approxjmate.

(An analytìcaìly correct procedure would be to determ'ine say a 95%

confidence interval for vrz and then transform the jnterval to

vp. However, this is unnecessariìy cumbersome, and the practice of

,22,-(xj -xj )d..
rJ {t,2-Y ,2)
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approxìmatìng standard errors has long been used in earthquake

I ocat j on, whether know'ingìy or otherwi se. )

The depth of f ocus 'is determ'ined f or each statì on separately by

cons.i deri ng the rj ght-angl ed trj angì e formed i n a vertj cal pì ane by

the focus, the epìcentre and the station (assumed at the same heìght

above sea level as the epìcentre). In this trjang'le the surface

distance js obtajned from the knourn station and epìcentral

coordinates, and the slant distance 'is obtained from the P wave

veloc'ity and travel t'ime. Hence the depth can be eas'ily computed.

From the separate depths determined for each station, the mean depth

'is found. With the hypocentre known, the dìstances along the direct

wave paths to each station and the travel t'imes of the 51 phase to

each station enable a set of values for vS to be obtained, from

which the mean is found.

For the above method to be appìied, an event must have been

recorded by four or more stati ons. At I east four P phases are

required and at least one S phase. From the collective P and S

velocjtjes determìned by the method, the means can be found and used

as constants jn the applìcatjon of the Same equatìons to determine

hypocentres (on'ly) for events recorded by three stations.

For the data of the fjrst Fl'inders Ranges microearthquake survey,

the mean value of v,/v, was computed over 37 events to be 1.689'

with a standard error of the mean of 0.008. This ratio was used to

locate 32 events satisfying the condition for a combjned hypocentre

and velocity determjnation. The mean veloc'itjes over 28 events

(4 events we'll outs'ide the network beìng negìected) were found to be

5.85 km/s for vO and 3.47 kn/s for vr, wìth standard errors of the

means of 0.03 and 0.02 km/s respectively. These velocities are lower

than the currently-used crustal velocities for South Australja of



119

6.23 km/s and 3.58 km/s respectìveìy (Table I.?). Simjlar lower

velocities were also found jn the Adelajde Geosyncline for quarry

blast data by Shacklef ord (1978), who has d'iscussed the'ir

ìnterpretation in deta'il. The mean velocities were used to locate the

remaining 16 of the 53 ìocated events.

The mean lat'itude and longìtude standard errors over the 28

events ment'ioned above are 0.0060 (600 m) and 0.0050 (500 m)

respectively, whjch are not surprìsìng'ly weìl be'low the equivalent

values of 0.0240 and 0.0400 respectìvely for the state network

(Table 3.5). The mean of the standard devjat'ions in the depth

parameter ìs 1.6 km, and thìs may be taken as an indicatjon of the

accuracy of the depth determinat j on, aì though cons j derable vari at'ion

exists from one event to another, as summarized by the associated

standard devi ati on of 2.1 km.

The analysìs of the data from the 25 days of recording during the

first Flinders Ranges microearthquake survey occupied the subsequent

four (man-) months, and provided not onìy a guìde to the pìacement of

the new permanent stat'i ons 'in the regi on but al so a cl ear j ndi cat j on

of the jncreased volume of data to be expected from an increase jn the

density of the state network in the area. Such data-process'ing

cons j derati ons I ed di rect'ly to the devel opment of ISAS, the I ocat'ion

method discussed above forming the nucleus of the Microearthquake

Subsystem.

4.3 The ISAS Microearthquake Subsystem

The commands of subsystem MICRO are shown 'in Tabl e 4.2. The

prìncìpal command, ìncorporatìng the location method of the prevìous

section, js S0LVE. Thjs is discussed in the next sectjon. 0ther

commands provide support for S0LVE: CREATE and DELETE enable a small
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TABLE 4.2

COMMANDS IN SUBSYSTEM MICRO

Dì spì ay commands and thei r act'ions.

Set operatj onal constants for subsequent commands.

Create a temporary network fjle.
Delete temporary network file.
Locate and determine magnjtude of a mjcroearthquake.

Dìspìay number of events in holdìng fjle.
Dispìay event numbers in holding fìle and number of events

Reset hol di ng fi I e.

Determjne mean velocjt'ies from holding fiìe.
Transf er hol di ng f i l e to an arch j ve d'isk.

Transfer to Network Data Management Subsystem.

Transfer to Cassette Data Management Subsystem.

Transfer to Local Earthquake Subsystem.

Transfer to Earthquake Stat.istjcs Subsystem.

Log-off from system.

HELP

CON S

CR EATE

DELE TE

SOLVE

SIZE

EVTNTS

RESET

MEAN

ARCHI VE

NETI^JK

CASET

LOCAL

STATS

LOGOFF

ACT I ONCOMMANT)
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temporary network fi.ìe to be created and deieted respectively,

contajning onìy those statjons involved jn a mjcroearthquake survey

and onìy over the perìod of interest. The use of such a file reduces

fjle search tjmes in S0LVE consjclerably when success'ive earthquakes

involve essentiaììy the same stat'ion data. SIZE, EVtNTS, RESTT ancl

ARCHIVE are responsìble for the management of a mjcroearthquake data

fi'le called the holdìng fiìe, which has the capacity to store raw data

and results of SOLVt for all events jnvolved in a mjcroearthquake

survey, with random retrieval and update of data for reworkìng any

event. SIZt dìsplays the number of events currentìy ìn the hoìdìng

fììe, as does EVENTS, whìch addjtjonally d'isp'lays the event reference

number (by which an event ìs retrieved) for each earthquake in the

file. RtSET, on recejpt of an appropriate password, deletes the

holding fìle, tnakìng it available for a new mjcroearthquake survey.

Thjs can also be accomplished by the ARCHIVE conunand, but'in thìs case

all events jn the holding fìle are fjrstìy transferred to an archive

di sk (whi ch is the prì nci pa'l f uncti on of the command) . The way i n

whìch these commands are used can be seen in Figures 4.4 and 4.5.

The data structure of the temporary network file is identical to

that of the current and archjve permanent network fiìes, NETWKC and

N[TWKA, and the network files on an archive dìsk, NETWKl, NET!úK2, etc.

(Iable 2.1). The temporary file is djstjnguished soleìy by ìts

f ilename, NETI^JKT, and its I ack of an attendant NAMES f ile. It cannot

be displayed, archived, or otherwise accessed apart from wjthin SOI-VE

for whjch it was desìgned.

The data structure of the ho'lding file is'identjcal'bo that of an

event arch j ve dì sk, and j i can be thought of as an on- I i ne extetts'ion

of the ISAS event archives. An jndex file js present, w'ith the same

format as that of an arch'ive disk index file (Table 2.4). Thr's
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enables any event to be found randomly, gìven its reference number,

and also indjcates where the next event'is to be placed jn the fjle.

SIZt and EVTNTS determìne the number of events in the holdjng fiìe by

readi ng the i ndex fi l e and countì ng the entri es . EVENTS addi tj ona'l ly

dìspìays each event reference number jn the file as jt js read.

The holding file itself cons'ists of 48-byte random records,

compatÍble with those from subsystem L0CAL shown 'in Table 3.4" In

fact, on an event archjve dìsk, events arch'ived from subsytem MICRO

may be freely rnÍxed wjth those from subsystem LOCAL; the fjrst record

'is'identical jn ejther case and contajns the subsystem identifjcat'ion

(Iable 3.4) which enables the remaìning records (which do differ) to

be correctìy read. The data structure for MICRO events on an archive

dìsk, and for all events jn the holdjng fììe, is shown jn Table 4.3.

Each event consists of three records (as does each LOCAL event) with a

singìe additjonal record per statìon (compared wjth two per statìon

for LOCAL events ) .

S0LVE uses several constants i n the deternri nati on of an

earthquake hypocentre. For 3-statjon events, the crustal P and S wave

velocjties are required, wh'ile for all events the crustal P to S ulave

velocjty ratio is needed. Default values for these quantitìes are

read from the model f jle (Table 3.2), the ratìo being computed from

the separate ve'l oci ti es. Sj nce the model coeff i ci ents j n the fi le can

be changed'in subsystem LOCAL by means of the M0DEL command

(Chapter 3), it follows that a permanent model change also alters the

default values ìn subsystem MICRO. In addition to the above model

parameters, S0LVE requì res a I ati tude and ì ongi tude ori gi n, whì ch

should be near the centre of the localized network, and latjtude and

'longìtude degrees to kilometres conversion factors appììcable near the

origin. Default values for these parameters, correspondìng to the
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TABLE 4.3

ISAS EVENT ARCHIVE FILE STRUCTURT (SuLrsystem MICRO)

AND HOLDING FILT STRUCTURE

3 characters, then
1-20 characters or "Q/8"

ASCII stringIni t'ial s of person
arch'ivÍ ng, I ocati ons f el t or
quarry bl ast

4-byte fì oatì ng
poi nt numeri c

il

vp constant
v5 constant
Lat. orì gi n constant
Long. orì gì n constant
Lat. to km conv. constant
Long. to km conv. constant

RECORD #3 PER EVENT - MICRO

(no.MD) + ( no . depth ) /tOO

(

(

no.
no.

vs) i
orr gr n tjme)/100

4-byte fl oati ng
poi nt numeri c

ll

il

lt

ll

t¡

il

lt

Std dev. orì gi n time
Std err. geog. I ati tude
Std err. ì ongi tude
Std err. depth
No. stns MD, depth
Std dev. MD

Crustal P velocity (vp)
Std. err. vp
Crustal S velocity (v5)
Std dev. v5
No. stns v5, orìgin tìme

vplv5 constant

RECORD #2 PER EVENT - MICRO

See Table 3.4 for Record zero, and for Record #1 per event

INTERNAL FILI FORMATDATA
TYPT

INFORMATION
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TABLE 4.3 (contd)

Fljnders Ranges region of South Austraìia, apply on entry to the

subsystem. Command CONS, as shown jn Figure 4.6, dìspìays the default

values of all of the above constants, as t^tell as thejr present

values. New values may be entered as requ'ired. The resulting vaìues

remain in force for all subsequent commands unt'il the seismoìogìst

agaìn changes them, exits from MICRO, or logs off. In the last two

cases, the default values agaìn apply on re-entry to MICRO. As can be

seen in Table 4.3, the values of all constants used in the locatjon of

an event are stored 'in the hol d j ng f .il e and on the archi ve di sks wj th

each event, jn order to ensure reproducibjljty of results when

reworki ng o1 d events.

Command MEAN, as shown in Fjgure 4.7, determ'ines the mean P and S

wave velocities ìn the holdìng fjle from the jnd'ividual values

computed as part of the'locatjon of events recorded by four or more

statìons. The usefulness of the command can be shown by outìining the

cornplete process of usìng MICRO to anaìyse data from a mjcroearthquake

3 characters

1 character

1 character, presentìy
il0il

ASCII strìng
4-byte fl oatì ng
poi nt numeri c

ASCII strìng
4-byte fl oati ng
poi nt numeri c

t¡

il

ASCII string

Statì on code
Durat'i on

0
0

ì
Ì Reserved for future use

Fi rst moti on

P arrival t'ime
S arrival time
Epì centra'l d j stance (i n

Azimuth
MD

km)

0
0

ì
I Reserved for future use

f 'lagFuture expansì on

PER STATT0N - MrCRo (ONE RECORD)
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survey ìn a region of unknown crustal structure. Prior to invoking

MICRO, a value of the P to S wave velocity ratjo js found for each

event, from the relatjonship between S-P t'ime and P arrival time, as

'indi cated i n the I ast sect j on (see equat'ions (3) and (4) ) . The mean

over many (or aìl) earthquakes jn the survey is then entered usìng the

CONS command, al ong wi th an appropri ate I ati tude and I ongì tude ori gi n,

and latitude and longitude degrees to kilometres conversion factot^s

(e.g., from Richter, 1958). Indjvjdua'l P and S wave velocities are

I ef t at the'ir def aul t val ues . S0LVt 'is next used to I ocate al I events

recorded by four or more statì ons, the correspondì ng P and S wave

velocitìes also being determined for each such event. All data and

results are saved jn the holdjng fiìe. t^lhen all four-or-more-stat'ion

events have been satjsfactoriìy located, command MEAN is executed to

determine the mean P and S wave velocities from the indivìdual values

'in the holding fììe. (Any 3-statìon events in the fjle are ignored by

MEAN. ) The newly determ'ined means are adopted as the ne'¡ val ues of

the corresponding constants, either us'ing the CONS command or

jmmedi ately f rom wr'thi n MEAN (Fi gure 4.7) . Usi ng the mean vel oc j tì es,

the three-statj on events (whì ch requi re vel oci t'i es to be suppì i ed) are

located usìng S0LVE and saved in the holding file. The analysis'is

compìeted by executing the ARCHIVE comrnand, to transfer all events

off-line onto an arch'Íve djsk and then reset the holdl'ng fì1e.

