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Fecha

Julio 8

Julio 10

Julio 10
it 15

Julio 13

Julio 17

julio 22 y 24

'edcs.

Tema Hora

Qrigen de los temblores, Instrumentos para 17 a 20 h
registrar temblores. Magnitd e intensidad. Sis
micidad de la tierra. Predicci6n de TembloresT ~
Propagacidn de ondas en un medio seminfinito E\? 17 2 18:30 h
en uno estratificado.
Efectos sismicos en suelos granularés . 18:3C¢ a 20 h

4] 1 4] r r kl l? ﬂ 13:30 h
Influencia de las condiciones locales, Tipos
de temblores. 18:30 a 20 h
Nociones de teorfa de probabilidades. El pro- 17a20h
ceso estocistico de Poisson. Relaciones entre
magnitud, intensidad y distancia focal, Propie-
dades estadisticas de los temblores.
Sismicidad local y regional Regionalizacidn sis 17a20h
mica. Sismicidad de la Repliblica Mexicana, Mi- cAfla
croregionalizacién sismica. Elahoracion de es-
pectros de disefio.
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EVALUACION

SU EVALUACION SINCERA NOS
AYUDARA A MEJORAR LOS
PROGRAMAS POSTERIQRES QUE
DISENAREMOS PARA USTED.
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Influencia de las condiciones locales.
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EVALUACION DEL CURSO

CONCEPTO

k. % APLICACION INMEDIATA DE LOS CONCEPTOS EXPUESTOS

EVALUACIYON

2.

|

CLLARIDAD CON QUE SE EXPUSIERON LOS TEMAS

|

3, | GRADO DE ACTUALIZACION LOGRADO CON EL CURSO
4, | CUMPLIMIENTO DE LOS OBJETIVOS DEL CURSO
5. | CONTINUIDAD EN LOS TEMAS DEL CURSO

7.

E.F CALIDAD DE LAS NOTAS ODEL CURSO

GRADO DE MOTIVACION LOGRADO EN EL CURSO

ESCALA DE EVALUACION DE ! A 10
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1. Qué le pareci6 el ambiente en la Divisién de Educaci6n Contimua?

| MIY AGRADABLE I AGRADABLE ‘ DESAGRADARLE
|

\ 1

2. Medio de comunicacidn por el que se enterf del curso:

PERIODICO EXCELSIOR PERIODICO NOVEDADES
ANGNCIO TITULADO DI ANUNCIO TITULADO DI ECLLETO DEI, CURSO
VISION DE EDUCACION VISION DE EDUCACION
CONTIMUIA CONTINGA
CARTEL MENSUAL RADIO UNIVERS ITAD COMUNICACION CARTA,
TELERONO, VERBAL,
ETC.
REVISTAS TECNI@.S FOLLETO AMUAL | CARTELERA UNAM “LOS GACETA
UNIVERSITARIOS HOY" NAM

3. Medio de transporte utilizado para venir al Palacio de Mineria:

AUTOMOVIL METRO OTRO MEDIO
PARTIQULAR

\

4. ;Qué cambios haria usted en el programa para tratar de perfeccionar e
curso? N

5. iRecomendaria el curse a otras personas?

s NO







6. iQué amrsos le pustaria que ofreciera la Divisién de Educacién Continua?

7. La coordinacitn académice fue:

;

EXCELENTE . BUENA REQULAR

8. Si estf interesado en tomar algln curso intensivo ;Cufl es el horario
mis conveniente para usted?

[LUNES A VIERNES | LUNES A "IINFS, MIER(OLES | MARTES Y JUEVES .
DE9A13H. Y | VIERNES DE | Y VIERNES DE DE 18 A 21 H.

DE 14 A 18 H. 17A21H | 18A21H,

(CON COMIDAS)

l

VIERNES DE 17 A 21 H.| VIERNES DE 17 A 2 OTRO
AT

SABADOS DE 9 A 14 H. | SABADOS DE 9
' DE 14 a 18 H,

1 H.
Y

8. iQué servicios adicionales desearfa que tuviese la Divisidn de Educacisn
Contirua, para los asistentes?

10, Otras sugerencias:







centro de educacion continua

divieidén de estudioa de posgrado

facultad de ingenierfa unam

VI CURSO INTERNACIONAL DE INGENIERIA SISMICA

SISHOLOGIA Y SISHICIDAD

EARTHOUAKES

5. KRISHMA STNOH

JULIO, 1980

Palacle de Minerlo Collse de Tacuba 5 primer ple México 1, D. F Tal: 5?1-1?-20
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BREAKUP OF PANGAEA

1the n‘ing]c land mass thar s helieved 1o bave gi\'ﬂn

Flse 1o the DrEsEnt continents. ls outlhine has now bheen T;Iui_ic{l

and s Tarither t“SI"[I[}i.iGI] has heen |:-|'ujm:1|:tl into the {uiare

FE Ve Distory ol st s eprlete

j wills Gubrapomes by pesilses, '|'|u':lr'

- are moslly forzetien, as lust they
shauld b, hug Tresn lime W o one of
thiem taens gut L D Ireee, So0il was with
the comcept that the ewth s o splero
spiavning? b spraee, soppaon e by athing
b oall, ™o 11 alsg seenas W e witly the
theoery of coatiental etlt, wlicle i i
extrenne form holds et 2l e conti-
nenls were gace joincd i a amphe geal
land muass. Napnsd aingeea, Lhis uni-
versal continent was someluny disrupl-
e, its fr.ugnwnh—'lu' coalinents of
|I'J1.l|i.|.:rr—L'p"'|'l!|JIl|...|H}' rifted 1o their paress
il Jovaliong,

Chver W prast Aloe vasees geologists
aud geoplivsicishs have Taon Tarved 1
aliulan the old dugna Gt ihe crost
of the carll js crvsentinlly lived und to
accepl the pew loresy thay il is 1juile
wiodiile, The tdinn et dnlinents wan
Jeift Daomisinds ol lemeters v Tow
homereel millivn yeans i oo geoerally
aevephsd, Goology theseure Tenls dwell
i wngh the s puesilion lat asliou-
omy wis o Bt of Oopeinicns
and ATallew, Teatuehs e heing s
writben W vl o the mew anubiglistic
viesvpaint,

Altlwwmigh e theury o Gmtietul
dvift Las trinmplocd, maese of it daslails
pesLien deer Lape, Addvocates of Jeidn mee
L—Im”cngﬂl ftr ny eninethy Tuwwe thay g
end conlinents bl Wigmalus o Tonn
Panparea, or allenmdmvely by oot
the Lwa later suprevutinents Lourasla
and Condwigi, which snne theorists
peeler wou single ;L|]-—EIII|J|';|.t'ing Ll
s, Tho i )il ol e
Cralh Tands™) wae praspuese b U 105
!J_'r' Allred Wontener, Most albanpls o
iprave on liy ecanstmction have lieen
1ather groerabisad shotelus l]ll.'.lwl'tlg
how the cuntinens mirht Jaye been
oined. & Teve wurhens v niande jigsaw

by Robert 3. Ldetr amd Jobn OO Toliden

fivs with cunsideralite care ot witlioat
taking advanlage ol the latesl coneepls
in peotectonivs. Reventdy British dao-
rists have presented detailed reconstrne
tions showing how land masses were
juatapised before the opening, of either
the Athwlic or the Toding Qeean, Tl
Oetr solulions sl oy the elative
mwolions oF e ey invelved,

Ln this arlicle we prosent 3 recanstrug-
Lion of Pangacs in wlich the conlinends
are paembled with cartographic pre-
cision, Far the first time Pangaen is po-
sitioneed o 1T glodee e wlisolute courdi-
nales, CCCRITTR
panied Ly Aove naps 1l slow e
[reukup wndd subsegent dispersion of
the vontinents Ly the e ol the four
imajor geelugie perkads conerng the past
150 million yrars; the Trinssic, the Ju-
rassic, the Cretaceous and the Cenmoic.

This reconsbioctionn iy

IrI‘-]\m‘z guitting rutionale for owre eecen-
b ogtruelion is tha el meclnism as
goviate wille Pl Lectdes andd seas
Haor SPrendlillg [.'n':' iMfrasdrertfian om pige
4 ]. Accorting w this voncent the earth
has a strong Mlanphens, or outer shell
uf rock, abeanl R Ll ters thick, Pre-
sumally i ven o T forees generaiel
in Lhe ;lp.;{'lu'll.mlmlu-u', e weak wpper
meentbe of vock vialorhrmg e ik
sphure, the sbiedl wos Trokes ap dute
pamlaer Of separate plitess There ane
now soane 1 imogor (e, s e -
pus additional suliplates. The: vonlients
resting om these plates were ralted agrns
the surfuce oF the plole.

The mecliunizg of Mate mrvement is
nat yut chear, T |1|.|h~.l. GIERY P8 llllhl]l!l.l,,
carticed Dy convectinn eells i the puaies
Uo, drives Ly pravidationd Tenees or
Pu'llq:d, We n er ans el Tased |'II|II]-
inm we sinpeve ial plates ate oolder
atnl heaviee al aves banat Ly Than v-he-
where wad ey dine diwn inte the

el ol wlonp "salaductbo” zones,
These zones wswally show themselves ay
deep trenches, whivh we dispusal prin-
cipally aromnd e periphery of the Pa-
ctfie, As a resull o tear, or ofl, widens
wlonge  the oppuasile Towndary of the
[late this rile is Blei Ty wosolid flow of
visvons aoantle ek wl Ly dikog ol
malien twletitic Do (a0 il cresiiated
partial melt of tha nantle), Because the
mantle ek and ity Dgsallie dervative
ere both heavier o ¢he !_'.l:lllilﬂil] rock
of Lhe conlinents l.!w:.r awunzne at ewrl
whout four kikupelers belw sea Bevel
Comsegpuently sl a0 pulledaparl re-
cion always becones new veean lpor,
As bwo adjucent plales continae e il
apart, hasaltic dikes colinne ke pour
inlo the spboceude pifl, wlich retgains
midway belween e two plates. This
highly symmetsival process, which eie-
ates new ocedn hasing v continaously
repaves old occan lhaes, s Lerietet] sei=
[[FEST 5Fru;|djng. The rinle of spreading,
e Tremn e pab e il 1o 0f-
{her I)]u[e. s T e condimeley [er
yoar (10 kilometers per wnllivn voars) 1o
several limes Uil figun}, Tz is 1e9mank-
ably wapid by pgeokagival slaakuds,
h-eing mhty lirtes [inlesr €lihin msonin oo
ure glevated Ly tevtuaim or levelad by
erovign, For example, e Noethe dper-
ivin plate 5 wwing westaand
lengrth al one's oo ly iy liletme,

Tl diseovery ol o wid-ocean eidge
syslem same AUIDG Lidonweters long,
winﬂi_ng through Wl the poean [T
was an i por sl l}n*ludc e the sea-
flacespreading Lyputlesis. It was soum
recogrniced el the vidge Tras Vissxcn, oo
akial deprossin, il whivch dikes ol
Basalt wre continiisly baemg dnjra bal,
This Tinvcar degy cssion i e ridge mad 5
the location of tho silt, Tl e “aid -
vosn,™ althogth upqeopiste Tor the

+

parl of the ridge syatem wo the Atkanlic



SLMLCONTINES T (H TN A, wrigfnally uttached vo wlion fu now THenare, Fahen ol ail wltltude of 650 kilpmstors from Cerang XK in
Antarctica, mimle thie foogest wigragion of ol te dritting land meptenleer, 1960, ebowy all of the subeuntinent, The Himuleyun
TP H a|||_rruljnul.l‘f'_r yoEh kidueierecs i 200 miillion yeprs, Thia e titane, LW Lilouetery, awuy, are jual visibla oo the horizan,
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THEGRY UF LYY FFCTON IS ey iiles a merhanism lar eun-
tinentn b et The pasesss begioe 11 when 2 spresding rill Jeyrl
upn wnider a untiend toider! thal is resting b 3 sivgle prustal
plare, Aelten basli Irgm ihe salienoegliers ~pilts oat. The prrund
abtii i e respig e nnend Tor cvatanenggl drifn i the Torroagiun of

a vt ol mishichs Vv, or tresse by imte wlich orvamde orust wl the pew
woving plete a0 b pealied gl Coutizogeed® (25 As the few cen

tineut carrivil by plate A s rafied to the Teh, u bew orean Lacin i
rrcated hriween e 1w ligd nzasees, In e thin? atape 130 1he
roH ey o plage 7 enrvunters and avepritles the frepi b lar pome
hicdaiire 141 wnd evenivally ceverses, or Dips, ity diyedtian [rom
hr-l'\lillpillp (1T t-ts-t-dllppilll.. I;rr.ln-: the l"lll““ﬂl"“'l (1111 |r|ll! H i
lorre- acliitruriTy lized. the oidorean rill migrates we the Iefy, re-
meaiing i the eenier of the pew ovesn hasing whoor whiih i 15



el e i Ceean, v o mismoiner far
the ridge in the Pacifiec, The Atkatic and
e Towchiany Oevan arer ol ey, Jonned
where ontinenls wene e ipl'll aparf,
thezelore it s vatural for e ais of
spreading, markil by the ri[lgl_' syslem,
1w refsain in Lhe cender of these two
i, The Pucific, v the odler il

it gl gonifl oceang i iy clearly the un-’

cesteal geean, wil i s |;':-u:|||i||p‘ sunallgr
s e geckn asios pross, Aloongle e
Pawilic ulsu Bas o ridpe, ol s norle-
sirtttfe el 1o Ihe wasl ol e dneean's
CEhber.

T resabity 1he erustal imutions aae g
siderably mare comples tdun e ones
we have just cullingd. The 4 epches annd
rilts apparently migiate, uml the op-
wssing plates are aho subject 1 displace-
menls prodieced by inlenial shears. The
“megashmrs,' the Larpe rones ol slip-
papge along plate loduries, who seem
while Lo socomined.cie ivinor sowunts of
cruxtal extension or curhpression, Few
of he plates are “ideal™ in Lhe sense
ol lginy, vectilinear, ol having u rilt
mmalelied by an opposing trenel wd of
Inwjug hesa toio andithebicu] Sones oon-
neetid Ty a megushen, The Aularcle
plate, for example, has ne frenchoul all
Derha ps this anomaly is mathy explained
by the lacl that a sphere cannol be cov-
cred with rectangha,

We can visualize the ponlivents aa
being pssively rafied aver the surface
of the globe us embedled plateas of
sialic {granite-like) rock scsiing on he
even larger and threker crustal plares,
The continents huve penernlly main-
taiized thebr stze and shipo siee the
!:l{*ﬂku[} o Panguew, Vlwers Tave heen
st aceretions with the foration of
miolnin Belts, [me these huve Leen
mustly vontfined to the sjeles o coeli-
nenis facing e Pucilic, The sides of
cantinents lacing rft oceany (Lhe Atlan-
tic and the Indian Ocean) show litle
change; hence they can be fitteal topeth-
er almost as neatly as pieces of & {igsaw
puzzle.

ln contrast, the crustal plates con
change in size or shape either by the
addlition af, e vevan foor alang the
rilts or by e resorplion of oeowic
ceit in brenches, Thas it las lieen Qs
silsle Tar e North A rlea and Soutl
Aowrican plates R i tewnred the Pu.
vilic 1o grow Kuger ot fest amd then
mnnller gs lhe_'r' Plasis]l wver the Ercal
circle of the eurth aned now COnVerg:
loward the central Pacific, An even
moe torturd history s rellected in the
complex evolulion of the Caribbean
Sea tegion, caught as 3 “pore” belween
the North Awericany wid South Ameri-

MANTLE

NORTHWARE URIFT OF INIHA ecemplifire how Iac o Jand mas ran o curricd when
tectoric <onditions ale Taveralile, The plate carryiog the Indian lati? mmer in neatly o per-
leer rectangle, which wuy hived away fram Anlarcticn within the primitive undverul conli-
nent of Pangsca. The plaie thet ralted India theo migrated noribuard Tuswand gnd subduct-
el inte the Tethysn trench, which ran wnsowed near the Equator. The plate evidemly
glided Ireely xlong parsllel “megashean” on its cadiern mad weaern boundsries wilhout
snipracting with 1he ather crustal plates of the world. India Anally collidled with snd uader-
theit the southesat waren of Asin, rrepting te Himalayas, which are thus teo plaioe ibick.

i
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can plules, awd e Soatin Sed region,
similurly teapped Tetwreen e South
Aawrican s ddanetiva plates. As we
shall see, it Teant duwe case bwo plates
wvidently collsled, praluciug o mid-
vantinent muandain range: the Llima-
layas.