A subtle factor in executing ARCHIVE is that the events'in the

holding file recorded by four or more stations stjll have the default

rather than the mean vel oci ti es associ ated w'ith them 'in the hoì di ng

fjle. ARCHIVE therefore on request allows the current values of all

constants to be archjved with each earthquake rather than the holdìng

fjle values (see Fìgure 4.5). The CONS command is used to ensure that

the current values of all constants are the appropriate ones prior to

executi ng ARCHI VE.
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The above process locates all events able to be located jn a

microearthquake survey, wìthout prior knowledge of the seismic

vel ocì ti es . The central command i n the process , S0LVE, i s dì scussed

below.

4.4 SOLVE

The location aìgorìthm empìoyed by thjs command js that presented

previously: this section concentrates on other aspects of the

command. Figure 4.8 shows S0LVE in use w'ith one of the events in the

first Flinders Ranges microearthquake survey. In addition to'locat'ing

the earthquake, the command aìso computes the durat'ion magnìtude and

provìdes for the entry of djrection of fjrst motion data,'in the same

manner as jn the equiva'lent separate commands ìn subsystem L0CAL.

Figure 4.8 also jllustrates the flexjb'iììty of ìnput to the command,

wjth the data able to be derived from a combination of seismograms and

event recorder cassettes, from the holding file or an archive dìsk, or

from a temporary fjle from subsystem L0CAL. The ìast option provìdes

for the transfer of events from L0CAL jf an earthquake jn the process

of being ana'lysed by that subsystem ìs seen to satisfy the assumptions

of the location method empìoyed by SOLVE and to be possìbly better

located by ìt. In the case of ìnput from an archjve disk, the current

constants can be optìona'lìy repìaced by those stored on the archive

disk with the event (an impììed C0NS command).

Up to fjve solut'ions can be saved by SOLVE, in addìtion to the

ìast, for adoption as the final solut'ion at the end of the command, in

the sarne manner as in PROV and REVISE ìn subsystem LOCAL. At the end

of the command, results can be entered into the hoìdìng fiìe, saved on

an archjve disk, or written to a LOCAL temporary file. In the last

case, if the input data were from a temporary fìle, the results are
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written to the ex'istjng fiìe; otherwise a free fl'le js sought, and if

found the file structure (Table 3.3) ìs created for the event. In

either case, the sìngle P and S arrivals for each stat'ion are written

into the temporary file as'if they were entered by PROV ìn subsystem

LOCAL, and the solution from SOLVE js written as if it were a

provi sì onal sol uti on from PROV. Thj s enabl es a mj croearthquake, ì n

the process of beìng anaìysed by MICRO, to be transferred to LOCAL for

input to PROV wìth temporary fììe specifjed, or for input directly to

REVIST wìth prov'isional solution on temporary fiìe spec'ifjed. Th'is

ensures complete transferabjlity of events between the two subsystems.

The SOLVE command ìogìc js shown'in Figure 4.9. The algorithm Ís

swi tched 'into one of two rnodes by the number of phases present. If at

I east f our P phases and at I east one S phase are present, ve'loc.it'ies

and hypocentre are determined; ìf three P phases and at'least one

S phase are present, vO is taken as a constant (at the currently-

defined value) rather than a varjable and the epicentral coord'inates

alone are found. The orìgin tjme and depth are determjned as before,

but no value ìs computed for vr. If the number of P phases falls

below three, or no S phase ìs present, no solution ìs possible.

The locatjon method central to SOLVE was tested against synthetic

data and known quarry blasts prìor to use in a stand-alone prograin to

process the data from the first Fljnders Ranges m1croearthquake survey

in 1977. S0LVE itseìf, and ISAS in generaì, did not come'into beìng

unti I the fol'l owi ng year. Si nce then, sol uti ons from S0LVE have al so

been checked against those from PROV and REViSE in subsystem LOCAL,

and MICRO has been used in the ana'lysìs of data from two subsequent

mi croearthquake surveys.



133

Deternine origin
time for eðch stn,
neàrì t 5.D.

cons tô nts
0ut pu t

0u tput
diagnoslicsoìn?

ph¿ ses for

Count nunber
ofP&Sphases

lnput
chô ñges

Read stn data
fron tflporðry
network fi I e

Read stn dðta
from pernanent
network fi I es

da tô
teßp.
file?

any
data ?

Chðnge

Chônge
any

valües?

Input dôta
fron keyboard9rôm?

fron seisno-
I nput

Read cassette
file datd

lnput cassette
fìle event nunber

from ca
Input

Read tflporary
file

lnput tflporary
fi I e numberfile?

from temp
I npùt

network fi ìes
from pemðnent
Read stn dðtàRead stn dðtô

frm tmporôry
network fiIe

dðta
tenp. ne
file?

file
from hoìding
Reôd eventI nput event

reference no,

Prompt to
return ISAS
disk

set fl ag

sk?
fron! àrchive

I nput lnput event
reference no

Read event (t
chônge constants)

Prmpt to
insert ôrchive
di sk

tItRY

No.
P phàses
> 3?

vs for
mê¿n

Deterni ne
eôch stn,
& 5.D

lletemine depth
for eðch stn,
neôn E S.D.

0utpu t
resu Ì ts

Detemine ìat. .
ìong. by least
squôres

Determine lôt,
long., vfi by
least squðres

Detemìne tràvel
times for alì
pha ses

TTIT

Del ete
tflrporary
file

PronpL tc
rerurn l5À5
disk

Prompt to
return l5A5
di sk

fiìe inp!!?

-f eñ!

0ù tpu t
d i ¿g nost ìc

Creô te n4
entry and write
infomticn

di sk?
on ôrchive

A1 readyInput locations
feì t or 'Q/B '

Pôs sNord
val id?

Prmpt to
ihsert ôrchi ve
disk

Input event
reference no

Upd¿ te
existing data

Creðte new
entrJ ônd write
i nfoma tion

Input ìocations
fel t or 'Q/B '

I nput
pðssword

felt or qua
blast? file?

nohol ditn
readyAI nput event

reference no
to hol dì ng

lile?

l,{r i te

0utput
d i ògnosti c

Credte new
file and write
i nfomìàtion

Hri te to
existilg file

Arl
fiìes in

use?
t?

Temp.
fíìe inpu

l{ri te
to temp.

file?
Search for
free fi I e

Read from
d'isk

Current
sol ut i on?

Input required
solution no-

Discard
resul ts?

0utput recovery
infomation

0utput
diagnosti c

llrite v¡riables
to diskI re¿dv

he I d?"

5 sol ns
last soln?

Save

0utput stôtion
dôtô, meðns t
5.0.s

Detemi ne MD for
each 5tn, neôn
& s.D.

FIGURI 4.9

SOLVE COMMAND LOGIC.
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4.5 Adel aj de Hj I I s and second Fl j nders Ranqes Mi croearthquake Surve.ys

The regìon around the northern tip of Spencer Gulf was, and

continues to be, stud'ied jn deta'il because of its jndustrjal

importance and its proxìmìty to a sejsmjcalìy active area. The region

around the South Australìan capital, Adeìaìde, has begun to be

'investigated for sjmilar reasons, beìng a cìty approachìng one million

i nhab'itants and the onìy Austral ì an cap'itaì cì ty to be cl assif í ed as

category 1 seìsmic risk, according to the SAA Earthquake Code,

Australian Standard ?l?I-1979 (see a'lso McCue, 1973, 1975, 1978). For

25 days in March-Aprìì 1978, a network of portable stations

(Figure 4.10) was openated in the Adelajde Hjììs by the Un1versity

seìsmology group jn a similar pre'lìmìnary jnvestjgation to that

performed jn the Fljnders Ranges region. In thjs case, however, as

was expected from many years of observatjon at ADt, the level of

act'ivity was sìgnìficantìy lower: of the 53 located events, only 27

were earthquakes, the rema'inder bejng attrìbuted to blasts from one of

several quarrì es 'in the regi on. Subsystem MICRO was used .in the

ana'lysì s of the data, but the 'invol vement of the author j n thi s survey

was minjmal and jt would be jnappropriate here to djscuss the results

f urt her .

In 0ctober-November I979 another portab'le network (Figure 4.11)

was set up jn the Fljnders Ranges region and operated by the

Unìversity seismoìogy group for 30 days. This network was more

restricted in extent than that of the 1977 survey, concentratìng on

the eastern sjte of the gulf where the maiority of the activìty is

known to occur. One portable station, coo, lvas jn the same locat'ion

as for the earl.ier survey, while end and nbk became the sjtes of the

new permanent stations EDO and NBK respectiveìy. New permanent

stat'ion RPA is not far from the previous portable statìon, lgp.
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FIGURE 4.10

STATION LOCATIONS FOR THE ADELAIDE HILLS MICROEARTHQUAKE SURVEY, MARCH-

APRIL T978.
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FIGURE 4.11

STATION LOCATiONS FOR THE SECOND FLINDERS RANGES MICROEARTHQUAKE SURVEY,
OCTOBER-NOVIMBTR T979 .
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Results of this survey, whìch l'ike the last involved the author on'ly

ìn a peripheraì manner, were still being processed by subsystem MICRO

at the t'ime of wri tì ng.

Although the first (L977 ) Fljnders Ranges microearthquake survey

predated ISAS, nevertheless all data and results of that survey were

subsequentìy formatted to conform to the ISAS archive file structure

for events from subsystem MICRO (Table 4.3), and were copÍed onto an

ISAS archjve disk. Hence the events of the 1977 study can be accessed

and displayed (aìong with the data ffom the new permanent statjons in

the region) by the ISAS Earthquake Statjstjcs Subsystem, whjch forms

the subject of the next chapter.
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CHAPTER 5: EARTHQUAKE STATISIICS

5.1 The ISAS Earthquake Statistics Subsystem

Very rareìy do earthquakes occur jn South Austral'ia wjth

suf f j c j ent magn'itude to warrant study 'in more detai I than that

outljned 'in the prevìous two chapters. Mostìy, ìnterest centres on

the patterns evjdent from examinatjons of ìarge numbers of events"

Gjven this, a subsystem ìn ISAS'is devoted to the retrjeval and

dì sp'lay of j nf ormati on hel d 'in the ISAS archi ve f j I es. The ISAS

Earthquake Statjst'ics Subsystem (STATS) contains commands, as shown jn

Tabl e 5.1, to f ac j I'itate stud'ies of sei smJ cì ty and se'ism j c rì sk,

retri eve detaj I ed data on j ndj vj dual earthquakes, determi ne

statistjcal statìon parameters for return to the network files
(Chapter 2 ) , and generaì'ly provi de data management of the ISAS

arch i ves .

Commands DISK, SIZE and EVENTS, ìn performing the actions shown

in Table 5.1, access onìy the index fìle (Tabl e 2.4) on a g'iven

archive disk, and DISK in partìcular reads onìy the fjle header. The

usable file space on a floppy disk 'is calculated as beìng able to

accommodate 6000 48-byte records 'in an archi ve event f i I e (aì'lowi ng

space on the disk for the'index fiìe, operating system djsk directory,

and djsk jdentjfjcatjon and bootstrap bìocks). The record number to

be used for the next event in the event fl'le is aìways accessjble as

the index file header. DISK prìnts this value, and the d'ifference

between 6000 and the value. The arch'iving routines in subsystems

L0CAL and MICRO monitor the'index fjle header and reject further

archjving requests when the value exceeds 6000, at which tjme a new

archive disk must be commenced.
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TABLE 5.1

COMMANDS IN SUBSYSTTM STATS

Disp'lay commands and thejr act'ions.

Dispìay summary statìstics for events satisfying a
specif i ed set of cond j ti ons on several arch'ive d'isks.

Display number of events satìsfyìng a specjfjed set of
cond'itì ons on several archi ve di sks.

Dis
arc

ay summary statistjcs for all events on a given
ve di sk.