Iu making our 1econdtroclivn of Pan- -

gaea we selectal Tor fiting not the
present coastines of quntinents Lt the
vimlour lines where e comlinenlal
slope reaclhies a depth ul 1,000 fathons,
or alsrat 24800 woetes frew iflustration
Boefows ], This isolath sws selecled be-
citise Ui apposieetely Tallway down
the emntivental alogws il thug murks
racighly Dadt e leighe of 1l vortical
whatlls creuled wlwen Do conlinenls Brse
riftedd. Che thae wamnpiion it these
walls yulmeqquently slompwal to a condi-
tivn nl stuble repose, the 100 Tathem
isabath -::luu.'r}r delinrates the Yocation of
the aripginal lneuk,

\
«1\‘
S

I
UXRIVERS AL AN A AN PANGAYA way lave looked like this
T panilioen yaradn wgees Panthalasen wouw the anceatral Poeifie Lhoen,

The Tethy e Sea il wieeirad Mediverrgmean ) furmed & nege Ly
separating i gl Faeasiag The relative positions of 1100 it
ttemds, vseegd o Doalig ape Bpagedd oo Lied Tits oopale Tiy coanprnler,
Pl bern el 1o define ot inentol Twumlariss.

using 1w

1*ar fining e Lwwna mickiss al 11 Akug-
tie we have Folhawed, with s madifi-
cabian, the recoastruction oposed by
Sir Edward Nullard, ], E. Everstt s
A, G Smuth of the University al Caun-
hridge. Vor elosing the Tinlan Seean we
have wed the best-fit compater solutions
of Walter P. Sproll, a volleagne of ours
i the Marine Ceology misd Ceaphysics
Laboratery of the Eavimnmental S-
e Services Administration. 1T stwl-
ies provide precise fity  betwcen Aux-
tralia and Antarctica mad botween Ant-
aretica and Afeica. The tiree contine s
together conslitnie miusl ut o,
Preswmably Ibia was alse parl of 1he
Condwam conaflex, e wluse it weas
attiehetl metians nnehear,
the pattern of fruclire wones in the
ocean flour provides eence liet ngeful
dead-reckaning trucks shiowing how the
continaits drifted. Using sudh tracks,
we have placrl the west veast af India
againsl Antarctica rather lhan apzinst

Furtuntely

weslern Awsdralin, the i that & often
pewapessed.

Anclleer JifTienlt fil is presented by the
bdee of Africa sl the bBigh of North
Armerics. The areay of mismatch, par-
ticularly that caused Dy \he Florida-ia-
hamas platfarm, are sufficiently large
for one to reasonably argue that Af-
rica and North America were never
pined. Cn this anumption insead of
Pungiea one oltains 1we wnconneched
supereantioenly 2y antecedent buod
masses: Laurasia in the Worthero Tlemi-
sphere and Condwiu in 1lwe Southern,
This version ul the continental it -
oty las importaal adlvren s,

We novertheluss prcber e Pangica
recunsiructivn; inoour vivw the areas of
emisenateh cua Tssonably be regardes)
us merdiRcations that arase after Alnca
and Nurth Ametlea beg.un llntling apart,
We regard \he Florida-Buliumas plat-
Torm as a sedimentary ifilling of 3 sooall
ocean basin that appeanad when Alrca
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P garogtapeleic quabaea,
melern powgrephie relerence poimyg they vepraeent e Amilies
woe i the Weat Dl s and Seutia e inoile eatreng Somih Atletic,

EINUS
AUSTRAM 1R

PV |

When the couisenta are grranged o shown, the eelative Jurgibons
of the niagoee i poles in Peemisn fimes are dbeplacesd oo Qe prosd-
Fiana pnan hamd by cireles, [deslly thesa powitieone shonil closer wear

The latelied epeweends 2] ol 30 werse ue



amd North Ameriva sl began to pull
apart, Witkont thiv assuingstion the plat.
form gnaccoontubly overlaps o lirge
pusrtion of the hlge of Abrkcas Lace #ies.
tration on page 2],

a"'l.L‘l:.'UI‘:[inl_: v omer peeanstooction, Pan-
gaca wis i bl sass of iregulur out-
Mo streniancbed v e nniversil oeein
of Panhinbessa: e iocesteal Pavilic, Tha
Gl Letwern Noet Amerfea ond AT
provides the principal comection e
Ut Lhe Tulere Mook of e thern con-
Livwnn ks aned the futme group of seathern
unes. On the el the Tethys Sea, 2 large
t:i;mgul.:r |:u'ght. :.u'lur;lll:t] wrrasia Trom
Alrca; the present Mediternmean Sea
iv o remuant of the Tuthys. Chther mafar
i|u.|::l!I:|tl'ur|s_ in the nutlome of VLA
{adappting taminotegy trom e moon}
van b namod Sinus Borealis, the uopes-
tral Aretic Owvean, wad Sns Avstealis,
ssoulliern by off e Ty separating
boclion o Avostralin, €y Eu”:,r Vised
vecoslioction of the Cuonteal A icin

AFTEN 20 AILLION YEARS OF DIRIET, wr tha end of the Trius-
s yweriodd HI0 wilFeom yeacs HEY, the: nuriliern Frovaf el conlinents,
hipwn an Lonbrwsiag s oplit wwuy Eram e suuthern group, kauwn
wy Cundwana, The lotter hoe cburted to breph wie India bas been sel
free Ly @ Yadiapedd ikt dheaey Line in eolord, which s s began
o ieclane e Africn sandle Americs Ll oomep Trom Andwrctive-

region is problematical. Au aliemaie
possibility is that the Coll of Meaiow is
the remuant of an oceanne wm extend-
ing into the Americus from Panthalossa—
@ Sinus Docidentalis.

When meastured down ta tho 1 G0
Maoer isohatly, the fatal wea ol s
vt e 200000 gquane Ll lers, ar

“ percent of the eartli's s lgeeenual

Ly Lhe area of the preseat constioends
mieasnred to the samue fwbatl, When
the future continents wure s1if part of
Pangaea, they were geoerally o the
struth and cast af heir present location,
sa Lhal the amgunt of Lk in the two
hemispheres was almot equally bal-
anced. (Today twio-thinds of all the land
lies north of the Equator,] The Y-ahaped
functivn connecting,  North America,
South America and Africe was Tocaled
in the Scuth Addantic not Lae Trenn e
preseil pusition of Ascorsion Lslinad. |
Beew York lind Leen i esistenee al e

. linee, it wouldd have besn onlie Erpualur

- - ——

and at longitude 10 degrees cast (ratlier
than 74 diegrees west). Spain would also
luve been on the Equalor, Lt il would
have been near its present '|Dllgitude.
Japan would have been i the Arctic,
well north of its pasition taday, Tnelia
and Austrabia woul] have bordere] the
Antarctic, far g the soutls ob wlwre ﬂm:,r
Are oW,

The great event tat Leoke upp Pan-
guea and set ils fragments adrift evi-
dently began no mare tlan 2000 million
years ago, or in the last few prercent of
geologic Lime. There may have heen—
ikdeed, there probably was~"predrill
deift” that assembled Yangaea from two
ar mare smiller land muasser, The ovi-
dence is shll scanty, however, and does
nat Lear directly on this discussénn,

\\;ﬂ: take the bnowdicte pelude Lo

e Treeaku)y of Vangaen to T the
first large outpourdnys of Dosallic ek
along the continental murgins Eming -

1
1

B

Awatrufia. Tl "T'etlyun trench (haiched lines in felwek ), w pame uf
ceustul wplake, Pung Trom Gibeelier to the geaeral area ol Tharnes.
1$lieek limew ol Dlaek arrews denote eeeguluents, zunes uf slippoge
alumg |||u|1' Lwsnclaries, T'he while prrows itedivpie the ¥ceetur mo-
Lot of the reitinemts witnee drift Legan, Orepnie areus tinted
M1 vuler frepreernl Bew ocean Hoor crealedd Ly sea-lluor spremling.



tarllisd el v riftinge, T "Drinssic New-
ark series of iosaltie Bos alung the easl
caast of the U4, s a vowd cxump]e.
Aleasurements of qucHoaactivity indicale
hat the most awciend of Qiese rocks are
abmut MO0 iillie awurs ald, yielding a
thile that comwiddes with the middle of
tser Triassip perial. Ay we inlerpret Lhe

evidenes, oo evesive rifts were ini-.

thateed i Pangaea wlamt 200 million
years apis, sklincle wesolled o the open-
fng of the Arbotic s the Todian
Checan Ly the ondd ad gl Trinssic period
St mallivsi yusnns azor [ see iffstratfon
preewceatogs prege | The nomthern rile sl
Pomgiea Eronn ot s west alongs o fing
alighitly 1o e poathe of the Fiyuator and
crealed  Lawrasia, congamed of North
America e Vrosea, Thy Laurasian
Rad s esvidently putated dosckwise
as a wingle plate wemd a e ol rota-
lion thal # pw in Spain, vieating a
western " Madilenancan™ that wltimale-
Iy became st of e Golf ol Mexieg
and the Canllwan Sea. The southern
rift split Seuth Ameerica ad Alrica as a

AFTER 65 MULLION YEAIS OF VTFE, ar the emd of the Juria.
siv il LUV ol hon yeorw wee, the Morele Alandic 2l tbe Bralian
Chocan hasve opeemoed cemsdderulily, Tlhe Lirth ol pbe Sl ibentie
I Ieevem indtiatenl By worif Tl roatiom sl e Epeian Bod ngae
L Doeurnn 1w vhowe 1he castern end ol the Tty e S, Pl linlion

g

gingle Bl soviss away D the semaine-
der of Gun{lwml:'l, cansishiang of Autane-
tici, Avsdrdin uedd Toalia, Soun alterward
il wot simnlananly) el way sev-
cred from Autardtica by a smaller nfl la
hegin its rapid drlu o lneand.

During e Jurtsaic (werisl, Trom 150
o 135 millign years apn, the dination of
thrift estalilisheal by the Vriasoe nfts
continel, farther opening up the At-
Lintic ol e Dpaliig Crcean foee s
tradirn Ledmie] v Noclhe Aericn dritl-
ed b e et b et e A kacic T
more Uiy TAXH kelsneters weole und
protalsly rovntioed Julty cooecied 1o
e Pacifie, The easl vooat o e present
LS. roer alaostoeast and west ad a lati-
Lnele of sl 25 deprees v, so 11lad
coral reeds were abilie o gl along
the edyre of e Atlietic contivental shell
10 the present Cind Haoks, ofl Nova

During the A5-wutbi-year  Jurassie
period the Adantic Alt estended vorth-

. wand, Blocking val the Lalsmador coast-

line and posithly uitiating e opening

up of e Labridor Sea Belween Nacth
Areriew and Creenlaml, e interaction’
Lelween the Afvican and Eorasian plates
fureed the region ol Spain to ratate
vonnlerchickwise 35 deprees, apaening
up the Yav of Bircay. The Tethys Sea,
lererunner of the Meditermanean, oon-
tinued to close al ils enlemn ond. The
Tethys was not only 2 2one ol crustal
sulwtuction, or trends, bt wlsy a 2one of
shear ahog swhivh Eorasia shil westward
with respect o Africa, e comnpression
wssoriitid wills the Tethys trench raisel
Bardering muunlains st osesd of dueeps
water sedioenls,

Al the clese ol Al Jurassic an in-
capient rilt L hib!il.ll':ug Sunlle Amer-
i away fa Alrica, enteting fram the
soulls and won king LJ||1:." an [ur worth us
where Migeria i loday, The teclonic
sinmaifon first resemnbled the oo now
found in the it zome abmiy the back-
bone of high Africa [t region Trom
Ethiopia to Tanwania) atml ten gradn-
ally opened Farther 1o farm o bady of
water resembling the Hed Sea of loday.

plute is abunt 10 puss aver a therniw] conter foadored durk bl will
sivn i o] Dasalt Lo foren the ecen plutean. Lates e bt =gt
will reeme the Choguselarcmlive 1idge b the Pidiwn Ovenn. Simi-
Barly, in the Senthe Stlamtic e Walvis therol evnier veatared
dadt will eeeate the ®oelvia wml Hia ienwde Utheewd cidpe™



Ak fiest Freshwater secddiments createt
thick depusits in pochets opeacd by
faults; these sediments were ovorln by
leposits of salt.

By the end of 1he Cretaceous perio,
some 70 million years kater (el G5
millina vears ago), the ropture of South

America wnd Africa was compliete, aml,

the Somth Atlantic Dol o idenas] rapidly
to a1 least 300 Libuncters | s ifasirg-
tion Tedone], Aeanwliile thae sH1 i the
Mortlh Alunbic B swidchietl Lo 1he
west sicle of {3rcenland to T casd side,
Wocking vul ifs cistern nargine {withe
ont, howeyer, posAeatog o o Arctic
Ocennl, Alrica e WLirdood oweetbward
about 10 Jereees oo coetinned 18 vonens
lerchockawise rotutihon as the Higisian
plate retated showdy cluckwise, Theso
e opposed nustions ey chased 1o
citatern el of e Tetlys Sea Tha shuw
waslwind
e, AT the curdinents wire nuw
Lilocked gt el Tor e ceaoaine
ing eannection bestwwcen ©oeepboed amd

rulibicn vl Awitaro biea coar-

AFTER 133 MILLIoN YEANWS DF DRIFT, 65 millian years ago sl
the end uf the Cretareuus petipd, the Sooth A'sntic has widened
il 4 majer urean, A oewn Pl ha ceeved Madugusosr awuy frum
Airiea, The vifu in e North Atlantic has switchod from the west
side 1o e sant wide ol Greenlund. Thie Mediterrancun Sen o clearly

narthers Burape and between dustralia
anel Aobnctic. -

Altheuapds i is not shown oo our s,
uit extensive oorth-south g system
mmat have exisbead in the anctent Pacific
to caniume hy solcluction the mpid
weslward drift al the 1we plates cry-
ing Merth and South America. North
Amnerica presumably  encountered  this
trenchiin the Rate Jurasaic amd eardy Cre-
Liceous, with the resolt that the Fran-
visean Told belt, e predecessor of the
Califanuia Coast Momees, was accreted
1o the weoslern mm'gin of the continent.
Il appears thct the ireoch was evenll-
ly overridien pnd  “stifled” Ly North
America™s  continued  wostward  deilt.
Such uenches Five 1l capacity 1o re-
sorly voean orost [l oot the lighter
gridtic crust of canlinents.

At alaal the s 1ime, or soon altee-
wiirl, Buath Awperjcs Birst encounterecd
the Audean trench and Dbegan o dhis-
placy the treneh woestweard, williogt ever
wverriding it The carly Andean fold Lelt
cosulted Frame s encounter, 1t seeins

likely that the trench sriginully dipped
tuward the west but was Bipraal over o
its present eastward dip.

[s the Cenozvic period (from B5 mil-
lion yeurs apw to the presenl) the conti-
nents drilted ta the positiuns we ohserve
today, The mid-Atlantic rift propagatal
into the Arctic bosin, finally detaching
Creenland Froen Eurape [see top ifhisra.
tion @n nexl heo jm'gﬂ]. There were
three other major developments doring
the Cretaceaus: (1) the twa Americas
were rejoined Ly the etlenus of Paa-
ma, ¢reated by voleardun ond the arch-
ing upward of 1he conth’s naanthe, (2} (e
Do B anass coaupleted ils remark-
ahle fowrmey ol by colliding witly

Ure underbelly of Asfo and 03) Austealia

wils Tilded awiLy Fromnn Avatuwrclica el
chirifted e lliward b iy [rremesud sl

Taw Huer eullisdorn of Lecdin weith Aslu tha
agrthiea anargin of the Diedian plide wis
sululucted below Qe Asiatle plate, ore-
aking the Flimaluyis, O Todia's possage
o the north early B the Ceoosoic ks
westorn nargin coossed w vl souree of
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recornitahle. Auctralia atill remains giimched 1 Aplarctics, An
exlenrive nerli-~outh trench (not thown } sl aleo have coilel in
e Parific 1o aliserb the westward drilt of the Nanl: American snd
mogil Aveericen plates. Mote that tie central snesidian in all theee
reconstructions is 30 degrees eael al the Greenwich merediun,
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WML AS T LeraWS TOEAY wia ponlaeed] i the pust 65 raillion years n the Cenoanic
preriud. Mvewrly 1i008 oF the vreean Mowr wwe opeptedd i this ttl|1|1ﬂi1!u||1_,' Tietel ]wri“.h ww wliwn
ley the afcaa wlipled in coder, Iolin rompbeted e Bight sacthwonl by ealliding with Adia
R H AT scphrrasl oo Su=tralio Teum Swdaretica, The Mo Atlesnke rbBC Disolly entered
e Aretft Deeun, e foning Lowfusia. The willening gap between Svgrh Avierics wnd Alrics
is lovely wruced by the thredl riskees produced by the Walvis thermal center. The Antilles
and Scotiv arta paw seoupy Useie pruper positione with respect 1o neighboring laml masecs.

Lusaltle maghna rising frem e eantb's
LT e pear Lo i peatur, Wallen
rock ::I'L1[.I!!.'.i] throweh the cooal aud
petned oute the Tedion subuogotinend,
Luying dovwen e Lasalls af Uhe Eecean
plitean, Bvet afler Tudi lud fedl tha
hut spat Lehieed, ML vanlined 1o
streun o ot tle g oo, pnul!l.l‘.:ing
the Chages-Laccadive ridge, which be-
came covered with coral as it subsided
intw the Indian Ocgan, Finally, a branch
of ths [ndian Ocean nfl split Arabia
awny from Africa, creating the Culf of
Aden and e Reed Sea, and o spur of
tlais vift eandeped west woad south o
Alrica,

Leess provonanced clianges during M
Cenezate periaed dnelieced the pactinl
lusing wf tlwe (it e winl e
continted '-'lr'l'dm'lillg of the South Adan-
i as pew icdan crs was enffuced by
seu-lloor spresding. As the Atlhintie con-
Linued Lo open mn e Tar uorih the norih.
westwand movernent of the Eurasfan
Lo mass wis lialesd and reversed, sj-
multoneonsly revensing its sense of slip-
rage with respect to Africa. Tl new
divection uf shear lux been sllﬂl.lg|}-' im-
prusar.-:] on e tectunic chazacter of the
Mediterranen minl the SNear Eost, The
Miajor north-soutly it in e Maedian
tein Logely cvwsed sproading aid e
came  insteind 3 omegashear Hhat ae.
commwalanietl W comnterclockwise and
northward naation of the African plate,

ri"lw reader will have observed that

our iaps of conlinenial drifl show
more than relative postiong aid mo-
Licag; the Jaod masses, bepinning with
Pingaen itself, are assiped aluoluts
peogruplie cuordinates. Smee Lhis s
ot been attenpted Lefore we slall

Lriefly describe how we arrived ab owr
results. In tho mabile workl o plate tec-
tonics oewe st assae il all pars of
the crust are capalile of weving andd al-
nipst sursly have moved,

Afrer an extensive searels Fur some ol
solute refetence point, we Biually con-
chutled that the Walyvis thermal center,
or hat spot, might proviile what we
sought. In reaching this conclusion we
actepled a hypolhesis put farward by
]. Tosww Wikan of the University of
Toronte. He lhad suppested that the
Walvis ridge and 1he Rio Grande ridye
i the Sooth Allanlic wro nemakalhs, Gr
“thread ridges™ of Busalt, Uit il been
powred vulo 1he spmrading vevan oo
Frore o Bxed lava grifice visiug from a
dleen, stagnaut egion uf Lhe nusntle, As
new Hoor wis cwrciet past o wrifies,
lva would peniolizully poor wul gl
form a small voleuniv cone. Uy abserv-
ing the Jocation of sucecding cones as
they meryed inlo 2 ridge one n estab-
lish the absolute dicection taken by the
erust in that region, A study of the Wal-
vis and Rio Graends ridges epabled us to
extablish nob woly e diill o de Soulh
American plale witl sespuet W the Afri-
oL p]atu Lat also any nagkivn L b
plates may have bucl i sunwe other di-
rection [see ilustrtion un pege 131,

Unfortunately the SWalvis hat spor did
pot exist earlier than wlwot 140 imillien
yezrs ago, so that ks usclubiess as a
fived point does nut go ek car ber than
the end of the Jurassic preried. To trace
crustal motions during e First 60 mil-
lion years alter e Biesbup ol Pangaes
one has to rely ou dead redhondng, We
bave made the wssaeaptien that Antre-
ticit s moved vy littler Treman its wripgi-
mal Jocution when it wua parl ol Pau-

WOHLD 56 MILLINN YEALS FIEOA NOW may leok something lke this. The sulbura
Iiave exirapialed prowent-day platr drvvgemienly 1o inilicale how Lhe conlinents will have
drified Ly the cnd of whar they propuse ta call the Payclmzaic era 1l sge of auare
mennd. The Anlarclic remains eramtially ined ot may rolaie shinlely clechwive. The At
lantic {particulurfy the =wmh Alaitic s sl ihe Indian Ocean cunfinue to grew o e ea-
prine of the Parific. Ausiraliv deilte morthward sud beging rubling wpwiaet 1he Furseisn
plute, The wiatun gy puertivit wl dErien iw e il uff, while ity nortlwar ] drill ¢luaes the Yuy of
4 iwemy wond widtually collipses the Sediterrunean. Bew lond oten v covuted o the Curils
Lewnn 1y vouseressivml Aapdaln, Thnjm Uwliformiv und 8 eliver of Cabilwimia weet ol tho San
Avlrens Eault are pevered from Moeth Americs ond Legio dfi-’l"-lls 1 e nurhvesd In
phont W0 miMiun yeare Los Augeley will Le wbreast of Sun Fruraivro, atill lived Lo the
muinlaml, 1 ubgwt B0 ovillipn yeors Los Angeled will stuct slidiog dnie 1l Alewl gy irench,



FUEP O AVHNLS S AIAST NOETE AMERTCA wan e Tex tiw
.|||.l!|||ra~ |'u]|1':l||11| IIl"-'l-l|-|l'l' 1" ﬁpl.‘u” with 11 |I.i|| nf URRU LT RN Aa
i the wevana i e ol Pampaea, it ia westmtc M epeh condineat
wrtwally extemds uut inbe e gecats amnd Dol war dusn 1he vt
- the weean reachrs modepth wl 1000 Tanlias s,

moerul slopue, o
The Noeth - Suecticon “roast” Letween o ancd A° wan atelel 1o
Pt [0 N thie Afernan “volel™ befneen M1 osnad 2 White area= are
pagr i the b Bl s arcws are guerlape, Uhie ineplep prodoeed Ly

12

the Bl plarform, o enormoug aren Wadf e side of Teags, s
riwccinlly depicted b daek eelur, The wuthars peequo-e thay e
bt e vepreents o weewsnrat lon uf cedimerns Eolhoed by pars
W wrnwth whier e Lo eentbaents leesine !t‘]r;t:l‘ﬂln]. 1"l L|r|u':-l
pap i ehe propused G Letwern the fwe rontinemta Ja fuund of the
Spenvind) cpclave of Mai. The Thoi g may have been created when
a =mall wrction of Africs split ofl anal was tramdatel 190 Lilemorer
vt e swtithm est, Forming the antren proup of the Canary $langds.



faca, This st reaswanabde lwcuuse
the Antarctic. palnte i entin-ly surennd-
ed Loy a1 syatewm ol ridis anid neepusbieors;
thore 05 o mssowhined  trencle Loweared
which 1w ]]LII(: wollhd e T move
asviry Trenn iLs poar paessidinn,

IllltlEEH:lult'nt supxort Nor this Hesump-
tion is obteined by pliniing the rosition
af the MNorth and Soulli poles Lbefore the
dispersal of Pangaca, Tlese puositions
are ablained by sundving 1he dircclion
al magnetization in necks of the Permian
periad, as shituied by B lnving of the
Dominion (Hservaliy o Canadu and
by other winrkers, W plalle] the e
iian ol postlions with eespoct o eacl
vonlinent as M oexists tlay aed then ros
tabed these pale pusitions as vecded w
assemdsle the eonthuends into gar s ersime
of Fangraca, by this method the pale po-
sitjns should (deally claster at ane of
the peegraphic poles. Actually there is
some scilter, as can b scen in pur Te-
construction of Manguea Lsee ilngtration
on page 6], bt all the pressitions Ju Tull
williin either 1he Awctic Circ'e ot thas
Anatarelic Gircly,

W ein b swnuiniee hose the con-
Huents ave nevee] we lewe gosl 5| MILE,
The twu Amerfoas have dplted o ]cng
way, genendly westwacl, Novth America
has drified more 1han 5000 Lilometers
wesl northwesl; the tip of Florda once
Eay in the South Atlautic near the present
position of Ascensivn Lkl Moving
teward o Tetlyun Bensdsvstean, Tudia
anill Austeslia wene corried far 1o the
novth, Africa rolated  omederclockwise
el 20 degrees ax e Borasian Land
mass, signilarly mewing fuward the Teth-
¥ tremeh, polate] clechawise o roughly
equat ameunt, hulin’s vernackable Aight
is pralalily wttnbauable 1w ils being
ralted on an “kheal” plate. Appro-imate-
by rectangmlar, e DLmlian phle was
sliced away [rom Paigaes Ly oorifi alony
what is new Tnadin's east oozst and then
wits Trene oo pnover ao st oward o
major Ireneh. This noretliwus]  move-
ment was aciialed by lww Jaeallel
mexgraslicilrs.

Drecasles wpe Wepgoner preaposed it
the drift of Uw cdinents was veetored
by forces he termad Westwandenmg
(westward  drifty amd  Polorfuchikrajt
(@bt from the peles). Althouyh Teal,
these lorces ate minnsculs andd not likely
1o be he 1.||||:I|:r|:,.'ing vimise of drlt. Gur
solutling, however, tocs suppurt Wegre-
uer's hypothesis of 0 westward Bight,
wligh, like e slipoal the abmasphiere,
direull}' upposes e carth's rutadion, Wa
have also wiferngd o datetiadfnad drilt, Lt
From the Suulli Pole unly, we, paraphras-
Ing Wegener's teominology, o Sudpolier-
fhichikeafi.

4t -
nelinh .
¥ J'[

SEFARATION OF SOUTH AMERIGAS AND AFRICAN PLATES ran b trared
wheadule geogreplie voordinatee by alecrsiog the erientstion of e tewb ridpes, o F-
whuped! wlveann af vyleares, prodnosd by e Wakvia weemal cemter 1670 Tlic b et has
wvinlently [t poopeing aut neggm Geom g sooeee ey i e maade Tor U o Teboniblion
yaury, The theeeqnar aingrane iltaatrates w hiypotlesis fest propesed by ), Tiea Wilea of
tha Utll'ﬂ'rlitj' ol Torunte., The Hwrpl tnlges shosw thet the Sealh Americgn amd Arican
uter hova heen not only drifting rapiddly spsrt bat also migratiog nocthwonl, FeaTures
surh ay the wrike w! the ridge-ridge trunsloem faulta FA-A*Y and matrbing indentalivis on
epioslng eontinrals (H-15) cun do more 1hen indiente the relutive motion af iwe plie,

13
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RODERT 4, DIETZ and JOHN C,
LN ue marine geoloplsts with
the B ironmentkd] Science Services Ad-
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The eartlys surface

PLATE TECTONICS

o dvided “ito a mosare of rigul. shilung

mates. As they move anart shide poast each other and converse. new
! [HITT, | e

crust. i senerated, contiments drilt and monnrans are formed

Lains, volcanoes wind gartlapnakes are
et sndendy dlstribated over tha
eirtls sorface Tedk s Founed in Jdisehoct
il eesmally parnew cones, T wecounsd
lor hese evidewees ol instalslity it
sl vrust many |:|3,.f|:|ulhu:.1:5 T Dase
i durward, They have included such
liverse nutions as glotsal expasion, gleb-
al coulractioa, the ¢ffect of Toear tidal
forces and wholesale uplifl or Banwlee-
g of Turse segoents ol the carth™s crnat.
O nther explanatinn=coanlinenial cheifl

'I'l has lone Becan alserved thal nname-
.

=y vl fronn e Ter Finous Lt
wis anrlitalde o et weepliysicists
bossaoose it seemed e viohoe wliot was
koo abwsut thas scclanicnl properties
uf the earth’s cnust, Nevertheless, condi-
penbal drift sevnnad Ga o evplain geodagi-
el simlaritivs s cen coed freents Uion-
sivls oF iles apaole D alse csplained
why some conlinenlal marging, for ox-
amiple those o Santh Amwerdca
Afriva, miated cucds anbien so preciscly.

Within the past T ssircs enntinenstal
chitle hias been place ! one o fien Fumennlaa-
biLttl h}' the clesedipaimenn ol Ui vasieet
ol seatloor spreading, oniginally e
pesed By ik Lalo Py T Thesy ool
Princetot Wniverssvs Sea-llonr sprcuding
pvlves Lhae ot ions (hat the Hoor of 1l
scvann s conlinaoasly asingg yodled agaan
along a namow ek that is tenterad on
aoridlge that v Bae bresd thimugh the
i oo basios, Velownie naderial
Uipaid Basaltd rises Jooowe Hhae sl
Pt e ben 00 U v b cinael l'lllllilllll]ll!!}'
I Do GO e CTsl,

Tl ot wight s Leenodillicall
e ganilirm ;..'\u:pl T thoe foerbiznanie: facl
it e polarity of e cadl's magnetiv
feht perivdicatly meverses, Tt Tad Laeen
olserved Tronn v e lestter siervuys
Llatt rocks "ol e onegan Hoeor exhilsl o
avhmiistripne pidlern o shich e fdens
ity T magnelizalion clos s adoaplly
i Tinear rililwies paoadlel to tee wearest

2

by Jubn ¥, Dhwey

occanic ridge. Tn 1983 2L View: amcl
13 H, Matthews of th- Univessity of
Cambrilme proposed tha che joametie
pellein was evidenes of Doth sea-Hom
spreading andd soversals ol the cudh's
e fic:led, T niiy peolingisls tha
v gecined almost ws ngiolable as e
ather. Vine aod Malthews argued that as
the basabte liguid rose dnto 1w axial
crack of the poeanic rl'l;lgl.'ﬁ ane] soolidifeed
it swoukd becoaoe magrnntized in the thesin
prevudling chireadime of s curd s kL
oetier el IF ness domvinie ernast swas cons
timsly genevalesl ws Vine ancd Sl -
tlaewes Trslieved, e sl el that eacl
|'|'1.]gu axis s Daudened h}'lllll'll‘ll'!i!’.".l":k" h}'
pairs o garalle stips wlose dincelion
of magnetization s e same, that s,
Twathi wormal cr bath antieemnal. The
liyprothesis wus strikingly confinnesd in
Wby TEWVEISUS e nesy oevaric cidges,
Irurtbeermore, ot seale ol magindic
teviersals s Leen developed showiog
that the rate of sea-floor spreading is e
twveen bwo and 18 centjmeter e Year,
L1 is now chear that vittnally all ol e
prresent wrea of thae ocoans Bas been ones
] by seieHoor sprsling during e
prasl 208 milliva yoaes, o dorings e s
A percent or so uf the pecurdued eologic
histary af the earth, Tl coeativun of wiesw
surface area means cither that e cadh
las rxpanded dramatically or deat e

MUSAIC OF PLATES Turss e awrt e Tabi-
||||||h|_-.n,-..| ar yiber hhl'”.. .’i.:'rurl.lil'l,! L 1hie
rereardly developetl thary of plaie verlaaies,
the plaies are nol only cigid Lot sler
votstani relutive milicn, The beundarics of
trlutizy mre al 1hiree Ay Finlpe aven, wlere
phates are diverging pad pew oreanie e is
gemeratels transhorims, wlore plates slile
pasl el walleer, il sulolwelisn zanen,
whore pslaler cueeree wial wne plate alises
wdrcher Lhe leanling -afge sl id= iorigliloer, 'I'ri-
augres dtulicale (ie headimg oder wl a2 platr.

lace area is somewlene e tIl"SlI‘ll!ﬂ.'{]
at the same rate at which it is being ore-
atedl, There is goswl vichonow tlal the
varth has oot expanddend e thae alweat
2 percent o e past 200 million sk,
Ty aeres sk L, i prrweral e, o
glesal convosor-bell syslen oe silacs
modion that Luks cones of surfoce covi-
Ui o serface: deslrotion.

LAKE BAIKAL
RIFT YALLEY
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Tl comewpt ol sea-fhoor sprvading s
ww lwen jained o the varlior {dea of
eontiperal drift inog singh wnifyinge
e calhad the theoey of plate tectene
s The peunetrie et of e theory
vivsdiees the lithospliere, oF inter shell,
uf the euth us cotsisting WF el ser of
rigidd plates. The kinematie part of the
tliu'm}- hukls that the plialis ane in con-

stansl relative wotion: they can slide past

viach ather, they can nove apuait v o
posite: shdes of an oceerie dge o they
can cubvier, in which citse one of the
1han ey st B sl Lol 1% nowe e
bovw riems dnstabiitivies in e earth's
crunt ean B visuaalizeal in fers of [llutu
tevlonics.

Earthguakra

Alost inthguakes votnr o arminy
zones Lt joednn ter Forrm o eomliiaons not-
winrk Iltrllmljllg LRI vhadl aneer giisini-
u-.tl]y less wwtive, The seisinic network is
ismercul end weitly o vilriety of churwcteristic
beatuies such as rife wolleys, vceinic
ricfges, neantain belts, voleanic chains
anl abeepr veeanie lameles [see illustre-

tivn Bedore]. The selanic areas wark 1he
Laatiricharies Tolwen EJ|;llt'n, wliich wie
Logely free od el Tugeabes, Tl e
SELRIE [T lws Fonr e ol e ey
which o b dimtinguslod by their
eharacteristic nurphulogy wd geolegy.

The Frst type B represcuted by nur-
row zones of high sodace beat llow wid
Lasaltic volcanic activily akmg the axes
of mid-oeanic Tl'(l}'.{'-t whuore l'ul‘t!llll.hlk("h
are shalluw {dess than 70 kiloneters
theep). The naes of the ridees, of conuse,
are e urtive gites of sea-luor spread-
ingn D leweload, where the Mid-Arkudic
lllltg:: risers abwave sea level, the 5[:.|'|.'m|-
g rte lias been measared at abant twa
L\:rl.ltimntr-rs mer }-rar.

The setmul bype of seismic zone is
markedd Ly shallow earthquikes in the
absence ol volennoes. A good lusta-
tion ds tha regmion around the San An-
dreas Tault i Califordy and around e
Anatofivn Gl o worthern Thtkey,
alerigg daesth of which larps surface dis-
placenwnts paralld o the fault have
been measuns] [see “The Sapn Apdrews
Fault,”
AscEnieca, Npvember, 16717,

iy D L. Anderson; Saesrmirwe

-

The third type of seismic fone is in-
linsately related to t|l.:|:|: Gctuitic Wrenclaos
wsssria ] weitly seleande flaned-aree By
tenss, such o those auogned the Pacibie
treoan. Eattwpuakes thers can be shal.
loaw, i:|h_:r|:nl_*r:]i.u[u_|:7l,'l tor 200 kilometors)
ar deep (300 to TO0 kiliaeters), 1coord-
ing Lo where they take place: in the stecp-
W plunging lithospheric plate that bor-
glers the tnencdn Thas the varthguale
vpiventers (b panis ou the sudace
ilemeer e mitiad Beeak] defioe gralugic
structure dipping dimen o the sl
waay Tromt the trencl, s Beeline
cilhaquake zones, called Benioll zones,
underlie aetive voleanio chaios sl have
a verety of comples shapws,

The fourth type of seismic cone i
Iypilicd by the cantheuake belt that ex-
tends from Burma ta the Mediterranean
Sea. I pansists of a wide, diffuse conti-
nental zene within which geiweadly shal-
low eart hpuakes o associnted with high
roantain s ges that clewly owe e
esistenice to large compressive forces,
Earthguakes of ‘intermedizte depth oc-
cur in soowr areas such as the Rindu
kush and Romanga, Mllumgh deep-locus
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SMaLL CIRCLES COME OF

(LATIT

LIDES) ROTATION

OF ROTATION

LOMNGITUDES OF
ROTATION

ANGLE OF ROTATIGN

SURFACE AREA GCHERATED
AT RIDGE AXIE DURING

ROTATION T

TRANSFORM

AMDGE AXIS

EXTINCT TRANSFORM

HROUGH POLE OF
ROTATION

GREAT CIRCLE
(EOUATOR] OF ROTATION

POLE CF
ROTATYWOMN

AXIS OF
ROTATION

GREAT QIRCLE {ECUATOR)
OF ROTATION

AXI1S OF ROTATION
HETWEEN PLATES A AND B

SURFACE AREA

OF PLATE A DESTROYED

AT SLMIDUCTION ZOME

AND LOST UNDER &

DURING ROTATICN THROUGH w

marthuakes an rre, they have beon e
correleal fn g few pulices, Foe exaanple just
neakln of Sieily siadier the Tyorhwndi vl
[RAYR IR

An eartlojuake resalts wlien atesws
apcinaad e e e [t that mocks i Tha
varth's cnust break, The breakage is e
consequence of britthe failare of the nxk
{in contrast to plastic deformation, which
can relieve stresses shawly), The first scis-
i wawes W loave the repion ob e
reuk fthe hypoeenter) are waves b
alternale compressiom and  rarefaction
generaled by the sudden release of clis-
tic energy. Alter an caiheuake one ey
that the seismological stalivns tha v
received tlie first wivves can by assighed
o of fuur peographic quadiants.
T two of Hae rpundlrnts, lying eppposite
varch athor, Hlue Brsl waves wre cuopines:
stonal; in the ather two quadrasks D
ﬁrsl WAVES DI run*[uuiiunut.