DÍsplay all data for given events on an archive djsk.

Dìspìay disk space used and remainìng on a given archive
di sk.

Dispìay number of events on a gìven archive djsk.

Dispìay ref. numbers of all events on a gìven archive djsk
and number of events.

Transfer to Network Data Management Subsystenr.

Transfer to Cassette Data Management Subsystem.

Transfer to Local Earthquake Subsystem.

Transfer to Mjcroearthquake Subsystem.

Log-off from system.

p

h

Determine MN stat'ion correction for a statjon using
specìf i ed data.

Determj ne MD coeff i c'ients f or a stat'ion usi ng specìf ì ed
data.

HELP

DISP

NUMBER

FILE

DATA

D ISK

S IZE

IVE NTS

NETWK

CASET

LOCAL

MI CRO

LOGOFF

MNCOR

MDCOEFS

ACT i ONCOMMAND
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SIZE and EVENTS read the ent'ire index file. The former merely

counts the entries and thereby determines the number of events on the

d'isk, whereas the 'latter 
al so d j spl ays the event ref erence numbers as

they are read. Both commands djspìay the number of events on the

dl'sk. The two commands operate on an archive index file in exactìy

the same manner as the correspondìngìy-named commands in MICRO operate

on the holding file index. The manner of use of commands DISK, SIZE

and EVENTS can be seen ìn Figure 5.1.

The actual number of events (as opposed to the number of records)

able to be accommodated on an archive disk depends on the number of

stations recordÍng each event and on whether the event was archjved

from subsystem LOCAL or MICRO. txperjence has shown an average

expectatìon to be about 450 earthquakes per fìoppy disk.

Al I past events I ocated s'ince the j n'it j al South Austral'ian

trìpartìte network became operatìonaì jn 1963 (Chapter 1) have been

transferred to an ISAS archjve disk by the Universjty seìsmoìogy

group, using an auxilìary computer program written by the author to

reformat the data so as to conform to the ISAS archive file structure

for local earthquakes (Table 3.4). Hjstorical earthquakes in South

Australia prior to 1963 (see for exampìe Sutton and Whìte, 1968;

McCue, 1975) have also been added to the fììe, as far as possible.

Arch'ived pre-ISAS events (wlth the exception of those used in the

magnìtude studjes of Chapter 3) contajn no stat'ion data and in

consequence all 910 such earthquakes are accommodated on a single

archi ve di sk .
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FIGURT 5.1

THE USE OF COMMANDS SIZE, EVENTS AND DISK IN DETERMINING THE STATUS OF AN ARCHIVE DISK
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5.2 Sei sm'ic j t.y

Commands DISP and NUMBER (and to a lesser extent DATA and FILE)

ì n subsystem STATS aj d i n the accumulatìon of data f or studi es of

se j smi ci ty and se j smj c risk. Al I of these commands access the maìn

event file (Tabìes 3.4 and 4.3), be'ing directed to the fjrst record of

each event 'in turn by the archive djsk jndex fììe (Table 2.4). All

commands except DATA examine onìy the first three records in the

archive file for each event, ìgnorìng the statjon data. DATA, on the

other hand, reads all data for one or more events seìected by

reference number on an archive dìsk, displaying the information jn the

manner of the ARCHIVE command'in subsystem LOCAL (Fìgure 3.1) or in a

related manner for events archjved from subsystem MICRO. Figure 5.2

shows the method of use of the command and jts output. FILE reads the

3-record header in the event fjle for every event on a given archive

dìsk, and djspìays the data in a summary table as shown jn F'igure 5.3.

DISP and NUMBER are more powerfu'l commands which enable data to

be accumulated over any number of event arch'ive disks, and which

permit events to be selected on the bas'is of any combinatjon of the

foì I owi ng:

1. Time interval (as determined by specìfied commencement and

concl usj on dates and times ) .

2. Epìcentra'l region (as determined by specified latjtude and

ì ongì tude I ìmi ts ) .

3. Depth range .

4. Magni tude range.

5. Partì cul ar subsystem onìy.

6. Fel t events on'ly.

In addìtion, events tagged as quarry blasts by LOCAL or MICRO can be

.ignored if requi red.
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NUMBER merely dìspìays the number of events satisfying the

prescrì bed condj tj ons . Fi gur e 5.4 demonstrates the use of thi s

command to determine the number of earthquakes of magnìtude 2.0 or

greater occurrjng ìn the lesser South Australjan seismic regìon of

eastern Eyre Peninsula (see Fìgures 1.1 and 5.5) sjnce the beginning

of 1970. ( In determ'i nì ng whether or not an event 'is wi thìn a

spec'ified magn'itude range, the mean of MD and MN for the event'is used

jf both are present, otherwise one or the other is used unless neither

ìs present, jn which case the event is rejected.) The result obtajned

in Fjgure 5.4 js referred to later ìn this section.

DISP dispìays some informatjon for each event selected. It can

be jnstructed to produce a tabular listjng of the summary data for

each event, in exactly the same format as that used with the FILI

command, or it can produce an epìcentral pìot, ejther on the

televisjon monjtor or the graph pìotter, or fjna'lìy jt can produce

both a table and a pìot. In the case of the epìcentnal p1ot, symbols

coded to the magnitude of each event are used, as described in the

ISAS User' s Manual ( Parham, 1980a) . A simpì e rectangul ar projecti on

'is used, with default latìtude and'longìtude degrees to kilometres

conversìon factors the same as those used in subsystem MICRO, but abìe

to be changed on request. The pìot is automatjca'lìy scaled, based on

the I atj tude and I ongi tude I imj ts requested. If l'imi ts are not

specìfìed, internal limjts, correspondìng to the whole of South

Austra'lì a, are appl i ed. An outl'ine of the coast of South Austral j a

(incìudìng Kangaroo Island) may be added to the pìot on request. Thjs

is derjved from a data file obtained v1a the Unjversity Geography

Department from the Djvision of National Mapping of the Australian

Government Department of Natj onal Resources . The f i I e ori gi nal 1y

contai ned the enti re coastl i ne of Austraì i a, j ncl ud'i ng off-shore
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i sl ands, dì g'i ti zed to half-kj I ometre resol utj on. To economi ze on di sk

space and pìotting time, thjs was reduced by the author to South

Australia only, all islands except Kangaroo Island were removed, and

the resol ut'i on hal ved. Neverthel ess, some 3257 coordi nate paì rs must

be read and processed each t'ime a coast'lìne p'lot is requested. (The

COAST file format cons'ists of paìrs of 32-bjt floatìng poìnt numeric

coord'inates, usìng the conventions that southern latitudes are

negatjve and 'longìtudes are offset by -1000. The paìr 0,0 indicates

the start of coastl'ine coord'inates and 0,2 the start of i sl and

coordinates. 0,1 indr'cated the start of a state boundary on the

ori gi naì fi I e. )

Figure 5.5 shows the command DiSP used to obtajn an epicentral

pìot for the entjre state of South Australìa, containing every

earthquake on file from the earljest h'istorjc (jn 1B9B) to the last

event in 1980 (but excìudìng mjcroearthquake survey data). The

correspondi ng p'l ot, i ncl udi ng coastal outì ì ne, i s shown i n Fi gure

5.6. The pìot rejterates the well established pattern of seismicity

'in South Austra'lìa, with the major part of the sejsmic actÍvity

corresponding to the Adelaide Geosyncline from Leìgh Creek in the

north to Kangaroo Island in the south, and wìth greatest concentratjon

around Hawkelin the Flinders Ranges (see aìso F jgure 1.1). Eyre

Peninsuìa, partìcularìy the eastern port'ion, and the south-east of the

state are addjt'ional regìons of 'lower seismjc activity.

South Australian se'ismicity has been discussed ìn many papers and

publìcations (e.g., Sutton and White, i968; Stewart, Slade and Sutton,

1973; McCue,1975). In partìcular, the parameters a and b'in the

rel at'i on :

1og N = a - b ML (1)

(where log N'is the base-10 ìogarìthm of the annual number of
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FIGURE 5.6

EPICENTRES FOR ALL SOUTH AUSTRALIAN EARTHQUAKES IN THE ISAS ARCHIVES FROM

1898 T0 1980 (MICROEARTHQUAKE SURVEY DATA EXCLUDTD).
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earthquakes with local Richter magnitude greater than or equaì to ML

(Gutenberg and Richter, 1944, 1954)) have been determined by the above

South Austral'ian authors. Sutton and White (1968) used the data from

about 80 earthquakes of ML>2.4 occurrìng between 1963 and 1968 to

obtai n the rel ati on:

ìog N = 2.3(Ì0.3) - 0.56(t0.05) ML

for the whole of South Austral'ia" Quoting the statement by Sanford

and Sìngh (1968) that the number of earthquakes jnvolved in such

analyses needs to be at I east 150 f or stati st j cal rel'iab'iì i ty,

Stewart, Sìade and Sutton (1973) used the 215 earthquakes of ML> 1.9

occurrjng between 1967 and 1971 to revjse the above formula 'in favour

of the f oì I ow'i ng:

ìog N = 3.50(t0.29) - 0.89(tO.O0) Nt-

again appìyìng to the whole state. McCue (1975) has sjnce determ'ined

separate relations for the Adelaide Geosync'lìne; ê.g.,

los N = 2.96(t0.0a) - 0.70(t0.01) ML (2)

for earthquakes of ML> 2.I occurrìng between 1963 and 1973; and has

also suggested a tentatjve relatjon for Eyre Pen'insula over the same

t'ime interval: viz,

ìogN=2.06-0.73Ml

The NUMBER command in ISAS can be used to compìle the data for

the determination of earthquake recurrence relat'ions such as the

above. In connection w1th this, the result embodjed jn Figure 5.4

demonstrates that there are still statistjcalìy too few earthquakes ìn

the Eyre Peninsula region for a reljable recurrence relatjon to be

determìned. Such is not the case for the Adelaide Geosyncline over

the interval i978 to 1980 (inc'lusive), however, and the NUMBER command

was used to determjne (following Stewart, I972a) the number of

earthquakes ìn magnìtude jntervals of 0.3 commencing at MN=2.0, in
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order to obtajn a recent recurrence relatjon for this region for

comparjson with McCue (19i5). For the purpose of the command, the

Adelaide Geosyncline was taken to be the region between -360 and

-300 I ati tude and 137.50 and 140o 1 ongi tude. Magnì tudes were

converted to ML usìng the relatjon of Stewarl (1972a) quoted ìn

Chapter 3. The data appear graph'i cal ly ì n Fì gure 5.7, al ong wì th

those of McCue (I975) corresponding to equation (2) above. The

I97B-1980 recurrence relatjon derjved from the above data by standard

l'i near regressi on technì ques j s:

los N = 3.89(t0.16) - 1.08(10.05) ML

Gjven thai the coeffjcient b ìn equation (1) represents the ratio of

small to large earthquakes (while the coeffjcient a measures the

overall level of seismicjty for regions of comparabìe b), the relatjon

for 1978-1980 shows that the balance of activity in the Adelaide

Geosyncljne has shifted'in favour of a greater relative number of

smaller earthquakes compared wjth the i963-1973 data. In fact, 'in the

recent data, there were no events above MN=3.8 and only one above

MN=3.5. Significant tjme (as welì as regionaì ) varjations 'in b have

been observed in other countries and there is some evidence for b

variat'ions as precursors to'large earthquakes (e.g., F'iedìer, L974;

Robinson, 1979; Smith, 1981). t,Jìth the convenience now offered by

ISAS, tjme variations in b jn the Adelaìde Geosyncline can easily be

mon'itored in future.

A second epìcentre pìot from command DISP is shown in Figure 5.8,

correspondìng to that port'ion of the Adelaìde Geosyncline adiacent to

the northern tip of Spencer Gulf (Figures 4.1 and 4.11) and showìng

the distrìbution of epìcentres from the first Flinders Ranges

microearthquake survey in I977 combjned wjth epìcentres located jn the

region s'ince the new statjons RPA, EDO and NBK opened in late
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FIGURE 5.8

EPICENTRES IN THE ADELAIDE GEOSYNCLINE ADJACENT TO THE NORTHERN TIP OF

SPENCER GULF FOR THE FIRST FLINDERS RANGES MICROEARTHQUAKE SURVEY AND SINCE
THE OPENING 0F RPA, EDO AND NBK IN THE REGION. (See text for exp'lanation
of error bars. )
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1977 (RPA, EDO) and 1979 (NBK). The ljmits specifìed for Fìgure 5.8

were -33.25o to -32.?5o lat'itude and 137.750 to 138.75o

ìongitude. The pìot also invokes the optìon (Figure 5.5) of plotting

epìcentres wìth associated error bars, representing one standard error

in latitude and longitude on either sjde of the epicentre symboì.