The pmadrangs dofiie: the oriestation
of two skl planes on one of which a
sidelen slip hus prosuotdy pl':ulllruﬂ
the earthepmake, "he tersection ul the
nacdal plinses is 1he pall direetion, o -
Feeranecliate: sipesy wvis, T\.'uu]hﬂ a1 which
clectively mo strain vevirs. The e Y-
secting the gquadrant in which the firu
metion is vemprossional defines the <h-
rection of kst principa stress, p‘.ll'ﬂ”l'T
e which e iy extengioal strain, Ul
Liscetor of lllu 1".L|::[.'It'liun llll;lt]mlll i
fines the direction oF e smasinwn prine
cippal stress along which thers s oune
11|'essiun.'1| stridn,

Lytn R, Sykes of the Lamaat-Daolualy
Cealogical Olpervatary of Calumbia
University has applicl this anulysis to
the seismic belts of (e world wid les
sl systensatioally Uik flue vidpe wses

are an tension, that tlwere is Lueral aunege-

ment along 1he second type ol seisinie
2o0¢ and That compression dominates
the third msd fownth types. Thos seis-

AXIS OF HOUTATION cun he selecicd i
vuch o way {dep (Hustratioa ar fefil Ul o
b of bei wl Rbere paints [ying ey (he eur
fuce of = wpheere 1A, I8, ) ran Le muvrd ln
u rigid rotation srouid that ez 16 nem pusi-
tions (A% 0% C'), preserving the original
genmetry ol the sen, & unipue wais vun be
Fourel wrly if the dmitial wind Ganl positione
ol Mwa ur mere poiits oee koo, Slodlarly,
the relutive mibon o Cao rigid plates cn
e dencribed ne & righl rotation arramed o
wuitalsls aeberied wnis wf rutation {boitam -
tustrgtion al fefrl, Plate L} s de:i;nlﬂ'll 1Y
fixed while plate ) is rotated enticlurkwise,
aa viewed duwn The wuiy vf rotation. e plae
1 oretates through angle vmegs Lyl nea
surfuee ared in wliled svmemetcicnlly T Doth
lilulﬂh al 1l ljl.lp' :.,J:ll.is1 wlhich e ]f Travels
lllrnu;ll | .|||'|1- 4~||||1|| fie adue-buall LLIEI R 41
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nwlugy eropleasizcs that there we three”

kirnls of Plate !.lllll;“{l.ll_\-': Bepnd s
serimn which plabes e prallad o,
Lotmdicries aboae which [thirtes alitle post
vach other and bounduries acros which
pl'.itl"s converpe. Since ok materkal does
1o []i]l: up illtiﬂ'ﬂl’lill}l.\i TR COTNPIEs-
sional zones, it Fulbows that sumewhere
there must be zones i which plates are
vonslimiesd,

The Plure ¥ :Ib.‘:IIil'-

One eun therefore congtruct a inadel
of glabal surface displacement involving
a imwositic of plates each of whicly exhibits
v of more of Lthe three types of bound-
ary. At ridge axes plates separate ]
poww Sutface area iy Hg-numlud Iy Lhe
HW  CRes NI
crit it s erailing calges of thy plistes,
Ab tensform Balts (lates slide past cach
vther wil surface apew 13 nedt her preated
nur l.lt-'Sll‘D}'Bd. At subxbuction zones oqe
|||.1|u 15 consuaned and slides down into
e mantle ueder the leading edge ol
anulher phate,

Plutes vary grentl}a in sizo from the six
naajur (hates, such as tha plale that car-
rivs viclually the culina Pacific Ocean,
dhwn 1o very mioalt plates, such as the
l]lutu Huat is eysentially coextensive with
Turkey. Slorecver, plate loundares do
nol always coincide with the margins of
continents; many’ continental marging are
]m.'wt.'ful varthgquake-five nonvelcanic
1egivas, 1ence plates cun be partly oce-
dnie aond ]mrﬂy continentn! ur they can
bt vastirely one or the wther, This Fact
uvercities aue of the truditicaial objec-
lions to eontinental drift, namely the
mechanical difﬁcull)r of h.‘h’lng a peo-
logically weak continent plow its way
across a strong ocean [luer. According
o the plate-tectonic svirw, continents
wind Geeans ure rafled aleng by the same
crustal conveyoe bely,

A leok at the bwoeley sooaod the
Afrian plate reveals bwo fmpartant con-
sequeawes of plate motion, The greater
pirt of the boundary is o ritdge axis ex-
tending from the Monh Atlautic juto U
Lisdiun Ceean and the Hed Sea; ths the
enlise Alrican p'|:11.r.: st Iug growing il
arc. This behuviut jn tam ineans that
Jthirtess clsewliere: on e 1,;1uhu st D
grﬂ[ug srontller. The seemnd CLIECL] e
uf the grawth of the Afrean hate i1l
the Carlsherp Ridge o the Todian Qe
is puning away from the Mid-Abantic
Ridye, lustrating one uwl e essential
corellanies of plate Kincmalics: pliale mo-
ticm is relative. Thene is no vixndinate
syslemn within which jlsolute [Hhaate: ITME
tar o lig Jefieed eseept o svstem de-

vonilinneeys " aceretion  uf

Tnesd e pecladBenn by oy l!.ll1it‘l|1il1' plido m

EXTINGT TRANSFORM

AZIS CQF HiA DN
BETWERN PLATES -,

A AHG A
SLRFACE AREA GEMERATED
AT RIDGE AXIS DUAING PCILE OF :
ROYATION THROUGH w ROTATICHN SURFACE AREA
. OF PLATE 8
DESTRAOYED
RIDGE AX15 AT SUBDUCTION
ZONES OE AND FH

OF AGTATION
SUBDUCTION ZONE;
TRIANGLES INDICATE 5UAFACE AREA OF PLATE A
LﬁShNELETDEE BURFACE AREA OF DESTROYED AT G

SUBDUCTION ZONE

PLATE 8 DESTROYED

THIEE KINDS OF TRANSFORM cun exiol 5 gogmenty of guingle plate hounadary: ridge
walw 1o rilie axie CATTE eidge undn to subduciion 2one (P pnd solulietion zone to mib-
ducthuts zone (EF, GFF 1)1 Flate A {0 again sssumed to be lixed while plate I rotalce pitie
clackwise. Ridgesris-toridge-asin tranaloems (A8, A'D7) muiniein o constant length b
cause new yurfare ated is genetsied symmetrically al cidge savee. Trencforms joining ride

pxck lu subducticn zones Jecrense or jncrense ip length ot ha)E the czanstorm slip cote, 1n
the example depicied here O3 shartens 1o C'5, B il the legding edge a1 subduction poue
PE were op plate 4 lay in the coge of G}), CF would have lengthensd. Transform KV
mnininlne o constant leagth, wheress ©H shorteps to xeco lepgeh and ) lengthens o ).

plate boundary that & acbitrarily chosen
a3 being “Axed.” *
The basic assumption that plites are

rigid is “essential 1o plale_teciunics and

appears o be jmtiﬁﬁd"ﬂ;lhz fact tha
excellent restorative Bis can be made be-
tweln alay (s of conlinental muar-
gins. (i making sueh a fit the nargin

is Ly readly lelined as the 1000 fathom®

issrliatls ver the continentol shelf uwdjacent

to the continent,) Similac Bts can be .

male with even gmater precislon bo-
tween paics of magnetic anomalies sym-
nitrivally disposed ou each side of a
vidige axis, 1f plates liad been disturted as
ey ovolved, these fits could not- be
rwle, A% furtherconfirmution ul rigidity,
profiles eodueed by sefsinie oeflection
havver shiowen Lhiat sedimends Bid diwy on
P esannic orust as it moves awiy from

axis with the eath's surlace 5 gl
the pole of rotation [sce flustratton o
oppostte page], This concept was Rest
applied by Sir Edward DBullard, J. L.
Everett und A, &, Smith of the Uaivers
sity of Cnmhridge to demaonstrate tha fil

oof the continenlal marging armad e

Atluntic Oeeun, Helative seface nudion
botween twia plates procecds akayg -
cles of rotation wrewend Hee axis ab g
tion. The cireles can e considered as
Latjrndes of rotation lrom zero radins w
the pole of rotation to a maximum a1 the
efuater of rotation. Belative platc nw-
lion is best deseriled, however, as an
angular wlucu}r, since the velucity aloug
rotatiun Gitcloy fuoreasey frowo zero al 1h
pole of rotition W ou oaxdoinm w e
equater of ratatinn, The: wituee of 4lis-

placement across u plute boundlary s

u riclpe vty form undistorted Pat layery, e therefore enticely dependent oo ils o

The fact that dgid plates are in rela-
Live molien om & spherical carth means
that a displacement between auy Lwo
plutes can be deseribed by a rotation
around AN s lmss:ing t'||rm|gh 1hir viene-
ter uf e caethe, The dntersevtions ut Lhds

entation wilh respuect lo the circles uf )
tation.

OF partieylar erest are. Daunda-
i para]lcl L eolation gircles. AL Lhese
Lonmdaries apa Banbts wlers surbuce e
is cangers s sueh faons aee called prs.

]



GREAT CIRCLE CONTAINIMNG ROTATION AXES

EQUATOR OF
ROTATHOM

ANGULAR VELOCITY
w3 ARTLIMND

ROTATHOM AXIS 3 -~
Y

ANGULAR VELOCITY
w2 AROUND
REOTATICHN AXIS 2

BT SUBDUCTION ZONE
ABC TRIPLE JUNCTION

BC ROTATION AXIS

AC SDBDAUCTION ZONE

AR RIDGE 013

ANGULAR YELOCITY
uil AROUMD
 ROTATION AXIS 1

~
N

ECQUATR OF ROTAT IO

AC EQUATOR OF ROTATION

AB ROTATHON AXIS

AL SUBDUCTHON
ZONE

AM EQUATOR OF ROTATION

foren Daudis, €Ircat cireles drawn |H.‘11’l"l|-
dicwlarly W transform faales thatare sey-
el ol o plate Inoum!.-uy will inter-
sect trrochefing the mtation pale. Pl
Bonndiveivs ubligue e elrctes of i
i eleer idges or sudalietinn s,
depmeanding v whedher pl.-ltt!s i s
raling or converging across thea Thae
mereasing rale of plate separadion acros
ritlpge axes with increasing distanee from
the pete of rotation is reflected by a pro-
pressively incrcasing distanca belween
]].'u'ti\‘:u]ur |r1.'|gm:ti(.‘ andrrraclies genl e
il umis, Hleoiludy, the rale ul plate
cinvergenve at subduclion wones -
ercuses awany Tremn tae pote of rolation,
A patienlnly good lustrmtion is al-
Turstes? by the New Zealand=-Toaga sels-
mic zone. Thal part of the zone sith
of New Yeolund has only shaltow cutlhi-
uakes; intermediate-fucus eanrthipuakes
shart in New Zealaod il l!c:-.li-fm’;us
catr LT nakas et ly of Now Yotk s
iMfaestratfut o pages 2 wned 3 1. This
sreptis Ly o preergessive norhwed Dienase
i CONVEREENCY Qe Beross e subslue-
liom o, 3o Lhal the dowapoing plate
reaches progressively deeper levisls.
Separation rates across ridges whore
plates wrs moving apart cun b direetly
dedhuced Teom magnetie-ananialy  pat-
ferng, Dbud thene is no direet oot Tasl boe
duducing corsvergenee mides weross sub-
el Livm rones where me later s tlivillg
urgler aneleer ol evcating a temch.
Close atiention hes therelore oeen miv-
en te plate boundaries where individual
segments are o ridge, o runsform fault
andd o subcbuction zone, boeeause the ane-
gl velovity of refative nwtion bl
for o J'itlHu segimenl 15 ;ll’]l'lli.l.!!l' tu o
trench geginend, The anpalar veelueily
van twe cHn:L:H}’ trenshite] fto o oredes
b -runtalion 'L'l.:lut'ily faar any cirgle ol 10-
Latice that cremses e subcluction zoue,

THIRTY ."hll"! JII'III :|n;u|;|l hrr.'lurlll'!l' 1IlI LILEE
Limit e felinel [farp iffoagivgerionss arp Pefrl e
e vertor sune of Ewe odlern, [T o hmwione
oe angulie veloeities ol Ve rigisl rotatinng
sruunnil pwa wxes (7 oanid ¥) parsing through
the ¢enaer ol & ephere, one oluaine ther
verlor sipm 1o determine the anguiar vrlec-
ity arauwal u third axvis (3) lying o the same
!Il.il'lz [T IIIl.- hirsl [wo. ||| lI“" rl.u||||||ﬂ i1|lli'
trated the poles of rototior avep [ opmd 3 ures
W degrers mpart and the sugnlie velociticy
arunnmed Ve Tyd el w2 b are capuapl, v Hat
e ol ol ghie il uxis lies midwny nJlllllI[l;
w oot chtebe between poles T woud 2, Sievilar-
My Ceatiom illustration et Lefi], i one Kimiw
the axes of torativn aral the angular ve
lurities 1l deseribe the relative motiva of
nlates A wnd B and plates ¥ and ¢, vae can
sxecrigin the rotatien aziz 1)) dhat ale-
srribwn the relative muiivn of plutes Jd anl £,

RN



depending on its “rotationasl latitude”
Although thure is o apparent geometric
reason wiy ndges stonll Tie mecaflel
MH“ﬂrmrﬁml thy appear w
mnst [iF] ] JI}L_ﬁrJn.l | Jl:. TERL M.
Forthermore, (hu syminetric Stk -
tiom of paained |||.ilchlng maEnetic dumn-
wlics wills respeel W et g axds where
Micy wer guuﬂrulr:l idigates 1hat new
crusta] paterinl 1y aclded s_‘,l'ltlml.'t‘l'if:;t]!}-'
ti the truiling wilaes of the Jdiverging-
plates. '

For some reasnn, perthaps one related
to the driving rechanism lar plate won-
tion, straight ridgetraosforon Bosandaries
are 3 mechanically stalde cordimralion,

Sulduction oney ane gererdly comeed,

pr_rhnps ..l]l.'u Foe tnechanic a1, 1ud
CLTVLTENGE dnr'thum el b nf:hl—
.m;.,iu.] wr uhh:llle L tiin, ue cartling 1o
whut] T thur .m'nbhl u.bhdur u|J|JII]lJL
"t rotation urLliJs. CHie tsy (sss inogra-
dations from pure subklaction to puro
transform metion a'uug, o single plate
houndary; therefore e wricnladion of a
subducticn zone, unhihe e arentation
of & ridge or o transfurm laalt, is a pout
maide to the relive direction of dis-
placement,

The asial spreading wone of soeanie
ridges is not @ vl Tealure, It
is interrapled and olfset Ly tramslgran
Faults that i S |!|.IL‘E! oreitte |'|]'g'|l
subnaring clitls. TrasFoom Gnlts were
formerly thought to ke dines alung which
the ridge axis bad Jwen displaced Irem
a once canlinus e, since they con-
tinue as bathymchiv features leyond
the offset ends of the ridge asis, J. Twew
Wilson of the University ub Toroate ac-
pued, liowever, 1ot Uiy ane siuply off-
sets al the sproading axs il Tonn an
integral part of a single Twwdary, He
coined the term toanslorm Tault b ce-
seribe them Dboecanse they mercly trums-
Form relative mition belween e wo
r:dge segments, Seiside  figst-mmation
studies confirmax] Wiluads prediction of
trnslorm motion; Burther supspet is pro-
vided b}' the obscrvation that earthe-
imarkes are reslivied 1o Ul poition be-
tiween Fhe odlsut cods ol e rdpee axds,

Tl swctives o tions el o LraasToc Bl
duedines at o w eincle al natalivn, Simi-
Turly, thesnuetive conbinsdive of 4 liaus-
forna Lult Treyuinl thie allwel riclgre anis
dlefines circles of otation Tur the previ-
aus histury of plate divengenes across
the ridge axis; il represents carlier vircles
of rotation “Irozen™ nia .|l|j'.il1.*l!t ooeanic
crust generated calier, This is of funda-
migntal fportance L v rens, Firsg,
the exeellent eirolead-molntin Tines dhe-
suribed by dnaetons Innslures Tanlts fusti-
f}.r the '.l.ssu:nlttiml it relateve mution
| e 1w ]1|.LIL'$ can by cdhesertbod o
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LOUR THIPLE JUNCTIDNS are depicted with thoic velocity trizngles ol time 2 wnd their

conhpuratiun pt lime 1), Hidge azes nre palid color;

wihdoction sones sre sofinl black

translormes sre gruy, L triple junclion invalving three ridges (T iv alwayn stalde, When
three sululartion sunes meet (7 gid 33 wnd twe Jlopding adge. dying on plaie A do not furm
n atrmight live, the triple junction is stable anly when the 4 v, £ velocily vector fn poaealle
e the Yeading edge of plave © (2), Ciherwise (3] the rriple junction mosves, Thus @ sene
time etweco q und ¢y the triple junciion moeves pant point X, Belore the time of move-
ment e eelatise motion at X is A v, 0 ond thersafter A v, f. The laal dipruem (41 depicie
Brw 30 caeines 1o puies Thal o driple junction invoelying tea ridges g o rgrgforim ran ave
tie vonfigurwtion ol &, unly instantaneocualy winee the triple Junclion evolven pmediatety
ta &y, in which plates I and C are separateil by the translorms and the ridge 1o thus offser,

7
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apertively, Evidently mussctranefer circuite extemnd tv w depth al p
lraet VM Kitumcters, Muterin] descenctiong an sinks (weler ryrve A
wurl e Lalanced Ly marerinl rising st soncees {undes Y0, snd the
uppeer laveral traneler tunder X must be balanced Ly return Nuw
Tuniler Y1, Five dhapey sre sugpested for Yareraldransber gradienze.
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thicker urales the continent it is rafting oward o sulidoction rone,
where the plate descends into the mantle under lesding edge of un-
olher plate. New wveeunic crusl iy teadily being sdded wt ridpe axis.
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teems of 2 migid rotation around 2 Rsved
pulu. Becomd, i1 provides the kev
warking ot past plate notios, The in-
activi trmsform Bt rive the direetion
bl et e 2ablan wal obil displacenens,
Hites, boswewer, cane Tae dedoeed Troom
(R I°T spacihint ol ngieetie anentivs of
ko ages,

Mdter €20 Pitwin YT aned Atunik Tal-
v ood Lanmonds Doty Owere.

Ly lave devised o sizeprhe Lot c]uguut -

Lchiaprae nsing well-thilined jairs of
meegredic wnnilivs of ko ages il
brachure-2ung ericntatinns for computios
(date dlisplacemens i the central At-
Lt Chasiinn Tor the pust 150 million
yeinns. First they wssuoeal tlat suecessive
p-rirs of naginetic annatialies were Pomer-
ated ar the rillgt.' axis ancl mowvedd apart
on rigid phates. They then Fonnd 4 serics
ol rotation poles arund which hey
vunhd fit the pairs of progressively older
mgnetic amunaieyg the series el
with a rotatioe thad finted the continental
g of Alrick wd Nonh America,
Rewersing this sequence gives the kise-
walics of plata divergenre: that records
the history of e vpeninge of Ui central
Atlantie Chewea, ,

A copsequenee ot s:,.rmmutrl'l:ﬂl
generilion anict asyritnetrie desiruction
al sarbbees arca, b ridpe aeas and suls-
Ve Lion wones cespreclively, s that trans-
P Gonelts i 1edtarinn a comstant Teugth
or ean clange their teugely (see st
famy an greiga 5 1. Vransform faules that
jrainn rielpga axes, ur subduction zones with
Puael g l:l‘.lg'?ﬁ oun Vhe siume plate, stay the
samne lengthi, Where transform faults join
subduttion zones wilh leading edges on
dilferent plates, they lengthen or short-
en, depending on whether the leading
eilges face: away frum or toward one an-
wthier. A transform fault that joins a ridpe
anis e g sulsduction zono increases or
ecseanes in leagth Jepending on which
[ll.‘lll.!l]:u |u1idit1g{~:!gu]icsuu.

IE e anes and angular velogities of
valadivn Belwern twn Jhtirs of P];Lles [
el B Al €7 wee ke, the axis
il gl selencity of ralation Letweoen
the thicd pair (% and ©) can be caleu-
Ll [ ithuseration ga page § 1. This
v Wl i ridpeaxis semments Fall
alenngg thee Tanelarics Lelween A wnd 3
il A wd G, the relative motion of f
ai] € can Lo found, Xavier le Mchan of
the Center For the Sty of Ceceuogra-
phy wand Alarine Biology in Brivtany -
veloped this technigue for computing
the relative mwtions Letwoen the six
Lirgest plates and was thus able 1o work
ol convergence dincelivns and rates
at russ all e major sutsduction zones.

With the sane lechidque Pitman has
congpotedd 1he sctative motion of Africa

sl Envepas for dwe st S0 anillian years.
IJuring this tiuwe North Amern o gond Al-
rigic have Beon paats of separate nlates
mievinng apeurl arouncl aosegiaenee uf pede-
fion s as o ceotrad Arlantic e
witlergnd, NoetlycAmerica pral Burope
lave Lven sidlardy waving apart nat
arcnel A clidlerent soguence of rotalion
wees, Therelore there las Teen relative
voticen aelwevn ATrei oad Ferpe, This
i L baeen l;'u:nph!va: Lt the net of
feet gy bevn to llﬂ.‘lr[}' Wligminaty a for-
rTIEt‘]:.-’ wilde ool reginon Vit ey Lo
twn cuntinets,

Since refative disjrhacements ane aloog
circles of rotativn, e relative motion
between e, plates vt e tle-
seribed by the vty selocity vector
triangle  except  imbanbanesnsly ot a
paint. [T, however, wis are inlerested in
relative matioms inar wiea of the canth’s
surface s¢ small thit it vay las regarded
as a fat surface, witl the sesnlt hat vir-
cle-uf-rotation  segiwents are virbaally
straight tnes, e velocily vertor rianghe
¥ a4 convenient deviee for Mnstraling
relative motion, A soal] area of greal
ierest i one: where aee plaie lLenind-
arius join to fornnw Gipe junctiop, 'Triphe
junctions are denandel by plate rigidi-
Ly Wais ds the oy way o laamadury e
tween 1w eimid plies can el 10 T
MoBengie of e Universiy ol Com-
biridges acel W [ison Slongan of Prince-
ton University Ny im.ﬂyf_:-:l all possi-
L Ermns of Leiple punctions with veloei-
ty vector triangies ainl luve shown that
they can be staldde o austable depelld-
ing un whether they an: able or pnable
to maintain Uhein geometry as hey
evolve [ser st ration e page 7 ).

Plate ‘Thickiiess aml i:umpusiliull

Su far we luave cenidered Diose es-
st kil axpects ol plate geainctry amnd
cvalution that cun b createed Srom q sur-
Frce poeint of view, We lne not yet in-
edincel inta e thick i aid cennposi-
tian Gl sl E:l.l!l'h. It Nis Jaeen
Kiwswrn Jor tsony yeans T gravily e
seismic-refraetion el
Iram gesweral consideations al nuss Taal-
wnee thiat e coniaents wee aoderlain by
w relilively Tiglt “geanitic™ crost ahout
- kilornctes thick and e oceans by
denser “Dugaltic™ enmt vedy abuut seven
kilometers thick, Bl contioenta] and
icanic onost wir nnduerlain by a tnuntle
of dunger naternad, Thae junction between
cnssh amd mantle e “Sloho,” or Mo
hurovick: dliscontinnity, I was the goal
alf the wow abaanlans] Yokkale project to
drill through the adatively thin eceanic
crust o the s,

Plates ronst b ar Teast as thick as 1he

Headinrcieents

voeanic and continental crust D= ose
surne Hates have oeeanic and continen-
Ll portions Lbetween which there is o
differentinl mation, Ir wos taonght v
miany vears that the Mol mishl I°%
widtnpirrant plipsicul discontinuily ut
mitselinzivid decoupling o wlicl g
crustal displacements proceed, 1t is
eliar thul i1 there is wzone of decon pling
belwsen an oyter rigid shedl and o Less
viscons bayer below, it s cunsideraldy
teepeer than the Mali,

The: Lot ewidenco for the thickiess of
plates cotnes From snismnl:}gy. The ve-
locity of seismic waves is dependent on
the density and Bow proportivs of L
ruck throagh which they pass; it is Lagh
in rigid, dense ncks mel low 1o less
rgid, Hghter rocks. Marcover, an i
Crease in cm;ﬁning pressure increases the
velpeity wf waves and an increase in
temperature decresss it. Although con-
fininyg pressure must inclcase wilh dl.:plh,
reeenl studies indicate tlal the velogilics
uf hear waves suddenly decreass Lelow
a surface aboul 7O Lilrueters undder the
agcund and about 150 kilemneters wode
the contients [sec top flhastration
LISt pugﬁ}. Shirewuvg  viloeiiies
then inerease with depth, with nekod
fcrenyes Debwoeen 3500 wndl 150 kilonwe-
ters and just zbuve T Lilotacters,

These dava saggest that un outer rigid
kover T to 150 kilometers thick (Hw
lithospliers) lies aliove o weaber aud
hutter layer (the ast] wirnpsphicre) that b-
cumes mereasingly viscous with {.lt."l“lh
The thickness of thy lithusphere there-
fore probably constitules the thickness
of the e plans, and the ]i!hu:plu‘l‘l-‘
is discontinumus st plale  boundaries.
Earthguakes present a st ot this Iy
pothesis, since the coll, rgid lithosphere
is prabably their source. The distributiun
of earthquakes sheudcd 1l pmvidu a
guide W the thickocss of e lithoipliciu
and toits distrilsion where i deseends
in subdwetinn e fnlo U il o of
e earth.

Ridees und tronslorm fundes wro elete-
aclecizesd by carthopuakes whose t]upth
exlods o aluoce 7O kilorewstors, T e
clined zone of iutermediate and deep-
locus cartlequakes indicides the descent
of the' lithosphers: it 1he wsthe -
sphiere, where it is consuiied ab gulslue-
twan congs,

Bryan L. [sacks and Peter Moluar of
the Lamant-Doherly Obseivatory, work-
ing with scismic Brsi-mution recoids,
have analyzed the stresses in descend-
ing lithospheric |states. They find that
the stresses are Cousislunl with 1hasr
that would be expected il a cold slab
of bending lithusphere were to meet in-
creasing resistace s ot desecnded

&
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CULLISION OF CONTINENTS Grcurs when » plate encrying a
rotdinent i subalurted ar the lowding edge of & (late currying -
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tzin runges 1), The Himalavas evideruly Tormed when o plute
currying lndlin coltided with the aticient Asian plate somo 40 millive
yeara agu, The descending plate may break off, sink iole ssihensw-

vurfbeel down info the: wsthienampliere, the collision pre'oees moan- spehere andd o new sibnduction zone muy e sturtol eleswhere (33,
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winerewsingly viseons asthenosphere,
Where thy vross segtien of the litha-
sphere is ourved {at subiliction gones)
its upper et ia ungler tensicn, shgyrrst-
ing vlastic boanding, Where Lhe litho-
:-phl:ru luis lescended ulll}-r a short dis-
tance julo the asthenesplicne B is wrler
wasion: alung its length, idicating luw
resisfanie (o ils descent. Cundjpbus-
Yy incliteal seivmic yonos, sepresentingg
slabs e Bthuosphers: st Jave descended
Lo Towvnr party of the wsthenoaphere, s
churacivrized Do conpression wlong the
slals, This Fact snygrests thal 1he dowa-
Boreuge lilhmph::m i paualariher ot resgion
ws Hondscks illr'lu'.mug resisbange: o its
descenle A fmligenivy vise 3 owliene
thers ds a0 gap 0 e inclined spigimi
woe, sUEEesbig wodiscuntlnnity in Lhie:
1[n1.=.'|1gufng $laln, I;'_';|.1'l||r|u;|.LL':.' dhove e
gupr inclivale tengion, curthopuikes Lelow
it joelipate LOT| A i Ew’t[untly [t
uf the slaly bas broken off and s de-
seendimg ut o fostis rite than the re-
iRiinder.

The generl Kingiaties of plans-
Uasiv geovwlhy onad consusnption — e puires
sonwe farin ol Jmass conveclion, oF i
transfer civeits, In (e wade, Hea
faw to the warths sutface w 1o
along Adue axes. i declines tapnilly baa
Wﬁ:f avnias Tho (Hatesy amld
Lolls ter  anirnimavan o Solsdaclinn zoes,
Thun:_f:-rr_elhu |i1||u\'[1n||l!ll! HI:I'V u'prusrlll
d ould, rigid fhlllm!.‘u'_y coneluetion Liyer
it i cocutesl et ot fnlgu ' sonrees™
wl destrovctd ad the eeld sulsdaetion-
Sy aee il ool T
Wi groteed ey al e vy ciecnits i dhe
eaartli's tanatl pgal sitliFy i il of
cunclitinmns.

surti Vsinehs,”

Conditivng 1o e Slet

First, there st e o gross balanc
et veeen veptical eass Tomafor at sumrers
anl sinks wwl Lieval iy traosler by
il mribion s sl vt e the astlen-
sphore. Sevwl, Ilu TO0-Lilseneten Linut
n thTl-'rTﬁ'TII' vt it kes el (he
abrupt IcTease 1 Alca-wivg ey
ihat marks the Baottoan_pl U gotluom-
aphere Daply thad (b nass sl cig-
cuits invelve_ oyl bl hosplene angl
e usthenospdocne, Therd, e oy es
‘;m IIL!II m!u?{*rn;l 1] |J-|.:ir|g Erawr-
atead o the eartly eaceod in |l.‘:|gI|| tle
Logauluries whess orasl s !u:iu!; cle-
strayead, st g plates ane geoucatly con-
simneg] b dnelivihigd stabs Taster 1l
they are ereated w insbivielil sceres.
Fourthy, o sinnphe geamfbriv cotiseuence
of the Bl dhat plates con chunge thes
surfuce o s that plal hutindaries con
move ju reletnnr o other plate bownd-
arivs. This lat imphies that masg-transfer

cireuits st albso el thed geonnetry
s Ehe pl.l!l':. evibve, Filnln pross-tansen
cirewts coadiaot tabe e foree o siphe,
repubar cunvectivn colls Tinrkitig wmreass
and ainks witl . npper Lateeal bransfen
andd g lower retorn s Bevae e
to simple one-doece el fatseen
spmress and sinks,

Thern: are soveral geal cirches aonm!
the eanth a!uug el s Can vraass P
]'jdge axes williout au derveuiag sl
E![Il’.‘lion FOIIE 0T LG Uridwh Ly \1"“.'1“""
Hot sanwes withoat w Wb nag cilen
wxds, Chreuits dnvulving messdnnshe
rates of up w1 centineters e wear
ariast [ aseompanived by sonreeetisge Tt
transler, Dociose Uiegal bertia panas-
vents the climinatimn by concuction ub
temnperatwre diflereneds belween dil-
burent purts of the circudt, This vonndition
is reflected in tlhe peisisleney of earth-
spnakess T a plunygicg sib elibam
depths appranehing Fo0 kilomgters, Tt is
il cdewr, however, wlathaor l..un\"ﬁtlh"t.‘
mass Linsfer ami heat tranaler j5 e
eanse or @ vonseiquenoe of plate matinn.
The: models for relative lithosphere-
asthenosphere mation at the top of pape
8 illustrate this dhifically. Tiwy ane all
vertainly far too simplistic, Indeed, 1he
relative surface motions ol plies oy
nut b o guide to snedians G e ast e
spliere” -

Let us vonsicler o awlel in whivh ol
vrust, lithesprhercund astTowsplore ane
Finked in & sitnple sooee-to-dink system
Loww Bateoen ifustretiiae eor prges 8 1,1
1it|u}5phu!'é-“I iy rendtel oy s el
Bocwdary conmductitar Liver Lo 3l e
astbenosphere, the npper et of which
{the tow-velucity aned is prol J.l“_v HesEr
its melting  lemnpeeralure.
duced by plivte separabion ul L algee:
axts redoces thre coneindy pressun: i bl
Yow-velocits #ume miklir the ridyies, Pe-
duetion of t'tmi'illl[ug JrFu A b LTy [N
tial meliing ol pritsitive munthe o e
L velocily s umd th- rhlnb ol a
mnshy ol Lr'rbl.ll\ KL ]n||ll1.! with (ha pe-
sl Huar the vichas e Sieally uplilted,
As the coluinn of ety nifen -
tertal rises it wichermoes Torthor purtda)
Im_*ltm" l"n'E'JI1I!.I!|\.' the Laasaltic ]1|’!1|1{]
rises Lo Al the tlutk L:Jlllhllllllﬁh e
crinteed !)V 1)'.![1 setpirnlion. Tl ||11u|1]
cuols and orystilhizes v b dlae Jaa-
saltie oeeeie crust el oo vnedey it o
!IL‘J'I'F!‘I_L‘!{I |.ily1rt ol e

Where ploes duseel e 1ha as-
thenmsphiar, e e Hing cdgne can fes o
chatu ol wolewnes; ths one fers that
the valemnde rocks ane linked U1 yome
waty with the desvemling plite, Hecause
tha voleabie mecks wte feas dhense Lhn tha
lsisatts of the evewniv onost, # s Tikely
Lzt they an: Tormed Ly partial fusion of

Teusiug o+

thir wovunic basalts with other matyeril
at the Fosalts are carred Jdown joro 1he
b wsthenosphere. The dejdeted manthe
in The plunging plate is denser than the
primitive asthenosphere through which
i zinks, both because it has had o lighter
linialtie fraction removed from it grder
1" riclpe axis and because it is cooler,
Therefore once a plate has begun o ddiee
seetd fuop particular subduction zane it
is likely o continue witil the pluu].;ing
plitle naeels increasing resistancy decp in
thie nathenaspiere,

Simce continenta] enst 15 only alunl
40 kilometers thick, whereas plains e
Tib kilomnetees or ware thick, e onnti-
nenls vide s passengers on e pleles, To
the: framework of plate tectunics coati-
nental drift is no more significant than
“ocvan-Aogr drilt,” Nevertheless, couti-
nemts, unbike ooeans, impaose cerbain im-
peetint restraiets on phate motion, The
narrow, sharply defined trenches il

the regularly mclined exrtheguake zones

:hlpiug away From trenches indicate tha
swevanic hthosphere s casily consuned
Ly sulrduetiun, probably leeiwse it Jus a
thin, donse cust lntracontiuental scis-
mic anes anociated with mountaia
vl exliihlt mrnpmsnuuﬂ deformia-
i over o wide deey, which ilnliHe:. thiat
culitanertal !ithnsp]u:m i T Lo cone-
suary Loeguse b has a thick, relatively
bunyant crust.