(The diagonaìs corresponding to the event at latjtude -330 ind'icate

unknown standard errors.)

The epìcentral distributjon of Fjgure 5.8 can be correlated wìth

geographic and geoìogìcal features of the area. The relativeìy

aseismìc strip paraììeì with and adjacent to the guìf corresponds to

the flat coastal pìaìns, which end abruptìy at the foothìlls of the

Fljnders Ranges in the east, deljneated sharpìy by the concentration

of epìcentres in Figure 5.8. The most actjve part of the Fl'inders

Ranges'in this region at present is seen to be that between latitudes

42.75o and -33o, corresponding to the area around the town of

Melrose (Figure 4.1) and Mt. Remarkable Natìonal Park to the north and

west. The isoìated group of earthquakes above the gulf at about

longìtude 13Bo corresponds to the felt (MD=3.4) event and its

aftershocks referred to in the last chapter. These events occurred in

the vicinity of Devil's Peak jn the Pichj Rjchj Pass (Figure 4.1),

where Mìnes Department 1:250 000 geoìogìca'l maps show the presence of

an extensìve system of faults. Apart from these events and a small

number of other isolated earthquakes, the Fljnders Ranges in thjs

region are curious'ly quìet at present. Immediateìy to the east of the

above event and jts aftershocks ljes the Willochra Plajn, which'is

another relatjvely aseìsmic area. The concentrated reg'ion of sejsmic

acti v'ity around Mel rose appears at present 'in 'its northern extent to

be diverted to the east of the Willochra Plain. Detailed data for the

regìon are still being gathered by the new permanent stat'ions jn the
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area, and the results of the second study with portable instruments

are yet to be added. After another year or two of recording, a

comprehens j ve analys'is of the accumul ated data f or th'is area can be

carried out, with the v'iew to locating and mapping active faults and

determi nì ng the deta'il ed se'i sm'ic ri sk zones j n the area.

5.3 Stati on Stati sti cs

The two remaining ìnstances jn ISAS in which data are requìred

from many archjved events, are for the determjnatjon of MN statjon

corrections and MD coefficients. Both were mentioned 'in Chapter 3:

jn the fjrst case, (MN) magnjtudes for a gìven statjon are compared

wjth mean (MN) magnitudes over many events and the mean res'idual 'is

determined; in the second case,'logarithms of the duratjons for a

given station and corresponding ep'icentral djstances are compared wjth

the mean (MN) magn'itude over many events and a stepwìse muìtipÌe

I j near regressì on (Raì ston and !,Jj lf (ed.) , 1960) ì s perf ormed to

determine the coeffìcients ô0, a, and a, ìn the best-fjt

rel ati on:

MN=ao+allogt +aZA

(see Chapter 3). The events to be used in either analysìs can be

selected on the same basis as that used in the DISP and NUMBER

commands of the last sectjon. Indeed, much of the internal code is

common to all four commands (and to the FILE command).

The manner of use of command MNCOR js jllustrated jn Figure 5.9

where the stati on correct'ion f or NBK (Tabl e 3.6) i s determ'ined.

Figure 5.10 sjmjlarly shows the use of command MDCOEFS'in determìning

the durati on magni tude coeff i cj ents for NBK (Tabl e 3.9) . The resul ts

of the comrnands jn either case are normally entered jnto the network

fj I e usì ng the UPDATE command of subsystem NETWK.
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In conclusjon, subsystem STATS represents the fjnal stage in

earthquake processing usìng ISAS, whereby the results obtained by

other subsystems can be combined in varjous ways and made available

for interpretation or as just d'iscussed, for feedback to earljer

stages of ISAS'in order to ìmprove aspects of the anaìysis for

subsequent events. The remainìng chapter of this thesjs dìscusses the

first stage of earthquake processing in the case of the event

recorders; j n whi ch the sei smi c data are scrut'in j zed 'in the f iel d

under software control, events are selected and recorded, and the

resulting data ultjmately made avajlable to ISAS for use by its

analysì s subsystems.
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CHAPTER 6: DIGITAL SEISMIC EVENT RECORDING AND PROCESSING

6.1 A Di qi tal Se'ism'ic Event Recorder

The rat'ionale for a dìgitaì recordjng system for South Australja

t,vas presented j n Chapter 1. Contj nuous dì gi taì recordi ng, however, i s

prohibìtiveìy expensive, requiring about 10 tjmes the magnetìc tape

used for an FM record of equìvalent bandwjdth and about 100 times the

tape used for a directìy recorded sìgnaì (Wìììmore (ed.), I979). For

this reason, almost every dìgitaì seismic record'ing system u'ltimateìy

stores digìtìzed events on'ly, e'ither transcrjbed from an jntermedjate

continuous anaìogue tape or alternativeìy recorded in djgìtaì form

dìrectìy using a recorder triggered by the events. The latter

approach was the one adopted 'in South Austral'ia.

A probìem wìth event-triggered recorders is that, for

earthquakes, the portion of the waveform whjch triggers the recorder

'is sometimes not the initial P wave onset but the relatjvely more

energet'ic S wave, resuì t'ing i n the I oss of important i nf ormat j on

unless steps are taken to ensure that the part of the jnput data

stream immediateìy preceding the trigger is recorded along with the

subsequent data. Thl's ìmpìies that a short-term buffer memory of some

sort js requìred. Early event recorders (e.S., 0mote et al., 1955)

used a tape loop as a means of cont'inualìy saving the previous few

seconds of data. Such loops deteriorated quickìy, however, as a

resul t of the I arge number of passes over the record and p'laybacl<

heads. An alternatjve approach, consistìng of a 'long tape which was

repeatedly rewound (Choudhury and Houri, 1973), resulted jn perìods of

time when the recorder could not be used, while the tape was
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ret,vinding. Both systems were heavjìy mechanìcal, posing probìems of

I ong-term rel j abi ì ì ty ì n the fi el d. A sj gnifì cant improvement was

obtajned wìth the use of semiconductor memory ìrr the form of shift

registers, which achjeved the same result as a tape ìoop but w'ithout

any movìng parts or tape deterioratìon. Several event recorders usìng

thjs method are described jn the l'iterature (e.g., Ambuter and

Solomon, I974; Prothero, I974, I976). When confronted wjth the

problem'in South Australia in I976, at a time when microprocessors had

just begun to be readi'ly avaìlable, the decjsjon was made to empìoy

random-access memory (RAM) for the short-term signa'l buffer memory and

to devel op a mi croprocessor-control I ed di gi tal event recorder.

The chief advantage of a microprocessor-based recorder, as with

any other mìcroprocessor-controlled devjce, is that the hardware is

reduced to jts simpìest form and the complexìty is shifted to the

assocjated software, whjch is generalìy less expensive to produce,

less t'ime and labour ìntensìve, and more easily modìfied, both during

the desìgn and testjng phases and when later changes must be made. As

an j I I ustrati on, prevj ous event recorders often emp'l oyed el ectroni c

i ntegrators wi th 'l ong and short t jme constants 'in order to deri ve the

ìong terrn average (LTA) and short term average (STA) of the incoming

sìgnal. A hardware comparator trìggered the devjce whenever the

STA/LTA ratjo exceeded a certa'in value. With a mìcroprocessor-

controlìed recordero all of the above funtjons can be performed by

software; and the triggerìng aìgorìthm can be changed subsequently ìn

favour of a totally djfferent (perhaps sìgnìficantly more

sophìsticated) algorìthm at a later date wjthout a s'ingìe wìring

change. Test'imony to the advantages of a mìcroprocessor-based design

is the fact that, durìng the period when the South Australian unjt was

beìng developed, almost every commercial manufacturer of sejsmic
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equ'ipment announced plans for microprocessor-controlled event

recorders. Most of these are now avajlable and have been readily

adopted by seisrnolog'ists (e.S., Brune et aì., 1980). In addition,

several (ìf not many) other research groups are also developing, or

have deveìoped, sìmi I ar dev'ices (e.g. , Prothero, 1980) .

Fi gure 6.1 shows the South Austral i an d'igi ta'l sei smi c event

recorder. Its specìfjcat'ions (to foììow) reflect the prìmary use for

whjch 'it was designed: as part of a portable network for

mjcroearthquake studies. The hardware components of the devjce are

outl i ned ì n the next sect'i on; the sof tware .i s di scussed 'in the two

secti ons fol I owì ng.

6.2 Hardware Aspects of the Event Recorder

Because the event recorder is required to operate for many days

unattended and generalìy away from majns power, low power consumpiìon

was a prìmary design obiect'ive. The un'it consumes approxìmately

0.3 t^l, enablìng its two jnternal 6 V, B Ah batteries to power the unit

for approxìmately 12 days, or externaì 24 t\h batterjes to power it for

approximately 36 days, aìthough tape capacity is generalìy the

ljmiting factor jn the latter case. The ìow power consumptìon was

achieved by the use of CMOS devices. The onìy CMOS microprocessors

avajlable ìn 1976 (as at the time of wrjtìng) were the RCA COSMAC and

the Inters'il IM6100. The latter was adopted on software

cons'i deratì ons, emul at j ng as i t does the l'nstructi on set of the PDPB/t

minìcomputer. The Data General Nova archjtecture and 'instructìon set

owe thejr origìn to the earljer and more restrjctìve PDPS/E. The

s'imi I ari ty i n phi I osophy and the author's famj I j ari ty wì th the former

made the transj ti on to the I atter strai gh lforward. The avaj ì abi I ì ty

of a PDPB cross-assembler for the Nova (Chapter 2) further contributed
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FIGURE 6. 1

THE MICROPROCESSOR-CONTROLLED DIGITAL SEISMIC EVINT RECORDER DEVELOPED AS

PART OF THE SOUTH AUSTRALIAN SEISMIC DATA SYSTIM.
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to the choj ce. Prothero ( 1980) and other Austral j an sei smol ogi sts

have also more recentìy adopted this device.

CMOS read/write memory (RAM) ìs empìoyed, amount'ing to the

maxjmum unmapped 4K, jn the form of 12 MBB404E 4K x 1 bjt devjces.

The analogue to dìgital converter js a semj-integrated sampìe-and-hold

successi ve-approximati on desì gn, devel oped i n the absence of

availability of a fulìy ìntegrated CM0S A/D converter at the time.

The mjcroprocessor clock frequency was chosen so that by suitable

frequency djvision jt also forms the system real-tìme cìock,

initiatìng anaìogue to d'igìtaì conversions at a rate of 50 samples per

second, which was consìdered an optìmal balance between the need to

record high frequencies for mjcroearthquake studies, on the one hand,

and the constrajnts of tape consumption (necessitating more frequent

station visits) and decrease 'in processing time between samples, on

the other. In order to mjn'imize current consumption, a relatively ìow

clock frequency of 1.6384 MHz'is used, which nevertheless enables the

software to complete al'l processìng in a small fractjon of the time

between sampl es . Thi s gì ves a val uabl e margi n for the ì ncorporati on

of more sophì st j cated si gnaì processì ng techni ques 'in f uture vers'ions

of the software. At present the margin is used to ach'ieve further

current economìes by forcjng the processor to enter a ìow-power wajt

state at the end of process'ing, untjl reactjvated by the hardware wjth

the arrival of the next datum by the anaìogue to digitaì converter. A

Pl essey SL6B0C crystaì osci I I ator maì ntaì ni ng ci rcuj t j s used to

stabiljze the clock crystal against temperature drift, the quoted

accuracy being 0.1 ppm pe. 0C over the jnterval -zOoC to 80oC.

The real-time clock can be started and stopped under software control

by gatìng the input to the frequency div'ider after the mjcroprocessor

clock sìgna'l has been derived. An external radjo and time pulse
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ampììfier (previousìy used jn conjunction w'ith the Kinemetrics PS-14

portabìe seismographs) enable synchron'ized starts with rad'io time

puì ses and subsequent determ'inat'ions of cl ock error, usi ng a radì o

ìnput on the event recorder connected to one bjt of a status port (see

I ater) .