Within thu Alpine-Himalayun menie
Lavn be:lt e mucrsw zomes eharseeton iz
by o eislinctive assenililage ol rocks,
Eierwen i Lhe aphilobite suite, wlose oo
posilion and slovelure suggest it they
ate lices of oceane cruse and sontle, [F
I.]u*.}-' A, u[lliiuﬁie orrea mtrk tlee Do
wong wlneh rootinents collded fulluw-
il the cuntraciaon of an oevag by plue
cotsnptsh faec fhistradion on oppu-
sl page ) The sanll veeanic ancas with-
In the Atpine bedl, sueh s e Medier-
ranean Sea wad the Bhael Sca, may by
renmants of L‘;rgcr wetans Lhat voee lay
hetween Afden and Earope. Bvideatly
lithusphere currying light  continentat
ceast s JdiBenll o conswie, as is irads-
cated Ty the amarked scuteity of inter
medinte-locus med deeps focus  wantly-
{Ju;il:v.,s e Zzones whiere coutinents b
collithzl, Thus it seeows Pat contioental
ctal listonn temninates subsduction waig the
willisiun e, Thas gdies tluan ieriga-
Lraeslor ofrcuits st e dostically o
arcangod after the collision of contients,
Sl i tajor sk s elimipatid. Ay o re-
sult new siuks may foon v cceanyg vhe-
wheru.

As wa luve seen, any hy patfetical
driving mechanizmy [or plate motion
must meet o number of canditions. At
present o form of thermal conve-
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tican in the upper manlle seems to hold
tlu: i1 promise, but wlher meclunisms
havwer Ly suggcstuﬂ Thut rmuy Hay sene
role in ]1!.'1t|.r Ll_vllilmil:::. Thuse mechu-
wisens inclicde the r‘l'['.ll'{lillg et of
curth Gdes raised by U pravitaions!
bbby oF 4l rowon, e [Wessibile |:1|H
vaceieel Ty a plate “dangding” i the as-
themwsphere i Forees ervatied Dy prlates
sliding, dlown the slight gruchs etween
sy gnd sinks. It Js alsy |m;s1l|1f'
that seqre el ates dre owcliakally
riven by the ellects of relative pudtion
Letween adjacent larger plides. For ex-
il.1ll[:l1e, the wirstwandl nedtion of the
woedge-stapesl Turksle plates wille re-

spect W the Rurasian plale may le
causedd iy ity Deing sgqueeeed like au
grange seed Tetwern the Arabian el

e Voes ooy pdoie,

Ftineel Plates

It &5 now cerbinin bt plide leetoics
T eperated Tor ot Teast the past 200
million years of varth histary, During
this tioe viﬁunl]y all the present oveans
wese ereated end othen were destroyed.
Two hundred million years age the ma-
jur continental masses were 2ssembled
into the singlu supercontinenl Panguea
[see iMugtration bolow). It is therefore

lepntinate to ask if the breakup of Pan-
gaea some 150 million years aga marked
the lmgiuning of plale tectonics, Gro-
bgic sludlies of mauntain Bbebts older
than 21 mitlion years strongly indicate
el lll.l:}l' owe their urigill B [Irdaccgryaiss
cperaling at plate boundurics that ar
vy el inet, The Ural gl f\ppilhu:hiuuu
Culiedoniny mowertain belts, which Tic
within wacient Pangaca, have inrmw
zates whers ophiolites are foumd, These
ol opliclite 2omes, like those in cha Al-
pine-Himalayan mountain  belt,  thas
rirk the sites of vanishexl oceans, This
{raplies that the Urals, [or example, wrro
created by the cqllision of twe comi-
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ARCIENT CONTINENT 0 PANGAEA is reconitructad Ly {i-
ting fugether the onafor cumt nenie] oo masees, Pongaey parted
10 break [JTI whonl DR il i yppey agu witln a eift betwes Afrla
at Awtgreetica. Uil rifve nllowed Seuth Aloerics, Austeslin sl
Ilin to alrifr i their 1rreeenl |||,|.|.|||u.|'||. SMuunteio Lelie farined
mare than 250 il lion yrars sfiv pre shown (0 cbadings that digin.

pulib younger pnd glder bk, Theye mountain belts indicate lines
of rollikion Letween continentel fragments witedating Pungaes.

Thus # prine volliion of Nortl Amcricwn and Alcicw Tuemel che

youtiger part of the Appslachinns 260 million yenrs sgo. Such n el
lisien would explain how Eguster pnd Svwith Pole of 440 millisa
youle g6 were Lrought close 1ogether afier foemation of Faggeen
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penlal tugses arel that the ophiolites
wene generided by sei-loor spreading at
a ridee wkis Telore the continents were
BrrougTit buggetlnr,

Large-scala horizantal motians of oon-
tinents before 208 millon years ago are
supported by other lines of reasoning,
Lelaeial dupseatity sond other data indicate
that about - million years apo a south
palar jce ¢ap coveied the Sahara, At the
same time ewslern North America lay
near the Lgoator, On the Panpaes re-
canstruetion e cuse polar and equa-
torial positivis are Deompatible: they
indicate that Alica wind North Amertea
were sepriried] by wn ceean s 10, 0
kiturmeders wfeley "The comteiction of Llds
oeeunt aed Hwo resullbnge collision of
Northy America and Afriea were prolr
ably lnrg::l}-' responsible fur the growth
of the Appalachisn nountain belt [see
"Ceasyuelines, Slovntains and  Conti-
nent-building.” by Rolwert 5. Dietz; Sa-
ENTIFIC Asiemicax, Aarch, 1973]. It
seems a reasonable assmaption that lang,

san ey, Rl dilinet suiws uf momiadi:
Lnilding were established along zanes of
plate comvergence, 1 this is the case,
plate tectonies lins been aperating for
the past twa billion yeurs,

The nhsenee ol woell-delined zones of
mwnnatain-bilding elder than twa hillion
vears  suggests, however, that some
mechanism other than plate tectonics, at
leust us we know it ut |[rresent, was re-
sponsible for the evolution of the carth's
cerust in varller epuchs. The ancient
“shield ™ reggions of the continents, which
contain tocks older than 2.4 billion vears,
are characterizud by rocks distributed in
switling putterns over areas su wide they
can hardly Le caplained by processcs
arising at the hownduries of Agid plates.
Evidently tho ghickl amas were stabi-

lizned abwant 2.4 billion yeurs ugo, and by
sume AGG il yeos bater a lithns
sphuere with .‘fll[[il'i-l"."l'lt rigidity to crack
into a plate imusaic had developed.

This tloes nat necessarily mean that
plate tectonics us we koow it today Le-
pan two blHon years ago. Mountain
belts older than 800 million years do not
lave ophiolite complexes lke thase of
the younger mountain belts, indicating
that sea-floor spreading before 600 mil-
lion years ago generated a diflerent type
of geeanic crust and mantle. Ceclagical

.ata suggest that plates miey have been

gelting thicker and that plate bound-
arics may huve hecoms mere narrowly
localized witl time.

Anexciting eorvllary of plute tectonics
Is that it provides o means whereby the
total volurme of continental crust can in-
crease with time. We have zeen that the
primitive mantle of the asthencsphere
undlergoes partial melting to liberate a
basaltic Yigpuid that rises and couls 1o
Fonm the otzanie crust on the rddge asis,
At Vhal gnliad wlting of the peeani
ernesl an a thoceiding plate uay yield
the liguics that crupt to build the vol-
canic chabis o the leading edge of
plates. Volowinwe weks, with their deep-
fevel intrusinns of !Iqujr:].s that erysial
liwrwl beforo they reacled the surfave,
Lave the st bulk cenposition as that
uf the vontiventol crost. The voleanic
claing oy therefore be sites where
strips of embiryunic continental erust are
groeraled, Since they lie on the leading
eclpe of plates, their destiny is to collide
will other voleanfe chains or wilh veri-
ous kinds of continental margin. In this
way new sirips of Kght eontinenta) crust
will he added to continent al margins.

As wi have seen, the armival of 2 con-
Uoadal marggin wl o subduction zene

2

tlocks Further plida consuoption at that
siter. Tlus Lhe ocsause ridpe provides an
effectivo means of Browing contiwental
crust, Dbt there s o ingans of destroy-
ing sueh erust. This implies thut the
total volume of contiverual crust las
Ieen Increasing for the past two billiou
years. One should not cooelude, how-
ever, that strips of aew et have been
added to the continemts as a snocession
ol regular concentric rings. Rather, dis-
cantinudus sirips have been added at
different times, reflecting the comples
interaction of continenta] margins with
the Hate-bowadary masaie,

Mthwugh there ae geclogic pleooim.
e thal plate tectonies doss not yet

-ub'r'iunsl:,-' ::xpl.uin, and  although the

driving ineehanisim iy obseure, these defi-
ciencies do not constitute tational ols-
jections to the thuory of plste tectenics.
One of the serious mistakes that many
earth scientists made in the past was
to reject continental drift because it was
it clear how or why it ecumed. The
remarkabla suceess of I:Iale teclanics

bus Lees vot only it 1}[:1\1{.11,: acun-
sistent legical lramework thut draws 1o-
gethor such diverse phenomena as sea-
Boor spreading, continental drifr, eantl-
quakes, volewnces and the evalution of
moiiliin ehafiy Lot also that it has been
successfully quontilied snd tested to the
point where its essential core can w0
longer ba questioned.

The essential core of plate tectonics
is the geometric evelution of plates aml
the kinematics of their relative metion.
It §s of paramount importance to fully
explore all the geometric and Linematic
aspects of plate evolution if we are ever
to understand the d_';rﬂ"..tmiﬁ of plate mo-
tion and the gr.ulﬂgic vorollvnes of plawe
tectonics.
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The Evolul o of the Andes

,‘5«4_3 11373

The geology of the central Andes indicares that the history

of the rauge can be understood (n terms of the consumption

of a plate of the earth’s crust plunging under South America

& Bt series F monnt;n Lu_'lls, the
JL\ Andean cordillera, swerps down
- the west vesist of South Amnerica
from Veneruela and Lentral America
searly to the soothem tip of Chile. A
lunyg arc-shaped deep in the ocean Boor,
the Pere-Chile trench, is clearly allied
with the mountain chaio aal rens rough-
ty parallel toit From adumt four degrees
nontle batitwde to A0 degre vs sonth, Soine
15,008 meters {mores than i milest of
verlical relief separates the deepest part
G 1he teench from (he ]|ig}lul-'l Arrdean
peak. The Andean are, comprised of
bith mountaing aml treoch, s a living,
1.'\111\'i1:g system. 1t is a panl of the cir-
ctonpacific “rng of fire,” wnd the live
vilvanoes that dot Lhe ferigth of the cor-
alillera und the devastating cartlauakes
that putictuate tloee Mhowsar o Soutth Averi-
can life ure ever present jemjnders that
the  movmtain-buoilding pieesics that
rifsd the Apdean chain ae still very
attive loday,
Many earth seientists, of whom T am
wind, baticve that the Arglean ure is a
snaclern analogue of many alfer woun-
taity Leless Uhat iF we Dand liviel in ihe re-
ginn of the Sierra Nevida 100 miblion
FUWEE Do or the northwy r‘i[ll“'ulthhl]ls
A51) millicn yeurs age, we woslhd have
wilnessed mountain-building adtivity of
A wimmilar kind Yulil rmaemly this view
wirs not widely aceepted, It was groeral-
v supposed that the provesars threogh
which glder mountain Lelty evolvid are
el |Iui|1g dupl'lf._‘utrd timlay, "Thut sup-
[ursilion iy rn[J[dl}-’ giving way o thes -

[TiF, . DEifyiear lake

phinogra

I

weelerm eprdillekd ; o O vau

U\ \;“U q?"

ot el 1hi; [nlul

|ly |}nL!-'il| B, Jamies

copt thit moutain-building activity lus
PrDEEl:dﬂl in accordance will consisbent
recdopie patterns that have Peen re-
peled over aml over again during wt
least the past twa Lillion years of varth
histary, anul that it cantlinues to <o sa t-
day. In this view the Andean diin is
the faremost modern examplae of Uwse
mauniandbuilding  processes ot work,
antl o, ]J:,f |.|||:]u|'nt'.i||:|'|||g e Anches, we
sk 1o enrn boow aesient e ntain belpy
were boarn, mature? ad inoseelie cases
died lmg befoare man ammived 18 recond
their origin or their passape.

(.“'unccpts of oreeny, or maunkiin

huﬂ{lml,_. have: revently Leen revalu.
Hubize 1]}( e ”lu:-j_1r ol |:'|.|t1_, becton g
[see “Mate Teclunies,” I:y Illhll. I,
Dewey; Hoenneis AsemcaN, My,
1972), This thwaty, which Tus heen de-
velapod with startling rﬂpilii[}r over the
st decide, holds that e outer rind of
the eanh, the lithosphere, consiits of a
mosaic of rigid plates that are in motion
with resprect Thiesser
plites, simme 100 kalometers {60 niles)
thick, inchude et only the carth’s solid
ceust Tt wlser part of the denser ujiper
mantla, Pluto houndiries, or Jurcticens,
rarcly eoinvide with continental rmarging,
and so the relative movements of puuls
of the earth's surface are now viewal in
terms of plate maotions mther than “con-
tinental drift.” The prow! continents,
which were onec  theusht to plow
thruupgh coeanic crust Nke great ships,
are now reduced Lo the statos of passive

lu one angther.
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pussengers ou the lithenplierie plates,
Volcanic magna welling ap fram deep
wilhinn the eurth’s mantle creates the
lithespheric plates alung vcesnic nidges.
Newly gencrated  lithusphere  moves
away fram the ridges to yighl to con-
stantly r_eph:nis!u:d vilumnes of magma
injected along the waes of the ridge.
These spreading plates an cemnsumed at
trenches, where they boend down and
Hunge inta the gt h's nsautle,

Most of the world's Lleclonie activiey—
earthqrakes, volcinges and mountain
building—is  concentriied nlong plate
junctions. The west comt of South
Amerca is such a juection fsee iflustrs-
fion on next papal. aa the oveanic
Maera [ﬂutu, l_;!‘.l'lg"l'il.l.{'ll alang the Elust
Pacific Ridpe, is consunnsd e the Pepo-
Chile trench, wlhero il Loz dow acel
shides under the Soulh &aervicun [Jl:lti: al
a rate af ahuut yix crnlinmeters per year,
Examination of the structure and geolo-
gy of the central Amles reveals that most
af the present-day oropenic activity aml
the geulugic evalution of the past 200
million years can be understoomd i terms
of the subduction, v consneaplion, of 1ha
orsnic pliste wader Boulh America. This
interaction of e two plites aceouts Tor
the crumpling of the stable continental
margin o forn belts ol Tokd mountaing
that now constitute the vaslern anges ol
the Aodes, for the birth of 1the great An-
dean voleanie cardillera to the west and
for, the continental growth of western
South America,

Lured Ly the slwer seals: of the Andes
mountainsg, the Carieic Instrtution of
Washington, in contert with a number of
South American dstitulions, set out
more than o decude agu 1o siody the
nature and evolution of the ceotral
Andes of southern Peru, Bolivia and
northern Chile, Many years of work havo
led progressively to a rather compléte
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Yonth Americun plate represents the mout imporant modern exnn
ple of interaction ol an ocaanic wnd o conGrental plate, The Naaca
plute is generated wlong the Eel Pacibic Rise 2and consumed i the

GEOPHYSICAL SETTING of the Andek in portrayed, According
I"eroChile trench. The internction ol the two plates oz the trench

1o the theary of plute 1ectonice, the lithewpbere, or outer ahiell of the
carth, consiste of ceveral righ! plates that are moving with respesi
1o oue wnother, The junclure hetween the Mazea plae and the
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hn enteed defucrnmilon and growth of the
conlinental macglin of Sonth America, there
by forming the Andeun mountain syctem,
Arrows indieaie flow away from ridges.

undur:lunding of the physical properties
of the vantly under the central Andes, Lut
it s nnl}-‘ rexenlly that the conceptoal
toels Yiave been available with which to
undentiunl the furces znd sequences of
oretenic events that produced the Andes
sl thiat conlinue to generate volcanism
antl sedsenicity along the Andean chain
ey t::du}f.

To uuclerstursl the evolution af tha
centrul Ardey it is nevessury 1o draw on
two distinet kinds of evidence, geophysi-
cal and geologrival, Tmportant geopliysi-
ca! evidency includes the distribwation of
carthruakes and the distribution within
the crust and upper mantle of certain
physicat properties: the velocity of seis-
mi¢ wuves, the obsorption of their on-
ergy (their niterution) and the density
of reek, From these properties oo o
edues infrmation on the kinds of rock
Inn the carth's interior and whether they
are rigid or mobile. Ceological evidencs
derives froun the study of rock types amd
their struclures as observed on the earth’s
surface; jt is only from geclogical evi-
dence that one wim read the history of
past events, I shall consider the geophys-
ical evidence Frst, since it provides tha
observationa! lasis for most of our

knowledgn taneerning the plite-tectonic .

Framewark of the functure Lhetween the
converging Seulh American and Nazoa
Plates,

Enrlhqlmkc distributien provides key
eviddence regarding plate interac-
ticns. [t is uw gererd tenct of plate theory
that the inclined eurthgoake zones {the
Beniol zones, rivned fur Hupo Benioff}
that bead thoven under trenches and vol-
canie wres defion the upper part of the
deseending oeranie plates, Desernading
lithospherie plates are cooler and henge
more righd than the astheoosphere {(the
hat mautle} through which they sink,
and it is wilely supposed that only with-
in the lithosphere are rocks rigid enough
to '$uppurt brittle Teaclure, ar earth-
uakes. This supposition is supparted by
the observation that in most ishand wres
earthqunkus appenr to e confimal al-
1yt t-utirul:-,r Lot tll:s{:l:tlding pliete,
Thder the ceonlral Andes, Bowever,
earthiguakes occur not on'y in the de-
scendling plate Lat also in a continueus
wed e hetween the earth's surdface and
the top of the sinking oceanic plate to s
depth of from 200 to 00 kilometers [sce
tep dlustration on pope 65). This obser-
vation lends one to suspect that the lead-
ing edtpe of the overriding South Ameri-
can lithesplwere may Le an abormat 200
to HMY kidomeners thick—much thicker
Ehan Pl wanu] 1080 K lometers abservel
for most plabes aend o starthing contras!

ta the S0kilneter thickiess measmedd
seimmically for the wdersliding Mazea
plats. Mare direct evidence that the An-
dean lithasphere is 200 13 200 kilometers
thick derives fram scismic results, which
thow that there is no low-velachy zane or
2one of high seismic-wave attenuation in
that rephon.

Doth low-velocity zanes and zones of
high attenuation in the manlle o com-
monly Interpreted us bedng wegions ol
solter roek yndd are assovinled witls 1he
asthenosphers; conversely, the alisence
of Lhese zones implies thal the rock is
comparatively rdgid. An important con-
sequence of the thick lithesphere under
the Andes is that it precludes convective
iwyertum in the mant'e ahove tha Beniofl
rone. It is this overturn that {5 Bedioved
to produce the secondary centers of sea-
fteyor spreading that develep bohiod s-
latw! aves Lul that ane consprcuously wh-
sent hehind the continentn! Andean ane

A second impartant set of peophysical

-observatians, on crustal thickness, pm-

vides an additional linkage hetween Lhe
present plate-tectonic regime of the An-
iles and the orogenic history of the Andes
as it is read in the geclogle record. Seis-
mie dati show that the crust of the cen-
tral Andis is extromely varialala i thick-
ness, Over a distunee uf litla meore than
500 kilometers it varics Trom about 11
kilometers {including wuter} in the Ia-
cific basin to 30 ur 38 kilemeters along
tha coast {a “normal” conlinestal crust),
mare than 70 kilomelers under the wesl-
etn-range volcanic crest, 50 Lo 55 kile-
meters wider the eastern fald ranges and
finally 35 xilometers wnder the Mrazil-
fan shicld, Only in e Himalayay lave
crustal thicknesses of as iwedy ns 70 kilo.
meters been observed elsewlieral

Yet one could have predicted these
results ohlained from svisinic measure-
ments simply on the Lasis of Lepagraphy
ind the principle of isoslasy. This prin-
ciple states thal mast excess above sea
level—a mountain chain, for example—
must be compensuted by equal imass
tleficieney at depth: the mountain chain's
crustal root, whicly displuces muntle rack,
must be Jess dense thao 1he mek st dis-
places. It is evident, of conrse, that Lhe
reverse expression of the principle of
isostasy is equally valid: Aoy mass defi-
ciency at depth must he compensated by
4 ass excess al the surlace; any gronvill
or thickening of the crust, such as by the
injection of magma inte the crust from
below, will result b surface uplift, From
seismic studies of the crust it is koown
that areas that have long remaiued at seu
level dand sira thus prosmined to be in
[yostatic baluwee) are wodeelai iy “noe-
mal” cottinental crwt 30 w 40 kile-
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CENTHAL ANDES b » region where monntainboilding forees
appenr 1e be siill at woek. orth of Lima the Andes lorm & stngle
belt of closcly spaced mocouin chaine rupnlog parallel 1o the
zoast, Sonth of Lima, however, the moonizing branch, with the
caitsrly [l Lel ronuing huodreds of kilometers Inlapd snd the

weilerly voleanie chain continolng perallel to the coasi Betwoen
these ranges lies the aliiplsno, s broad flat plain nnderlain by en
eoarmons wedge of eedimentary dolaly croded feom tha wdjacent
corilleras. The Iwo ranges merge again in northern Chile. Line
A4 vhows region portrayed §o weveral aoccoeding iMoyratipoe.



meters thick. Areas bl nv sea level are
undertain by thinner crust, Lhase above
by thicker erust. This fact becomes cen-
tral when considering crustal evolution,
sinca gealogy lndicates that many of the
higliest parts of the Andes were anee
Ltk e lavel,

One additiona! line of geophysical evi-
dence, swismic velority, can e used for
guessing the composition of the rocks
within the Andean crust and the adja-
cent oceanic crust. 1n Liboratory experi-
ments the velocity of seismic waves in
comman rock types las leen measured
over o large ranpgs of temperature aml
pressure. Seismic velovities of roek o
the Jower ocennic erust arg approprioe
to rock of bLasallic composition at tat
temperature and pressuse, Interestingly,
cven though the pressure and the tem-
peralure in the crustal root under the
Amles are mach greater than in the low-
o7 prosnie orust, the wismic velocities of
the rocks ore the sume. Yet it is known
that if basaltc rock were subjected to
the: pressures aned tetnperatunes Tennd in
the decp condinenlal s, it would
vudergo metamorphis Irensfurination to
a rock type with higher scivinic velocities
and densilies than are olxeryved.

When different kil of ook are ex-
amined in detail, only lighter crustal
rocks, similar in composition to those ob-
servesl ab the serfave, exhihit the appro-
printa ssismic velcitiug ait the temperi-
tare and pressure of he lewer ceusl, This
leads to the inference that the Andean

crust is rather lwanoyeneous vertically, |

the rocks in the Andean reot being simi-
Jar in composition W Lhe volcanie and
plutenic rocks that form the upper levels
of tha crust. Exceptiaus to vertival crust-
ul honwgeneity veeur o he altiplano
{the high platen Betbwern the two preat
woleanic coveilleras)and the castern eor-
dilleras, Variutionn in seismic velocity
show (hat the altiplioe cwild be under:
lain by up to 30 kilicters of sedimen.
tary rock, perhaps minad with voleanic
depesits, and thal the castern cordillera
It wndedain by at Teast Bve to 10 kile-
mcters of sedimentary rock,

]u ntdet b Fescratisd il tha |Jrugr¢45ivu
- development of tlar Andean system
onoe must turn toe e Bformiation that can
be read from the pealopic recond. Fateo-
zoic sedimentary rovks Jaid down some
250 1o 430 million years ago arg amang
the oldest rocks of the central Andes.
Time has not treatod them kindly, and
we fndd them collipsed wrl Lrumpled to
Foren the Folih e twins of the oastern
ranges, These rocks, sonwe 10 kiloneters
of monctonously  repelitive uddy,
sundy sedimentary Deds, e called geo-

-

synclinal  rocks  [see  “Cepsynclines,
Mountaing aml Continent-budding.” by
Robert 5. Dietz; SOEXTIFIC ARMERICAN,
Mareh, 1972]; once they formed he
quict Lalevzoic continental margin of
waustern South Ameriea, (A modern wa-
lopue to the western seuboard of Paleo-
zoic Soulh America is the imctive conti-
nental margin of the east coust of Nurth
America, where a great sedimendary
weilga some 250 kilometers wide and up
to about 10 kilometers thick has fermed
between the continental shell and the
abyssn! plain of the ocean.)

During Permian and Triasvic tine, b
tween whaut 200 and 250 millian yoars
agen, dla quiet of the woestern coast of
South Anmwerica gmdﬁiﬂ]_v gave way 1o
ruinblings Lronght on by the incipient
Lreakup of the supercontinent Pazigaen
and the onset of the plate-lectonic cyele
that is il under way. The continental
edge becamn unstable and the geosyn-
clinal strutn were warped and buckled
upwnrd Magma, possibly devived From
partial n:{*]hnb of deenly luried peosyn-
clina! strata, invaded and poked theeagh
the sedimentary pile to form habolitlis
{bodics of intrusive igneous rock) at
depth and voleanoes at the surfuce. The
old volcanoves have long since disap-
pearetd, but voleanie rocks from this
pd:riur.] are found interayeied with sedi-
mentary bods, The intresive rocks, prob-
alaly representing Lhe devpier Fesler bev-
els of the valownues, are connmouly found
tuday esposed in the cores of e eastern-
fold renges, nestled wmong crunpled
geosyelinat rocks.

About 190 million years apa, in car-
liest Jurassic time, the major axis of tec-

-toni¢ activity shifted several humdrpd

kilometers oceanwand, to the west, The
lithers prhere Yivohe along tho juawtion by-
tweeen e Soulh A mericsan contboend and
the Parifie Docon basin and 11 veeanic

-p]ula heg.'m s descent ke the mantls

uneler weslern Soutly America. Cne can

anly speculate naw on the reasons forthe
catastrophic Tupture of the lihosphere,

although there is some evidence that it
may lave Leetr in response to the anset
of swa-loor spreading along an aneestral
Fast etlic Bise, YWe do know that the
South Atlandic Ocean had ool yot begoa
tu epen nnd et Sowlh Ameriva and
Alrden were stil] onc.

As the Pacific plate plunged under
South Ammcrica, andesitic magma welled
ta the surface, sweated out of the de-

scendling basaltic ecexnic crust, Adesite .

is the churmcteristic voleanic roek of the
Antdues, It s richer o silica, wul lience
Less qtense, Yhiua DBasalt; s connpesi i is
what s termed interimedinte, that i, be-
tween Basalt and grunite in &lenical

campesition. These andesitic rocks of
Jurassie age are well preserved all slong
the coastal regions of southem Peru and
northern Chila, It iy still somewhat prel-
lemnatical, howeaver, whether the ande-
sites wers extruded on siafic (continent:l,
shallow-water) crust or simatic [ooeanie,
deep-waler] crust, The lavas themselves
appear to have Leen extruded below wa-
ter, since many have been highly altered
by seawater,

OCne might infer fremn this that the
volcanic are of the central Andes began
as zn island arc in the ocean off the const
of ancestral sputhern I"ena andd nocthern
Chile [see: itlustration v next trwa pag-
£s). Yeu the picturg of the Jurassic arc is
wot simple, lLecause Jumssic volounic
rocks in southern Poru are wedged in
among crystalline metamarphic rocks at
least 400 million years old. Just whal
these remnants of oncient sialic crusl ara
doing sorne 300 kilemcters west of the
curréntly esposerd geosynelinal rocks of

. the Paleazaic cantitenlal margin is not

knewn. The presence of sialic rocks dees
not necessarily imply, however, that tha
Jurassic are lormaed on continental enust.
The rocks could be part of a Paleazoic
microcontingnl of peninsula that Lay to
the west of Lhe South American coast-
line. Or they would be sialic Satsam
swepl into and plusttrml to the adge of
South Amerien, hovpant debris scrupel
from the top of the sveanie plate as it
dived dewn at the trench,
"I"'hes-e difficultivs aside, Formation of
the Andean volcanic arc was well in
progress during Juratsic time. The fact
that Jurassic voleanic rocks are still wide-
Iy preserved indicates that the Jurassie
are never steod much above ses level and
consequently swifered little erosional du-
struction, Furthernnn, it appears that
the entire reghon 1o e cast oF e Jurs-
$i¢ aro, extem]il:g ue fur enst as and en-
compassing the urea of The pre:sent-dny
Ander, must have been near sea level,
since marine sedimentary deposits wre
mapped throughout the area. This ebser-
vatiga is imporkant because it shows that
the crust of the Andes was still thin,
prebably mo inwre then 35 kilumeters
thick, )
I have noted that e Turmssic' are
formed duting B peried when Seuth
America and Africa were still a sinple
eontinent. Tating of the magnelie pal-
tern of the South Atlantic by Walter
Pitman [11 and others at the Lamont-
Duherty Gealogiva] Obxervatory of Ca-
lumbia University iclicates that b wad

- only nhout 135 nmiillian yoaws ago tlist the

South Allantie Legan w open by spreads

ing alang the Mid-Athatic Ridge, Tor-

ra



mition of the Jurassic are inuuguud -
wd tha Empasssive Series of fwuntain-
building episedes tiat produced the An-
duan Lelt, Lt it wos pot until snmetime
after the break-olf of Socth America
from Alrica that Andesn amopeny Levan
fn ernest.

About 100 miltion years ago, during
Cretaceous Liine, a pocomd tnajor voltanic *
arc Bregun Lo form parallél to and conti-
nentward of U Jurussic are. (My treat-
ment of Ajdewn dovelopment as u serics
of a few distinet eppisodes is an oversime
plilication, but it serves o trave tha
prowth of the mowntuin system; igneous
activaty has actually becn ruther cuntinu-
vus frem obout 200 million years ago to
the praent duy.) The lavas of this vol-
canic chain werg extruded above sea lev-

' el=glear pvideuce thal the volounoes de-

vieloped estride continental crust, Activ-
ity along the Cretucenus are reached
inaxinurn inteosity alaat 50 (o GO mil-
lion years ago with the invagion of the
crust by massbve mmouuts of magma, The
invading magmas crystallized to form

criserens Batlnliths thiet now lie expeesed
all wlang the weateuy Manks of the wist-
OrN Fill 1R

The contemporanesus  voloanoes,
which toust have towerad far alsovy s
level, have long since been strippexd off
Ly eroskon, expasing the intrusive wikler-
pinnings of the veloanic anc: the Andean
Batlglith. [n some areas, Such as sigthe
ern Puere, erosion hias net esten us decp-
ly, so that semall Tuaholihs e poatled
Ly wulewnie debris of simila wgo nd
compoyition, These small intrusive Tel-
fus e probally [HLIts of the feeder R
thut supplied the volcanves. In tine the
veleatde roofs gf the Datholiths will be
further stripped away, leaving only the
deep-seated intrusive foundatian of the
vanished Cretaceous viokunic sre ea-
posed b view,

Tho crusta) swelling tlat acuinipanied
the bvision of magina produced mujor
tRuanis in the eustly dedorme x| @ EUosyn-
vlinal rocks of the eastern runges, Up-
welling inigras ditated the erust ulong
the ling of e Cretaceous an. The Ko

synelinal rocks were alteruately sloaghed
uff and pushed aside Ly the growlng
orogenic welt and were crumpled and
thrown up into the fuld mountuing af 1w
gatern ranges. Enormous volumes of
sediments were eroded from the flunking
mountain ranges End dumped inta the
intervening altiplano bazin; seme places
in lhe altiplang reccived up to seven
Lilotpeters of sediment in Cretaccous
time alone,

Il is sirnificant that the Crelucuaus ar

lies an the continent side of the oldec
Jurassie arc becausa it has usually been
supposed that, ag debris fron the veeanic
crust §s steffed under voleanic ares, the
tremch and are will migrate aceanward.
Quite the contrary is lrue in the Andean
region: during the course of Andean
evolution the axiz of the voltunic arc has
marched gver inland, away froin the sea,
Even on a fne scale uno finds successive
intresions of the Aodean butholinh shift-
ed continentward. One wun only specu-
lare on Lhe reasens Fot the easkward 1mi-
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ANNDEAN EYOLUTION is thown in views northweslor!y [rom line
A~d' in map oo page 54 Late iy Paleozoic periad (1), soma 250
++ : PREFALEDZIONG SEDIMEMNTARY i llion years aga, sedimentary deposita hlanketed 1he presant coasts
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¢2), sbont 200 millise yesrs ngo, noderiberasting of the [Hthosphera
Yegm, lockliog 1he sedimentary roeks and povhing them opward
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STRUCTURAL CONTHASTS between the Andosn veleanle are
and the Tonga-FIji Ilund are wecount for dlferpncen {n phyrio.
gtaphic aettings and earthquake distcibutione, In the Toogn are
most earthquaken occur within the descending slab, which has mo.
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causen the ppreading behind the are, E.;"thqluhnl In the Andes are
nol confined 15 Ue descending plute, nar v there apy cvidence al
crustal ppreading east of the volcanie are. Evbdenily the thick Jitho-
pprhere under tho londing edge of South Amercics proventa toovee
tien and secondary rprending., and the forces gencraled by the de

evidenen of minor sea-fluor ipreading went of Lhe are. These aber- stending slub produse carthqnakes racher then convection ebove
wations snggeat 1thal drag from the sinking plate causen renveciive the clab, The intenaity of esrthqoake sttivily onder the Andes is
overtarn {arroua) bn the overlying athenasphere, which in turn itdicsted by the density of dots, Few dois shaw Jighler activizy.
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reation, but I shall relurn to this guestion
s, hen 1 consider the origing of the vo!-
umnes of mugma that have Luilt the An-
dean onpst,