Mìcroprocessor code is genera'lìy executed from read onìy memory

(ROM), using RAM only for data and temporarìes. Because the Intersil

devìce is based on a minjcomputer, whjch typìcally executes code from

RAM, it'is not jdeal'ly suìted to ROM executjon. In particular, the

return address in a subrout'ine call ìs stored in the f irst locat'ion of

the subrout'ine, wh'i ch requi res an 'indi rect entry through Rl\lvl l'f the

subrout'i ne 'is conta'ined 'in ROM. Because of thi s and two other

djsadvantages of ROM executìon, viz, that locatjons cannot be changed

for in-unìt debugging and that the onìy CM0S read on'ly memorìes

available at the time jnvolved expens'ive mask programming, the event

recorder software was designed for executìon completeìy jn RAM, after

being pìaced there on power-up from conventional (M0S) R0Ms by a

loader ìncorporated in the sofbware. To achieve this, the upper 2K of

memory j n the recorderis sof tware- sr'¡ j tchabl e between RAM and ROM,

wjth the ROM selected on power-up. The ROM loader transfers the

remainder of the code to the lower 2K of RAM and subsequently

transfers control to jt. The upper 2K is then swjtched from ROM to

RAM, to become the data storage area. Thus the current-consuming ROM

'is on'ly powered for a few tens of milliseconds when the event recorder

js first swìtched on. Two Intel 2716 EPR0Ms are used in paraììeì to

provìde the required 2K of l?-bit words (or a'lternativeìy four Intel

2758 EPROMs can be used).

The event recorder amplifiers provide for a fjxed gain of 54 dB

and an additional gaìn of between 0 and 48 dB which is software-
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controllable in 6 dB steps. The software adjusts the gain dynamical'ly

so as to maintain the background noise level between predefined

limjts. This autoranging facÌlity ensures that the dynamìc range of

the recorder i s not compromi sed by too I arge a noìse I evel 'in the

data, and has enabled B-bjt resolution to be used wìth very

sat'isfactory results rather than the more usual 12-bit resolutìon,

thereby allowing 5A/" more events to be recorded on a gìven amount of

tape. An antj-aljasing filter js incorporated in the ampììfiers,

provìdìng 18 dB per octave attenuat'ion at a corner frequency of 25 Hz.

Interactjon between the event recorder and the operator ìs

provi ded by means of a 16-key keypad and a set of four 7-segment

dispìays. The 16 keys cons'ist of the djgits 0 to 9, the letters A to

D (which the software interprets as control keys) and keys labelled #

and * (whìch the software ìnterprets as numeric entry and clear keys

respectiveìy). The 7-segment displays are at present of the LED type

aìthough they are operated'in a scannìng mode to alìow for easy

convers'i on to ì i qui d crystal s j n the future. The software dì spì ay

driver prov'ides for both decimal conversion (for normaì use) and octal

conversi on (for memory ì ocati ons when debuggi ng ) . Auxi I ì ary LEDs

pt"ov'ide prompts when the sof tware requi res data or a control key, and

an 'indjcation that the recorder is waiting for a radio tjme pu'lse to

start the cl ock.

Events are recorded on dìgitaì cassette: using a DÍgideck PI7lt^l

wrjte-on'ly cassette drive with CMOS interface, obtaÍned commerciaì1y

from International Computer Products Inc. The unìt provides for 9-b'it

data, recorded serialìy on one track of the tape with framing pu'lses

recorded on a second track, the two tracks together occupying the fulì

width of the tape. The event recorder uses e'ight of the njne bjts for

data and the software encodes even parity in the ninth bit. The PI71W
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'is capab'le of asynchronous or b'lock synchronous operati on . The

latter, although involving cons'iderably more compìex software, is used

with the event recorder because ìt approximateìy doubles the packÍng

dens'ity on tape. The software blocks the data into 128-byte blocks

preceded by a header byte (see later). The cassette unjt can sense

whether a cassette is in pìace, js write-protected, and is on clear
'leader, and corresponding status signals are made avajlable to the

software as further bjts in the status port mentjoned above.

The recording density of the cassette unìt can be set from 200 to

600 bi ts per j nch. At 550 bì ts per j nch usi ng bl ock synchronous

recording, a 300 foot cassette accommodates approxìmately 200 000 data

bytes, or approximately one hour of recording at 50 samp'les per

second. Error rates are quoted as less than i in 106 bits (or 1 in
'l

10' for ' improved envi ronments' ) .

The cassette unit, as well as the keyboard, the disp'lays, and the

anaìogue subsystem, does not use ìnterrupts, beìng instead serv'iced

adequateìy by software poìlìng. The interrupt system 'is employed,

however, to actìvate a software debugger from a recessed 'ma'intenance

mode' button on the front panel. The debugger ìs djscussed along wìth

the rema'inder of the sof tware i n the f ol I owi ng two sect j ons. By

ded'icatjng the interrupt system to thjs functìon, the debugger can be

relied upon to be avaìlable at all times (barring a catastrophic

faìlure such as the debugger beìng overwrìtten). This has proved

ind'ispensable 'in the systemat'ic checking and debugging of the first
unit.

The translation of the design concepts outlined above jnto

operatìona'l cjrcujts was performed by Mr I.C. Davidson, Technical

Offj cer ( E'l ectronì cs ) of Sal ì sbury Coì ì ege of Advanced Educatì on,

whose consjderable expertjse jn the area 'is gratefulìy acknowìedged.
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The software was u¡ritten by the author and js discussed in detail

bel ow.

6.3 SEROS

The Seismic Event Recorder 0perating Software (SEROS) cons'ists of

the followìng components: loader, ìnìtializer, main program -

normal -runnì ng phase, maì n program - tape-wrì ti ng phase, debugger,

diagnostìcs, and cal'ibrator. It is wrjtten in PDPB assembly language

and was entered, edìted, assembled, programmed into R0Ms and verifìed

usìng the Nova-based development system discussed in Chapter 2.

The loader is the onìy rout'ine executed from ROM. It is executed

on power-up and cop'ies a b'ìock of data, contai ni ng a known number of

words, f rom ROM, startjng at the lowest ROM address (4000 octa'l ), 'into

RAM, startjng at address zero'in page zero. An adiacent block in ROM,

compris'ing a fjxed number of words of program code,'is then copied

j nto RAM, starti ng at the fi rst normal address ( 200 octal ) . Fol I owi ng

the transfer of the second block, controì ìs passed to the loaded

software at address 200, which js the startjng address of the

i ni ti a'l i zer.

The fjrst actjon of the initjaljzer'Ís to switch the upper 2K of

memory to RAM, removì ng power f rom the ROM. The i ni t'i al ampì ìf i er

gaìn, corresponding to the mjdpoìnt of its range, is then set. Thìs

js followed by a ca'll to a subroutjne to test the preparedness of the

cassette to receive data, and then to advance the tape to load point,

ready to record the fj rst event. Cal I s to a keyboard subrouti ne

f ol I ow, i n whì ch the day, hour and m'inute at whi ch the cl ock 'is to be

started are entered from the keyboard, the last two being checked for

val ì d data. The f i nal act j on perf ormed by the i n'iti al'izeris to start

the clock. Four options are prov'ided, ìn response to the four control



168

keys on the keyboard. The fjrst advances the clock one mjnute, the

second disp'lays the current mjnute, the thjrd attempts to start lhe

clock ìn synchronizatjon with the next radjo minute puìse, and the

fjnal option starts the clock immediateìy. 0nce the clock 'is started,

SEROS enters the normal-running phase of the main program.

The mai n program j nteracts wi th a nunrber of data storage areas,

primarì ly j n the upper 2l( of memory. The si gnal buff er memory i n

SER0S js a 256 word (2 page) bìock of RAM referred to as tlie data

buffer, commenci ng at I ocat'i on 4000 (octal ) . Each successi ve datum

from the analogue to digìtaì converter js stored jn the data buffer,

wìth the next 'locatìon to be used poìnted to by a data buffer poi nter

in page zero. The data buffer is a cjrcu'lar buffer w.ith the oldest

datum beìng continuaì1y overwritlen, thereby ensuring that (at 50

sampìes per second) the last 5.12 seconds of data are always

preserved. Under cond j t'ions Lo be d'iscussed I ater, as each new datum

enters the data buffer, ìts absolute value is added to the sunl of

those already'in the buffer. Each tjme the buffer wraps around, the

mean absolute value is computed and stored in another data area called

the mean pooì, and the sutn is cleared. The mean pool 'is also a

circular buffer, 'immediately preceding the data buffer in memory,

holdjng the means of the prevìous 32 data buffers, with the next

I ocatj on to be usecl poi nted to by a mean pool pointer in page zero.

By maìntainjng a runnìng average of the 32 means jn the mean poo1, the

nojse level is effectiveìy computed over the last 32 x 5.12 =

163.84 seconds, or 2.73 minutes of data. A thjrd data area, a 14 page

event buffer, immedìateìy followjng the data buffer jn memory, wìlì be

discussed later.

Figures 6.2 and 6.3 show the flowchart of the SEROS main program

'in 'its normal-running phase. The 'logìc presented jn the dìagrams is
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repeatecj wìth each successive datum from the anaìogue bo djgitaì

converter, and therefore 50 times each second. 0n entry from the

jnìtjal'izer, an ìnjtjalizatìon flag is set, jndjcatin g that the no'ise

level has not yet been determjned. Until a noise level has been

established (and the jnitjaljzation flag cìeared) no events can be

detected, Other f'lags appearìng in the flowcharts are:

1. New data buffer flaq: set each tjme the datum entered jnto the

data buffer occupies the highest mernory address in the buffer.

2. Resumption flaq: set for the duratìon of the fjrst compl ete data

buffer foìlowing any break jn the data stream into the buffer

3. Tentative event flaq: set when the latest datum is deemed to

indicate a possìble event onset; cleared when the event has

ejther been cancelled, or confìrmed and wrjtten onto tape.

4. Radio flaq: set when the radjo time pulse js fjrst detected;

cleared when first absent.

5. Ga'in change f I ag: 0 'if no gai n change occurred at the end of the

last data buffer, +l jf the gaìn was jncreased by 6 clB, -1 if the

gaìn was decreased by 6 dB.

-lhe logìc ìoop of Figure 6.2 commences when a new datum js

avaj I abl e from the anaì ogue to dj gi tal converter. The fi rst acti on

performed i s the determi nti on of whether or not a control key has been

pressed on the keyboard. Key A can be pressed to request a cassette

change, and key B to request a clock resynchronizat'ion. In either

case, a branch occurs'in order to satjsfy the request; otherwise a

check i s performed for the presence of a number entered on the

keyboard. Numbers from 1 to 15 indìcate requests for status

ìnformation, as shown jn Tab'le 6.1. Alì except a clock error requesb

'involve s'imp'ly transmjtting the status jnformation jn page zero to the

display (wìth possìbìy some reformattjng). The clock error js
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TABLE 6.1

STAIUS INFORMATION AVAILABLE UNDER SEROS

Clock error (current l/50 second)

Current second

Current mi nute

Current hour

Current day

Ampì ifi er attenuat i on ( i n dB)

ROM i dent'if i cati on

Current noise level

Tentatj ve event (fl ag )

inr'ti al izati on (fl ag)

Number of events on tape

Tape status
0 = functional
l.=tapefull
2 = error when writing gap
3 = error when writing bìock

Events missed (due to nonzero tape status)

Day tape status became nonzero

Hour tape status became nonzero

1

2

J

4

5

6

7

B

9

10

11

l2

13

14

15

STATUSCODE
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displayed by transmittìng the 1/50 second portion of the internal

software clock at the time when the rad'Ío second puìse is first
detected.

After operator status requests have been serviced, the new datum

from the anaìogue to digitaì converter ìs processed, as shown in

Fìgure 6.2. The datum is saved in the data buffer, overwrìtìng the

oldest datum, which is first transferred to page zero ìn preparation

for wrìting jnto the event buffer should a tentatjve event be

flagged. If the jnitjal'ization flag ìs not set and a tenat'ive event

has not aìready been flagged, the latest datum js tested for a

possi bl e event onset. Sophì st'i cated event detecti on aì gori thms have

been desìgned (e.9., Veith, l97B); however, provìded suffic'ientìy

thorough confirmatory tests are carried out, ìt is sufficjent to

sìmp'ly fìag a tentatjve event, as done jn SEROS, when the absolute

value of a datum exceeds a convenient multiple of the noise ìeveì,'in

this case eight t'imes. If the test is posjtjve, the tentatjve event

fìag ìs set, and the confjrmation routine (Fìgure 6.3) js'injtialized

and subsequently entered. If the test js negative, the absolute value

of the latest datum 'is added to the sum of the absolute va'lues of a'll

previous entries jn the current data buffer. When the data buffer

conta'ins jts full 256 words, the sum js (eventualìy) djvided by 256 to

obtajn the absolute mean of the buffer. (These operations are carrjed

out, of necessity, in double precìsion.)

At the end of the first data buffer, the buffer mean is taken as

the jn jt'ial nojse level . Th'is is copied through the 32 word mean

pooì , and 32 times the noì se I evel 'is set as the j n'iti al mean poo'l

sum. Prjor to returnjng to the start of the data buffer to commence

the second buffer, the init'iall'zatjon flag is cleared to enable event

detectj on to begì n.
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At the end of subsequent data buffers, the buffer mean is entered

into the mean pooì in place of the oldest entry, and the mean pooì sum

is updated by subtracting the oldest mean from the prevìous value of

the mean pooì sum, and adding the newest mean. The updated mean pooì

sum is then divjded by 3? to obtain the updated nojse level.

Durì ng the fj rst 32 data buffers, the effect of the above

procedure ìs to progressively ìmprove the initial estjmate of the

no'i se I evel as each of the or ì gi naì 32 'i dent j ca'ì means j n the mean

poo'l js overwr itten by the mean of the I atest data buff er. Thus 2.73

minutes must elapse after the recorder is started before the no'ise

level has reached its most reljable value, aìthough an event could be

detected any tìme after the fjrst 5.12 seconds.

Also at the end of every data buffer, the amplifier gain comes

under scrutiny vìa a call to the automatic gaìn changing subroutine

(Figure 6.4). The mean pool sum is conìpared wjth upper and'lower

acceptable bounds. If found to be outsjde these bounds, a change of

one setting (6 dB, or one bit shjft jn the data) js forced on the

ampììfier gain. The gain change f'lag ìs set appropriate'ly (see above)

to commun'icate the change to other parts of the prograln. If a gaì n

change is made, the no'ise level, mean pool sum, and every mean jn the

mean pooì are adjusted to the values approprìate for the new gaìn.

The conf irmat'ion rout'ine (Fìgure 6.3) must endeavour to determi ne

whether the onset which caused the tentat'ive event fìag to be set was

due (ìn the present confjguratìon) to a genuine local earthquake, and

not a teì eseì sm, quarry bl ast, anìmaì , wi nd gust, mach'ine or other

man-made di sturbance, or an el ectrj cal trans'i ent. Sei smograms

produced by some of these sources nray require close exam'inatjon by an

experi enced sei smol ogi st 'in order to d'istì ngu j sh the trace f rom that

produced by a locaì earthquake. In such cases 'it would be unrealistjc
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tluìtìpìy alì means
ìn mean pool
bvZ

Divide aì I nleans
in mean pool
6vZ

set?
i zati on fì ag

Initial-
set?

ìzatìon fìag
Initial-

ìy mean pooì
2

Muìtip
sum by

Dìvide mean pooì
sum by 2

Set gain change
flag to +1

Set gain change
flaq to -l

zero status
Update page

zero status
Update page

Increase gain
by6dB

Decrease gaìn
by6dB

a ì ready max, ?

Gafn
a I ready mì n. ?

Gain

Mean pool
sum > min.?sunt < max.?

n pooì

Set nrean pooì
pointers to start
of mean pooì

Ini tial ìze mean
pooì item
counter to 32

GA I NCH

RETURN

0ivide nrean pooì
sum by 32 & round
+ noise ìevel

Divide nrean pooì
sumbyS&round
+ cutoff level

Dlvlde mean pool
sumby4&round
+ onset Ievel

FIGURE 6.4

LOGiC FOR THE SEROS

AUTOMATiC GAIN-CHANGING
SUBROUTINE (GAINCH).
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to expect an automat'i c sel ecti on al gori thm to successful ly dì sti ngui sh

them. Nevertheless, d large majorìty of false triggers can be

e'liminated by basìng confirmat'ion jo1nt1y on the total duration of the

event and its principa'l frequency component. Thjs ensures that the

d'isturbance is oscjlìatory and pro'longed, thereby rejecting e'lectrjcal

trans j ents. By imposì ng upper and I ower I jm'its on each varì ab'le,

anjmal d'isturbances and teleseisms can be elimjnated in the majority

of cases . Prol onged cul tural noj se (e.g. , trucks on roads, trai ns,

etc.), and quarry blasts, on the other hand, are very djffìcuìt to

reject. The limjts on the total duratjon are presentìy 15 seconds to

12 minutes, and on the prìncìpal frequency component, 2 Io 10 Hz. A

consequence of the adopted confirmat'ion procedure js the need to hold

an event ìn memory until jt is over, before jnitjating any tape

motjon. Thjs is the purpose of the event buffer referred to earlier.

As part of the i ni tì al i zatì on of the conf i rmatì on routj ne for

each new event, the current day, hour, mjnute, second, I/50 second,

amp.lìfìer attenuatjon and ROM identjficatjon number are copied from

page zero'into the event buffer. These, aìong with the event duration

computed subsequently, form a header for the event when (or jf)

eventually wrjtten onto tape. Thereafter, with each nevr datum

entering the data buffer, the oldest datum in the buffer js

transferred ìnto the event buffer, thereby preservìng 5.12 s of

pre-onset signal. The tjme corresponding to any datum can be

determ'ined by assignìng 1/50 s ìntervals from the 256th datum whose

time is contained'in the header. The event buffer occupies 14 pages

of memory, suffìcient (at 50 sampìes per second) for approximately 35

seconds of data. Since al1 phases of jnterest jn a local earthquake

normal ìy occur wj thj n thj s time, consi derabl e tape savi ngs are

achjeved by not writing the coda of ìarger events. (The total
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duratjon 'is nevertheless recorded as part of the event header.)

A situation which must be taken into account is that'in which the

ampììfier gaìn was changed at the end of the last data buffer before

the one in which the onset was detected. (This can be ascertaìned by

an examination of the gaìn change fìag.) In such cases, samples at

the oì d gai n are converted to val ues they woul d have had at the new

ga'in before being copied into the event buffer. In every case, all

gain changes and nojse level determjnat'ions are frozen untjl the

tentative event has ejther been cancelled or alternatively wrÍtten to

tape, after whjch a new data buffer js commenced wìth the resumption

fì ag set.

If the event js found to be of durat'ion greater than the maximum

acceptabìe vaìue, at its conclus'ion the jnjtialìzation flag is set jn

order to force a completeìy new noise level determinatjon. 0therwise,

the runn'ing average of the mean pool is resumed at the conclusion of

the event. The conf irmat'ion rout'ine i s al so abl e to prematurely

terminate an event, agaìn with the jnìt'ialjzation flag set, if ìt is

stjll in progress after a very ìong time, presentìy set at

approximateìy one hour. (This acts as a fa'il-safe mechan'ism should

the background noise level build up markedìy during the period when jt
js not beìng updated wh'ile a ìarge teìese'ism is beìng received.)

The duration of an event js found by cìearing a counter as part

of the j nj ti al i zati on of the confj rmatj on routi ne, and then

jncrementìng ìt with each new datum recejved. The count therefore

becomes the number of 1/50 second intervals comprising the event. The

event is deemed to be over when 256 contìguous sampìes have absolute

values below four tìmes the mean noise level (or approxjmately twìce

the peak noi se ì evel ) .
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The princìpaì frequency component js found by clearing another

counter as part of the injtial'ization of the confirmation routine, and

then counting the number of tinres the signaì crosses the noise level

with opposite sign jn a tjme jn+"erval commencing with the 'injtjal

onset and concludìng at the lower acceptabìe duratjon limit. In this

wây, as soon as the onset becomes eì i gì bl e for event status on the

basìs of duration, r't is also known whether or not ìt qua'lifies on the

basis of prìncìpa1 frequency component. This produces very efficjent

code.

If the event is confirmed, control passes from the normal-running

phase to the tape-wrìting phase of the majn program. Duning this

phase, new data are accepted so'ley for the purpose of updating the

clock. The event buffer js flushed at maximum speed onto cassette

tape ìn synchronous blocks of 128 data bytes preceded by one header

byte per block. The header byte contajns the number of blocks

comprising the event less the number already wrjtten. As stated

prevìous1y, aìì bytes are B b'its with even parity computed and wrjtten

as a njnth bjt. A one-byte gap js wrìtten between blocks to enable

the tape to be stopped by iSAS during play-back wjthout loss of data

while the block js transferred to disk (see ìater). A whole number of

blocks is always written. This numberis 14 if the event f illed the

event buffer; otherwìse a lesser number may be written, with the last

block padded out with zeros ìf necessary. The page zero event count

status is jncremented w'ith each event transferred to tape.

Durìng tape transfer operatjons, tests are conductecj for clear

leader, jndicatìng the end of tape, and for failure to receive control

sìgnaìs frorn the deck wjthin specified tjrneout periods, indicating a

janmed cassette or deck malfunction. If a test fails, the tape status

in page zero 'is updated to reflect the fauìt, and the current day and
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hour are saved as addit'ional status jnformation (Table 6.1). The tape

status'is tested each tjme the tape-writing phase is entered. If a

fault'is found to have occurred, rather than attemptìng to wrjte the

event, the page-zero non-recorded event count status is jncremented

and control returns jrnmedi ateìy to the normal -runn'ing phase.

The above software components are all ìogìcaììy reìated, and

operate as a unjt. The remaining routìnes; viz, the debugger,

diagnostics and calìbrator; are logica'l1y disjoint from the above and

can be executed onìy after the event recorder has been pìaced in

'maìntenance mode' vja a recessed front panel button.

6.4 Event Recorder Maintenance Mode

Pressing the recessed 'majntenance mode' button on the front

panel initjates a hardware interrupt, and control js immediately

transferred to the debugger. us'ing the debugger, ôñv memory locatjon

can be examined and optìonaììy modjfied. The processor registers are

saved in page zero on entry, where they may be examined a'lso, and

optionally modified. They are reloaded from page zero on exjt from

the debugger, which can be instructed to resume execution at any

des'ired address by deposìting the restart address at location zero.

Aìthough jt can be initjally entered onìy by an interrupt, the

debugger can be used to deposìt break-pojnts jn the software for

subsequent controlled execution of sections of code. In this manner,

the enti re sof tware package was origì na'l'ly tested and debugged, and

faults were able to be traced either to the software or to the

hardware, with surprisìng ease. In thìs regard, a number of

di agnosti c routi nes, executabl e from the debugger and fol I owi ng i t ì n

memory, proved extremeìy useful. One dìagnostic deposits a binary

count through the event buffer as a preì ìmi nary to testj ng the
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tape-wrìtìng phase of the software, and the cassette hardware. 0thers

facj I j tate the adjustment of the ampl ìfi ers . Addj tj onal short

routjnes were wnitten as needed and deposjted using the debugger ìn

free memory whì I e the uni t was runni ng. One partì cul ar routj ne

executable from the debuggeris the system calibr^ator. This comprises

a software peak detector to provìde a djgita'l readout of the maximum

D.C. puìse deflectjon or A.C. ampìitude when the seismometer

calìbration cojl js drìven by an external caljbratjon unit. It also

enabl es the progranmab'le gain anìpl'if j er to be set manuaì ly to a

suitable gain frorn the front paneì, and enables the cljrection of'pen'

motion to be read folìowing deflect'ion of the sejsmometer mass in a

known d'irectjon. The operatjon of the caljbrator, aìong with that of,

the event recorderin generaì, ìs contajned .in the User's Manual

(Parham, 1980c).

The software discussed in this and the last sect'ions, and the

hardware d j scussed 'in sect'ion 6.2, were tested agaì nst cont'inuous

analogue pen-recording seìsmographs at ADE and HTT. Attempts to

'induce f a'lse trì ggers by stampì ng the ground or other movements were

unsuccessful in every case. The degree of immunity to other no'ise

sources, and the number of unrecorded genuine events, will be

establjshed as experìence with the recorders jncreases over the next

few years. 0ne event recorder is currently operatjonal and a further

three are presently under constructìon. A sample event is shown jn

the next section.

6.5 The ISAS Cassette Data Management Subsystem

0f

Chapter

et al .,

the exampl es of cornputeri zed data systems d'iscussed j n

1, those jnvolving teìemetry to a central site (e.g., Boìt

1977; Houl'iston, 1975) offer the advantage that the
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association of traces frsn different stations for the same event'is

straj ghtforward, beì ng al ì recorded i n paraì ì eì on a mul tj channe'l

medium. In South Austra'lìa, the large distances jnvolved render

teìemetry of all data to a central sìte prohibitively expensjve.

Consequently, a method must be provìded for regroupìng data by event,

ready for anaìysis, rather than by station, as received on cassettes.

Subsystem CASTT performs the transformatìon, also reducìng the data

from complete events (including those of no interest) to a set of

arrival times and other data able to be used direct'ly by the ISAS

ana'lysis subsystems, LOCAL and MICRO. At the same time, ìt enables a

hard-copy of the orìgìnaì waveform to be saved wìth phase

'ident jf icati ons I abel'led. The subsystem theref ore f orms the I j nk

between the event recorders and the centra'l computer.

Data are passed from the Cassette Data Management Subsystem to

the renlajnder of ISAS by means of a djsk data file calIed the cassette

fììe, the structure of whjch js shown jn Table 6.2. The file'is
j nr'ti aì'ly conf ì gured f or a gi ven max'imum number of cassette-recordì ng

statjons and a gìven maxjmum number of phases per statìon. The values

of these parameters are stored'in the file header and they determjne

the random record structure of the file. Records are 16 bytes jn

ìength and all data for a gìven event are stored in contiguous

records. As each cassette is read, data pertaìning to each event'in

turn are djrected to the appropriate records contajning the event by

virtue of the random fiIe structure" The data consist of the station

code, cassette jdent'ification characters, djrection of first motion,

event duration, event sequence number on tape, a set of phase arrjval

times and corresponding errors, and for the first stabion reporting

each event onìy, the base date and tjme (reìatjve to which the arrjval

times jn seconds are measured). Data entry is effected using the
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TABLE 6.2

ISAS CASSETTE FILE STRUCTURE

Two sets per record.
Number of records =
(phases per statì on)/Z

4-byte fì oatì ng
poì nt numeri c

Arrival time, error

SSSCCCF
1

*l
stn di recti on of

code lst moti on
cas
ID

ASCII string

4-byte floating
poi nt numerj c

Station code, cassetle ID,
di recti on of f i rst mot'ion

Event number on cassette
Durati on

PER STATION PER EVINT

YYYYMMDDHHmm

year day mi nute
month hour

2 characters

ASCII strìngBase date and t'ime

Unused

HEADER PER EVENT

(

(

stations per event) +
phases per stn)/tOO

3 characters

4-byte fì oatì ng
poìnt numerjc

lt

ll

ASCI I stri ng

Number of statj ons per
event, phases per station

N umber of events on f i I e
Number of free events
Initials of person who

reset fi I e

FILE HEADER

INTERNAL FILE FORMATDATA TYPEi NFORMAT i ON
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ENTER command, as djscussed jn the next sect.ion. The comp'lete command

set for subsystem CASET is presented jn Table 6.3.

The RESET command, shown in Fjgure 6.5, js used injtjalìy to

confjgure the cassette file jn the manner djscussed above, and

subsequentìy if it js des'ired to change the confjguratìon. The latter

necessariìy destroys any data stored 'in the f i'le, and i s norma'l ly

carried out onìy after all data have been processed. A passurord is

requì red i n order to execute the command.

DISP and FILE dispìay data for a selected event and for all

events 'i n the cassette f i ì e, respectì veì y. The f ormat used 'i n each

case'is the same and js shown in Fjgure 6.5 for the DISP command.

Events are referenced'in the cassette file by number, in order of

their posìtion jn the file. The cassette fjle event number js also

used to access cassette fjle data jn subsystems LOCAL and MICRO (see

I ater).

hlhen all cassette data for a gìven event have been assembled and

passed to one of the analysis subsystems, the cassette fììe space

occupied by the clata can be freed for use with a new event. Command

FREE internally writes a null strjng as the header of the event, which

allows ENTER to reclaim the fi'le space for a new event (and causes

FiLE to omit the event'in its 'listìng). The cassette fjle header

(Table 6.2) maintains a count of the current number of events stored

jn the cassette lìle and the number of these which are currently

free. The FREE command updates thi s status. The fi I e parameter and

status jnformatjon stored jn the cassette file header can be djsplayed

using the PARAM command. If the actual fr'le numbers of the currently

free events are required (for use jn the ENTER command, for exampìe),

the EVENTS command can be executed, whi ch reads the header record of

each event'in the cassette fjle jn turn and prìnts the sequence number
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TABLE 6.3

COMMANDS IN SUBSYSTIM CASET

Dispìay commands and the'ir actjons.

Enter data from a cassette into cassette file.
Dìsplay cassette fiìe parameters and current status

Reset cassette fi I e.

Dìsplay data for one event jn cassette file.
Di spì ay entj re cassette f i l e.

Free an event 'in cassette file.
Dispìay numbers of free events in cassette file.
Adjust arrjval times for an event jn cassette fjle.
Transfer to Network Data Management Subsystem.

Transfer to Local Earthquake Subsystem.

Transf er to M'icroearthquake Subsystem.

Transfer to Earthquake Statist'ics Subsystem.

Log-off from system.

HELP

ENTER

PARAM

RESIT

DISP

FILE

FR EE

IVENTS

ADJ UST

NETt^lK

LOCAL

MI CRO

STATS

LOGOFF

ACT I ONCOMMAND
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of the event jf it encounters the null string ìndicating a free event.

The manner of use of commands FREE, PARAM and EVENTS can be seen

'in F'igure 6.6. The central conunand in the subsystem, ENTER, is

d'iscussed below, after whjch brief mention js made of the remaìnÍng

command, ADJUST.

6.6 ENTER

The transjtion from cassette tape to s¡:ecifjc data jn the

cassette file takes place in the ENTTR command via an jntermedjate

di sk data fì I e capabl e of hol dj ng one compl ete d'i gì tì zed event. The

f j I e is written sequent'i al ìy bl ock f or b'lock as the correspondì ng

cassette data b'locks are read; and j s then accessed randoml.y ìn order

to dispìay on the graphics screen sections of the waveform for

i nteract'ive phase se'lect'ion usì ng a ì ì ght pen. 0nce the data are i n

standard 32-bit floating point format on a standard dìsk fiìe,

ordìnary ìanguage commands can be issued to process them. However,

beìng a non-standard dev'ice, the cassette reader requires a

custom-desìgned hardware interface to the Nova and a specia'lly written

device drjver incorporated jnto the operating system, in order to

convert the 9-bìt ìnteger data on tape to 32-bit floatjng point

format, and to write jt to djsk.

The Dì gì deck PI71l^l CM0S wr j te-only cassette un j t was used i n the

event recorders primari'ly because an interface to the Nova for the

compatìble PI70 read/wrjte unjt had already been desìgned by the

Mawson Instjtute for Antarctic Research of the Universìty

(Brìmbìe, 1975). A unit based on thejr desìgrr was built for the

system. The cassette reader dev'ice driver was designed by the author

and written jn assemb'ly language. It makes an entry in the operating

system dev'ice ìnterrupt vector table and subsequent'ly starts and
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FIGURE 6.6

THE USE OF COMMANDS FREE, PARAM AND EVENTS IN SUBSYSTEM CASIT

co
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serv'ices the devìce at the ìnterrupt level , fillìng an internaj

one-block buffer and processing ìt at the program level'in order to

check parìty and float the data. When the buffer is full at the

ìnterrupt level, tape motion js halted, and when fuìly processed, the

operating system is cal'led upon to transfer the block to disk. Thjs

is then repeated for subsequent blocks. The block header byte of the

fìrst block contains the number of blocks comprìsing the event (see

sectjon 6.3). If a parity error is detected'in this byte, the header

byte of the second block is used to establish the block count. If
this is also faulty, readìng terminates at the end of the second block

and an error code is returned. Block header bytes are removed from

the data prìor to writjng to disk. Parity errors in any of the 128

data bytes in a block result jn the out-of-range value 200 (decima'l)

beìng substjtuted for the datum. Thjs js used to trigger remedial

action jn ISAS, depending on the cjrcumstances (see 'later).

The structure of the disk data file 'is shown in Table 6.4 and

corresponds directly to the orderin whjch the data were recorded on

the orìgìnal cassette by the event recorder. ISAS, ìn reading the

fiìe, i nternal 1y adjusts for the offsets shown, and al so calcul ates

the event duration from the low and high order portions of the

recorded durati on counter.

Fìgure 6.7 shows a simp'ljfied flowchart for the ENTER command.

The command is intended to process all events in turn on a g'iven event

recorder cassette, and commences by requesting the statjon code and

cassette 'ident'if ì cat j on. If requi red, cl ock drif t j n the event

recorder can be taken 'into account. Thjs involves entering the day

number and hour correspondìng to the time of the orìginaì

synchronizatjon and the subsequent drift measurement, and the number

of 1/50 s increments to be added to the event recorder clock at the
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TABLE 6.4

STRUCTURE OF THT TEMPORARY DISK FILE CREATED

WHEN AN EVENT IS READ FROM CASSETTE

Note: Trìgger t'ime corresponds to the 256th datum from the
commencement of the data portìon of the fjle.

time of the drift measurement in order to read the correct time.

(The last value can be easiìy determ'ined in the fjeld using the clock

error status readout of Table 6.1. ) Assumjng a unìf orm drif t rate,

the drift per hour is internalìy determjned and appl-ied jnvjsjbly to

al'l subsequent event arri val t'imes. The requi red event on the

cassette (usualìy the next) is read into the temporary disk fjle as

d j scussed prevì ously. The tri gger date and time, amp'lif i er

attenuatìon, ROM identjficat'ion and event duratìon read from the file
(Table 6.4) are printed, the first computed using an'internal calendar

f rom the day nurnber and prevì ous'ly suppì j ed date correspondi ng to day

zero.

IrData at 1/50 s intervals

If L<0 then L<-L+256
Duration (ìn s) =
( 256*H+L ) /50

ll
Event Duratìon, low order (L)
Event duration, high order (H)

Offset by -50
0ffset by -60
0ffset by -60
Offset by -24

4-byte fì oati ng
poì nt numeri c

I

il

1/50 s portion of trigger tìme
Second portìon of trigger time
Mjnute portion of trigger time
Hour port'ion of trigger time
Day of trì gger
Ampì if ì er attenuat'ion (i n dB)
ROM i dentif i cat'ion number

INTERNAL FILE FORMATDAÏA TYPEI NF ORMAT I ON
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te

FIGURE 6.7

ENTER COMMAND LOGIC.

The waveform of the complete event is d'isplayed on the system

tel evi s'ion mon'itolin a compressed f orm, as a means of di spl ayi ng up

to the maximum (14x128)-9 = L727 event data po'ints wjthin the 512

pi xel hori zontal resol ut j on of the graphi cs uni t. To ach'ive th'is

compression, the mean of every four samp'les 'is computed and pìotted.

A parity error jn one of the four samp'les (as jnd'icated by the

presence of the otherwise ìmpossible value 200) causes the remaining

three sampìes to be used; two parity errors causes the remaining two

to be used; and more than two errors results in a gap in the trace.

(In fact, present earìy jnd'ications are that parity errors are very

rare, ìn keepìng wìth the quoted Digideck error rate ment'ioned

earìier.)

Wj th the event di sp1 ayed for exami nati on, the se'i smol ogì st can

o

EXIT

tape?
events on this

More

Pl otter
copy of
event?

Plot compressed
wavefornr & add
axes & Iabels

Synrboì
= return to

trace?

Input direction
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decide whether to sk'ip the event or to proceed further. If the

latter, he/she can also elect onìy to dìsplay phase arrival times or

to addjtionalìy enter them jnto the cassete fi'le. [,Jhen cassette fjle
entry is requested, a cassette f i'le event number must be supplied. If
one or more prevìous cassettes have already been read for the event

(as ascerta'ined from the trìgger dates and tjmes), the cassette fjle
number supp'lied js that used wjth the previous cassettes; if not, a

current'ly free. cassette file number is suppììed. In the latter case,

the trìgger date and tjme js wrjtten jn the event header (Table 6.2)

as the event date and tjme; 'in the former, the trigger date and time

is compared wjth the base date and tjme on file. If the two differ by

more than three m'inutes, a diagnostìc is jssued and d'isp'lay-onìy mode

js forced; ìf not, arrìvaì tjmes (in seconds) are adjusted so as to be

correct relatjve to the file base date and t'ime. A message informing

of the nature of the adj ustment 'is prì nted.

The preceding steps, and those to foììow, are illustrated in
Figures 6.8,6.9 and 6.10, which show an event from an event recorder

cassette beìng processed usjng the ENIER command. In the case shown,

the arr j val t'imes are be ing entered 'into the cassette f i le and data

are the first entered for the partìcular event. An 'informatjve

message appears as stated above, after whjch a command menu js drawn

on the te'l evi si on screen ( Fì gure 6.9) . Further processì ng ì s di rected

from the screen using the ììght pen as follows:

1. If the pen ìs pointed at the 'Fu'll' command, the full
(compressed) trace as shown in Figure 6.9(a) is returned to the

screen. (As stated in Chapter 2, the graphics un'it can operate

with two'independent pages. In thl's instance, the fuìl trace'is

kept permanently on the second page f or jmmed'iate return w'ithout

need for regenerati on. )
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(a) Full trace (compressed by a factor of four).

(b) Port'ion of the trace at full resolution, with cursor indicatìng a

phase i dent'if j cati on .

FIGURE 6.9
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EXAMPLES OF GRAPHICS DISPLAY OUTPUT CORRTSPONDING TO THE EVENT OF FIGURE 6.8.
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FI GURE 6. 1O

PLOTTER HARDCOPY 0F THE EVENT SHOWN IN FIGURES 6.8 AND 6.9. (Numbered
markers indicate phase 'identifications. Inset shows the same event
recorded conventi onal ìy. )
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2. If the pen ì s po'i nted at one of the numbered or bl ank boxes j n

the command menu, a port j on of the wavef orrn i s di sp'layed at f ul I

resol utj on, ì n whi ch one hori zontal pi xel dì spl acement

corresponds to one sampìe interval on the originaì tape. (parìty

errors in this case always result in a gap jn the trace.) The

portions displayed for boxes labelled 1 to 4 are'indjcated along

the bottom of the full trace jn Fjgure 6.9(a). l-he blank boxes

generate the last half of the prevìous-numbered portion of the

waveform and the first half of the next. An example'is shown jn

Fìgure 6.9(b) (i n which the vertjcal cursor was generated

subsequentìy, as 1n 3 below). A nu¡nber jn the bottom left-hand

corner of the screen 'ident jf ies the port'ion of the trace Ci spl ayed.

3. If the pen ìs pointed at a phase dìsplayed at fuìì resolution, a

vertical cursor js drawn through the poìnt on the screen

(Figure 6.9(b)) and the arrival t.ime of the phase (possjbly

corrected for clock drift) js jnternalìy caìculated.

4. If the pen ì s poi nted at the 'De'l ' command, the cursoris erased

and the arri val t'ime cancel I ed.

5. If the pen is pointed at the'Conf'command, jt js assumed that

the cursolis posì t'ioned correctly and the sei smol ogi st wj shes to

confirm the phase for arrival tjme djsplay and (jf applicabìe)

entry 'into the cassette fjle. The arrival tjme is prìnted as

shown in Fl'gure 6"8, after whjch an error estimate is requested

from the seismolog'ist, who repìies wjth a tl'me in seconds as irr

the REVISE comnrand of subsystem LOCAL (Chapter 3).

The above are executed repeatedly unti'l ,

6. If the pen ìs poìnted at the 'End' command, the'interact'ive phase

selection portion of the command is concluded and execut'ion

passes to the entry of the directìon of first motjon.
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The eff ect of one of the possi b'le rep'lì es to the dì rect'ion of

f irst mot'ion request 'is to re-enter I ight pen ìnput mode. This repìy

js jssued if the d'irect'ion was not previousìy noted. 0therwise an

approprìate code is entered, as in command FIRST of subsystem LOCAL

(Chapter 3). Execut'ion then passes to the final phase, in whìch the

compressed trace may be drawn on the system pìotter, as in

Fì gure 6.10. The scal e aì ong the base of such a pì ot 'ind j cates time 'in

seconds relative to the orìgìn time dispìayed along the sjde of the

pìot. The phases iCentified durìng the executjon of the command are

labelled along the top of the pìot, wìth numbers correspondìng to

those jn the arrival times table (Figure 6.8).

Because the trìgger date and tjme of the fjrst station is used to

establish the base date and tjme of an event, it js possìble, if that

stat'ion is disproport'ionately close to or d'istant from the earthquake,

f or the resu'ltì ng base date and t'ime to have an 'inconven'ient val ue f or

the rema.inder of the stati ons . Under these c'ircumstances, al I arr j val

times for the event jn the cassette fi'le may be adjusted us'ing the

ADJUST command ìn subsystem CASET, the manner of use of which is

j I'lustrated ì n F'i gure 6.5. The command can al so be used to compensate

for a parity error in the event header on tape (whìch results jn zero

beìng substjtuted jn the fjle in place of the value) if the correct

val ue can be i nferred.

As a result of the procedures djscussed in this section,

hard-copy seìsmograms of events recorded on event recorder cassettes

may be obtained and phase arrjval times filed in a form able to be

used djrectìy by other subsysterns ìn ISAS. The latter aspect ìs

di scussed 'in the next secti on.
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6.7 Cassette Data Processjnq in Subsystems LOCAL and MICRO

The handlìng of cassette fjle data by the ISAS subsystems is

ìargely automatic. Fìgure 6.11 shows the manner in which a

provìsional solution proceeds when some data derive from the cassette

file and the remajnder from conventional seìsmograms. Subsequent to

supp'lyìng the cassette file event number, the first two phases in the

f ile for each cassette stat'ion are automat'icaì ìy used for the

determjnation of the provis'ional solutjon. It ìs assumed, therefore,

that during the ENTER command the fjrst P and S arrivals are entered

as phases 1 and 2. The base date and time'is also read from the file,
and communicated to the sejsmologìst for verjfication and io indicate

that phase arrival tjmes to be entered for conventional stat'ions must

be relative to the same base. At the conclus'ion of the calculation,

when the sejsmologìst has the option of repeating the location with

djfferent arrival t'imes, alternative cassette fiìe phases may be

indicated by entering theìr phase numbers (preceded by a # symbol to

distingu'ish them from arrival tìmes). If a temporary fjle is

generated at the conclusion of the conrmand, duratìon and direction of

first motion data from the cassette file are also entered into the

temporary fì'le together with the information used 'in PROV.

REVISE in Subsystem LOCAL operates 'in a similar ntanner, as shown

r'n F'igure 6.I2 for the same earthquake as in Fjgure 6.11. Foììowing

the dìspìay of phase arrival t'imes, phases from the cassette file can

be assjgned by entering their phase numbers preceded by # symboìs. It
js not necessary to enter the associated error estimates sjnce these

are already known from the cassette fl'le.

The duratìon magnitude command and directjon of first mot.ion

command, shown in Fjgure 6.13 for the same earthquake as previously,

further illustrate the automatic nature of cassette data treatment.
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The durations and fjrst motions, normalìy requested for conventional

stations, have already been read from the cassette file for the evenb

recordj ng statì ons and are j nstead d'ispl ayed and auto¡rat'ical ìy used as

ìf just entered. (MN magnìtude has not been imp'lemented for the event

recorders . )

Subsystem MiCRO is jnvolved with event recorder data processing

in conmand SgLVE. lhe treatment is entjrely consistent with that in

subsystem LOCAL, and can be seen ì n Fì gure 6.14 'in whi ch data aga'in

derive partìa'lìy fronl the cassette file and partìaììy by keyboard

entry from seismograms. Subsequent to specifying the cassette file

evenI number, the fjrst two phase arrival times, the durations, and

the d'irecti ons of f j rst mot j on f or each event recordi ng stat'ion ar e

read from the cassette fjle ancl automatically used jn the solution.

Se.ismogram data can then be entered relative to the cassette file base

date and time, which is printed for ve¡ification and reference'

Alternatjve cassette fiìe phases can be subst'ituted followjng the

calculatjon by specifying thejr phase numbers preceded by # syrboìs'

In each of the above cases, ìf cassette data only were specifìed,

the commands would contract by omittìng aìì requests for seismogram

data. The iniernal command'logìc of PR0V, REVISE and S0LVE can be

seen jn the flowcharts of Figures 3.4, 3.6 and 4.9 respectjvely, and

the se'ismoìogicaì aspects of alI commands shown ìn thìs sectjon are

discussed 'in the approprìate sectjons of chapters 3 and 4.

6. B Future Di rect'ions

Gjven the present rate of advance of semiconductor technology,

the l ong-term possì bi l i t,i eS f or tl¡e event recorders cannot be

predìcted. However, Some short-term goals and improvernents can be

foreseen. For exampl e, the avai I abr'l i ty of monol i thi c CMOS 16-channel
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analogue to dig'itaì converters since the South Australjan desìgn was

comp'leted means that jn future models a wider range of analogue ìnputs

cou'ld be provìded: temperature could be sensed and the data used to

provìde more accurate crystal compensatìon; battery voìtage could be

checked and an orderly shutdown performed (ìncluding the transfer of a

status report to non-vol ati ì e rnagnetì c tape) ìf the vo'ltage f eì ì bel ow

a minimum; and a thnee-component or telemetered central recorder could

be des'i gned usi ng muì ti pì e sei smi c i nput channel s. 0ther hardware

ìmprovements consist of the repìacement of LED dìsplays wìth liquid

crystals, the jncorporatjon of solar cells and dual cassette units for

ìonger runn'ing times, and perhaps eventually the repìacement of

cassettes wi th bubbl e-memory devi ces, aì though thi s wouì d requì re

substantial mod'ifications to the Nova as well as the event recorders

and is also likely to lre fjnancìaììy unreal'istic for some time.

Prìncìpa'l software modjficat'ions, apart from those necess'itated

by hardware changes, jnclude the deveìopment of Versiort 2 of SEROS, to

be orjentated towards use jn permanent stat'ions, which are servjced

daiìy. Under these condjtions, tape economies are less important and

event codas can be recorded. Th'is would then prompt the developrnent

of spectral anaìysìs and digìtaì filterìng routines for ISAS (e.9., as

in Sun and Shaub, 1978). It may also be desirable to remove the

telesejsm reject'ion measures jn Version ?. The version of SER0S in

use with a partjcular cassette ìs accessjble to the ENTER command (and

future sìgnaì proccssìng cornrnands) in ISAS v'ia the R0M ident'ifjcation

status read from tape. This can internaì1y swìtch the rout'ine into

any spec'iaì processì ng rnodes ìf requi red. Another sof tware

ntotlifjcabjon 'is ùhe recordjng on tape of system caljbration data.

This could be extended, wÍth acjditjonal hardware, to the automatic

recordjng oF a system caljbration puìse at programmed intervals. Such
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a pulse could be processed by ISAS (e.9., as jn Mjtchell and

Landisman,1969, or Berg and Chesley, 1976) to elicit the system

characteri sti cs.

Several other addr'tjons to ISAS have aìready been djscussed in

Chapter 3: 'incorporatjon of fault pìane and compos'ite fau'lt p'lane

soìutions, investìgat'ion of spacial-domajn (and other) revision

a'lgorithms, and incorporatjon of multj-layered models (especiaììy the

composite model of Shackleford, 1978). An entìreìy new Regional

Earthquake Subsystem (REGNL) is aìso pìanned for ISAS, drawjng upon

work commenced j n South Austral'ia by l,lh j te (1967 ) and subsequentìy

extended by Kamprod (1970). Provjsjon aìready exists jn the ISAS

event archìve fi'le structure (see Table 3.4) for events from subsystem

REGNL to be combined with those from LOCAL and MICRO; and subsystem

STATS was wrjtten towards the eventual incorporatjon of regionaì

events. Finaììy, the facility ment'ioned in Chapter 1 io transfer data

between the Data General Nova and the main Unjversjty Control Data

Cyber 173 (and thence via magnetic tape between the Cyber and other

computers) has onìy become avajlable as of February 1981. To use the

faciìity, a transfer rout'ine will have to be incorporated into ISAS ìn

order to assemble the data requìred to be transferred, and reformat it

to a suitab'le form for the transfer. The poss'ibjl jties which will be

opened up by thjs transfer mechanism wil'l no doubt be endless.
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