The present-day Andenn voleeniy wli-
hce begmi i enerpo absnt 15 wnillinn
ety agen I nerthiern Chite and seneihi-
vran Peru huge volunies of wlicie vorcanie
ash exploded oul ot ligsures wid asyed
vut fram eruptive centers, cwntnull}- e
Litanket huncdreds of thuusands of square
kilometers. Even now, when most of
these ash deposits have long since been
eraded away, it hay been estimated that
their remnants cover sprme 10,000 10
150,000 square kilometers to an average
degth of 00 meters, Tha ash enaptions
conlinued steadily ot wlet Tour il
lion years age, wheo ey emdod aliropt-
e and wers fullinwd] chosely by tho out-
pranting of amdesitic bivas lrons valeunic
virls, These later Luvas forv the great
strutovoleances, st sbill aetive, that
demninate the Ambean chain anel pise to
well over six bilurmelers in the gentrd
Andes,
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The massive influx of magma into the
crast under the moedern Aagleyn volcanic
erest swelled the crust and prstlaced ex-
tensive Doldl g wid Lhrest-Fanli T o e
.Ih'rlrl.'um wnd the vastern moges, The
guimprclinad  sedinents  wore Turtlaer
prushud wsisdo by the capanding rmagat-
i walt and the casterny [ ETTLCE IR E
junmaneel upe Lo burm nareew, bigh moun-
tait chains, Sedinnentury debris Hooding
in frone lath the ecastern and the westemn
range during Tertiary time mled op in
the altiplanc to thicknesses as great as 15
kilomelers. -We are new wilpessing at
least a temparary waning of activity, ancl
through the relaxatien of compressive
stresses some extensional feutures luve
formed in the wltfplan, Lake Tithmca iy
a nolable gite of ope soch® fealune: o
graben, a loag deprension between fault
lines,

Su far ! have conshlerod Andean eve-
lation from tw et ef view of surlace
geology, descrilhng the inland march gf
the volaanic are, the resulting progres-
sive crumpling of the Malevzoic geosyn-

-

cline antl the gradval uplift of the An-
dean chain, ! have not yet inquin_;c] in
detail inde the growth of the crust and
Uae origie of 1w crustal rocks below 1l
surface,

GI.‘!SSJL'M vonceply of muuntein buld.

ingg Toeabated leng before the wd-
vent ol plicte bectonics, Twld that meosy -
clinal rocks formexl in e|ung-.1ted Liasins
of deep subsidence and that thess Lasim
were necessary precurson of laler moun-
tait belts, which were presumed to furn
through the deformation and melting of
the thick geosynclinal sedimentary stra-
tz, The teclonic mechanies wherchy
thesa su‘d'linuhl'.lry rocks were melted md
deformed was wlwuys o mystery, as was
the origin of 1o subsiding basin isell,
A numbaer of proldems e posed by clas-
sical coneepls of geesyoclines when ey
are applicd to the cestrml Andes, The
crust wader 1Tho voloauic crest is more
than 70 kilumeters thick, und yet na sedi-
mentary basin can ever sit for loog on
crust more thap about 35 or 40 kilo-

ASTHENOSPHERE
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wnl emetward. Ticing wuge Trom thae dewending orcanic plute
furmed an s of volemoes [0 1he conatul waters of western Searh
America, Sarge barholithe, or hoalice of intresive ignesoy rock,
fartned in 1he wealinwntoey bayers of e eastern ranges. Tn Creelg-
cettdd nndd early Uegeptnbe tiees 132, 100 80 80 mrilliow yesrs afu, o
werand vauTegmier oo Lacgatnn b Suery egal watd oF the Jurgeahn weeo P

welling mnpmin swellad (e orust, pughing weide the sncient vedi-
myenliny Il.ll'l'lh.| which v;'ru:|1|[I|l!|.| I Taewy the fuli] ety of 1he
wastern rotdil lepn, Marerial sewdeld From Hiess wemnsing poyre |
inty wliplaig region, Formation of (e present salennic runge e
gunt D0t L5 millivg years ago, reaching by Pliveene ur Pleidorens
pirum bl wie we Lwo millibn yesrs ago, U present sicuciore.



meters thick without bahbing above sea
level and thus ending *:cd:mt.nt.mun -

IF remobilized Py ne Hupal ricks are
ter ke up the crust of Lthe western cor-
dilfleru, they must therefore lave under-
pone twelull] foreshurtening to producs
a, doubling in crustul thickness, Yet in
the volennivc chain we Bnd few lectonie
patterns such us thrust faults and tightly
Lmnpru.sed folds that, wonld suggest
r.l‘ustu!:]mrlemng On the contrary, stud-
ies of seismic earlyuike mechanisms
wred modes of faulting indicale that the
dJdeformational style is extensional: the
carth usder the volennic arc is swelling
rather than wmtracting. Clearly knowl-
ei!ge of the Andean crust could not be
casily mated with classicu] voncepts of
geaynclinal mountain Luitding,

{}n!}r the wilvent of p!atﬂ-tﬁf_‘tunic tha-
uty las ndjusluﬂ this unlwppy misimateh
Latweor mmotaing and mountaio-build.
ing Ureory, il it hus done s by provid-
fug mountain-building mechanisms and
processes that bear a clear relation to the
Andean arogeniv sl 1t now appears ta
L evident (although some rearguard sci-
enlific uttles still rage) that the geosyn-
clinul sedimentary rocks are simply vie-
timns irepped at the coatinental margins
and eought up in the tectoric processes
that accompany snbductivn. The peo-
synclinal wedpe must participate in, hut
can never be w grime mover of, the
mountain-lilding process itself, 1f this

avalysis i5 correct, it follows thut the

magnag that built the central Andean
voleanie wre were devived from helow
tho crust and tat the great volumes of
rock that solidifed from these magmas
have producces) crustal thickening and
inassive uplilt of the arc.

Wa ame left, then, with the question
of the sources of magma below the crust.
There are two principal possibilities: par-
tial melting of the dense mantle rocks in
the wedgpe letween the crust and the tep
of the underthrust plute, or partial melt-
ing of the Tsasalts wsd seciments of the
necanie ceust riding down inta the -
the o the bihespheeie conveyor belt.
Kust ulmorvutions L ngninst HIRE HIE R
tHo sourea Tor the andesitio rocks of e
Andes, 11 Unr thickness of the erust i tha
valeanie wre Tad been doubled Ty the
addition ef uwmma from below, then
wnne 20 percent partial melting of man-
s ruck betwern the crust and the sub-
duction zone wonld be required to pro-
vide the necessary volume of additions
to the crust. Experimnental stodies of the
purtial melting of probable mantle ma-
terials o not readily support the t:x-'!
tractivn of this quantity of andesitic
tagiia Hom dense mantle rocks, A

- changed or has the trcnr.]l migmt{.-d over

r
‘

-

yourct in the mautle for the Andeun
ricks seems poasible only if it 1fow
Py itdes o constant 5up[}]y of rock wn-

) depleted i ity low-melting-point Frive-

tion, Yot we have alreadly seen that the
npser antle under the Andes ix rigil
lithosphere toa depth of fromm 200 1o i)
kiloinaters, und therefore prolably guite
Frnmwkile.

A nllernate prapasition, thut the
HIAFINES Are derived [rom the descend-
Ing veeanic crust, is currenlly must in
favor and is a theory that ! belicve pro-
vides a viahle explanatien of Andean
crastal genesis. Rocks af the wceanic
engst have melting remperzatures several
hundred degrees Celsius Lelow those of
mantle rocks. As the culd oceanic crust
tlescends into the imantle it is heated by
tha hot mantle in which it is envelupedl,
and at depths of about EHY o 150 kilo-
meters the hasaltic crust may well reach
itsmelting point. The partly melted lrac-
tion of oopanio crust would be less dense
than either the purcnt rock or the sur-
munding mantle rocks and wonld mi-
grate upward inta the erust. Most of the
magma would be trapped and would
soliclify at the lower and intermediate
levels of the crust: only a small fraction
would ever muke its way to the surface
to come out through volcanoes, and so0 =
the yoleanic pile on the carth’s surfuce
represents only a smyll part of the total
increass lu crustul volume.

A pliemsmenon reluted to the origing
of e crustal rocks i the eastward mi-
grotivn o igawnms activity, Assiwning
thnt tha rocks originate through partiul
inelting of the descending plate, thera
are & number of wiys to esprlain the mi-
grution. If, for example, the depth in th
carth wt which melting ocours remain
constant, then either a progressive de
crease in the dip of the desconding plat
of & progressive continentward migmtiun
of the trench onld cuuse an eastwanl
migration of igneons activity, Or, if lhq
prasition af the descending plate reming
constant, the depth ut which oaelting ov
curs on tha slal may increase with tine,
thiuy pushing the soutee ol WL t|u(rl!~
erand enstaeel, A eritien] consileration
hera is tha position and dip of e de-
sl;_:._ndmh1 plate sinee N anset uf sul-
duction. [as U dip of the Benioll zana

Lhe st 200 million y ears

Examination of the chemistry of lhe
rocks themselves provides a partial an-
awer to this quesbion, William R, Dick-
inson of Stanfurd University and Trevor
Hatherton of the New Zealand Depazt-
ment of Seientific and DIwdustrial Te-
search have dermenstrated a olear posis

1

e,

tive correlation between the amount of
patash (K0} in modern volcanie rocka
and the depth to the undedying Beniotf
zupe, For particolar rock types such us
antlesite collected from island ares al
sver thu world, the potash content is o
et ne Jess linear function of the depth
to the underlying Denioll zone, Hy 1w
hwerse corollary of this relativn one
should be able to extimate the depth to
defunct Benioff 2ones by measuring the
patash content in older rocks,

We have just begun to apply this tech-
nique in the Andes. The data are by mo
means camplete, but as we proceed from
rocks uf the Jurassic are to those of the
Cretuceaus ate and o to those of the
modern are we find o progressive in-
ergudo in potash content. This progres-
sive inorense, of course, Is also cormelated
with increasing depth to the present
Beniolf zone. We lnd sponilar varintions
for strontioin content, anmher chemieal
varinlie thut has been shown ko exhibiy
a positive correlation with the depth to
tha Deniolf zone.

It is therefore possible to speculate
with some basis in fact that the position
of the Beuiolf zone has not chanped
grently with time. I that ix so, the gast-
ward migration of the arc over the past
200 million years implies that the posi-
tiun in the mantle at which the oceante
criwit malts has been pushed to progrus-
sively greater depths. Tt may well [
that in the Andes the contiuned wuder-
thrusting of the cold eceanice slaly into tha

mantle under the continent las madually -
conlod the surmumljug_r_n_a_nt!ﬁ_mkm K

that. the tcmperature at which meltiu
oceurs in the descending plate is attained
anly at greater and greater depths. I
such a process accounts for the migr-
tion of ignecus activity ever inland from
the irench, then as Jang as subduction
contiitues ynder the central Andes the
volcanie chains of the fulure will im.
Pinge ever more on the old geosynclinal
rucks, driving them even Rrther indund,
Oue day, however, Acdean aageny
will enid. The voleunic chadu will stop
[..rumnl., and the fevitable destruetion
Iy crusion witl set in, To reduce
Ardes to sea level, some 35 kilumeters of
crust will have to be stripped away, ex-
posing the cenler of the earth’s crust.
The sedimentary debris remaved from
tha mountain edifice will be dumped on
the continental shelf, the continental
slops and the oceanic abyssal plain of
the Pacific, There the sediments will pite
up to await the next teetonic eycle, in
which they will be crumpled, buckleel
upward and swept aside to give way to
the next great voleanic mountain belt,

1
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Fig.27. Prescnt worldwide plate kinemalle paitetn at ihe aurface af the earth. Seismicity alwr

Barizangi and Dorman (19693 1o sddition to the sis laege plates vaed by Lo Pichon ©1968), sin )
addinlonal piates (shown hachuned) wre uscd In o twelve-plave model gfeee Morgan ¢ 19T 1h] Vaclon

of differenia! motmans are iown al sebocicd points. 5w tent and Taple ¥, ¥,
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Carmputed differentia] movemenls Adong consamang plate bounduries [excepl Mor o thwea Atlantic)
as piven n IFip. 27 wsing Morpan's {IE-I'.I"!,]:]- poley
: u

Wo, lal, Long, PMalesin Plates in Rute Aomuth Lucation
Le Pechion ATorgan [omfyaat)
(1968} (ES T

I 51 160 ELYPA AMIPA 1.2 114 . Kurile Trench

1 1] 148 EU/PA AMIPA 1.5 107 Rurile Trench

k) LL] 142 EUfPA EWFA -~ E& tat lapan Trench

‘ 7 141 EUPA PAIPH - 75 o5 Japan Trench

5 17 148 EUrA PASPH iy - 252 Marina Trench

[ 11 14 ElfPa Al 2 3 Matiana Treach

7 -3 142 TH/PA 1 14.5% TH New Guinea

o =3 =172 INjIA Ik A 94 97 nottll Tongs Trench

B =34 |74 INIPA I/ A L% Qs sauth ketniades Trench
(i} =% 1&%  CINSI'A INPA 3.5 T2 sautly Mew Zealand

] =45 15%  INSPA INFEA & q Mavquatic Tvand
17  =%§ =7 AM[AN AMIAN 1.1 155 sauthwes ALlantic
13 1 =2 AMJAN AMIAMN 1.3 212 south Sandwich Trench
15 =30 =75 AMjAN AMIAN LN xan Cape llarn
16 =35 T4  AMfAN AN BT T4 saulh Chile Trench

17 wd =N2  ANJAN METAN HA 17 north Peru Trench

I8 7 =19 AMfAN MWL AM K.} 75 Panama Gulf

% M -lDs  AMSAN CO/ANM 6.4 17 north Muddle Ameries Trench

SROCTTRI TR AMEA AMITAT T 8B T 144 east Aleutian drench

| 0 178 AP A AMEA .4 126 west Alcutian Teongly
12 L2 Tha  AMIPA AMA o 115 west Aleutlan Trench
i 41 ~31 AFSIIU Al .0 294 PRI
in & -6 AFfEU ALY | .6 145 Gibraltar
1 3 15 ALfEU AIfEU 2.3 1Y Sicily
iz 15 35 ARV AFITU 1.6 & . Creie
1 17 45 INJEU ARFEL 41 13 Turkey
k2 k1] 51 INJEL ARJLL 45 poju Iran
ki 1] k1 12 INfEV IN/EY 4.5 E | Tibet

¥ 0 57 INJEU INJEU 64 31 wetl Javn Trench
n ~12 120 LIN;’EU‘ IN 1.1 18 east lava Trench
i3 11 -8 COCR 74 M Middle Ametica Treach
¥ 15 el CRIAM 4.0 g7 Lester Antillgs
40 1% 124 Eufrn 9.5 150 Fhilippine Trenvh

was delermined by Larson and Chase (1970] fram a faveruble distribution of fracture
rones, The linear rate of stparation ingreases very capidly 10 the south and is as high as
1.5 emifyear of ha'lrate near the equatuer {Larsen and Cliase, 1970). The Galapagus
1tple junction at the inlersection of the Galapagos and e Eatl Pacihiz ridges, and the
Eaver Island weiple junction au the intersection of the Chile apd East Pacilic ridges
provile imporiant checks of the kinematic determinations {Hey 1 al,, 1972}, The
Carilibea plate, which is adjacent 1o the Cocus plate, is also well-defned by the seismic
activity ulumg its borders, except along the soutbwestern border in Colombda (Melnar
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/ Farthquake Prediction

NSTITETO DE GROFTHGH

$IDLJOTRCA

Recent technical advances have brought this long-soucht coal within
| & E-yougRt goc

reach. With adequate funding several countries, including the U.S.,

could achieve reliable long-term and short-term forecasts in a decade

ancient and respected occupation.
It is only in recent yean, however,

Thﬂ forecasting of n:.ltutrophe is an

that earthquake prediction has parted

company with soothsaying and astrology
to become » scientifically rigorous pur-
suit. At presest lwndreds of geophysi-
cists ond geologists, mainly in the U.S,,
the U.5.5.1, Japan and Chiva, are ea-
gaged in research with earthguake pre-
diction &3 the dircct goal. Mast of these

b= ,

=

by Frank Press

investigators believe that the goal is at-
tainable. Some are more pessimistic. 4
few netually think that the side cllects of
prediclion might be worse than tie beu-

cefits and that the goal should be aban-

daned. Rescarch on earthquake predic-
tion thercfore ‘exensplifies many of the
problems that face miedeon sociely: tech-
nclogy assessment, the design amd arga-
pization of a massive missicu-urivpted
project, the compelitien for funds and

RISK OF BAMAGE FHLOM FALTLHQUAKRES i asseaed i o browl, climatalagical szen-e
in e map wf e U235, Lveerd on infnemation rowgsiled by the o sl Geudriir Burvry.
The 1up b= baeed prrivoerily on hictorical rerords of desiructive rariboqushes snd s it
1ake into weenwnd e Tael that cartlgueke tremeeen wre siacl miore Tegppeent in e Weetern
slates than elerwbore, A Qunl af (he antion’s popeulation live Invea durhestrolured repions.

the palitical nieclies of an undertakiue
iovolving sdmittance o proviously in-
acctssible repmivng of wnather couuley, '
I slare the view of most of my col-
leagues that earthquake prediction is »
highly desicible goal, Meeaus: of the
large invrcase of popmluiion deosiny in
Use eaethauakeprong sections of the
VS, the pelential less frons an cartls
quake as strong oy the Sin Franeisco
shocks of 1008 could Twe as hivh as wens
of thausands dead and huoedeieds of thou.
smuls fajured, with properly damape
measured in the billions of <dollacs, A
catastrophie on s scule wotld be un-
Ilrl::‘l:'l]l.‘l'-ll:“d in e ]H‘xlm}' ul the conn-
try, yet it is an event Lhat mest seisimolo-
g:‘sl_-i eapect to oCOur Sner oF later, Tlwe
seismic-risk map of the U5, shows the
most produble locationd of strong varth.
tquikus [see iMiesteaticn ae b fLE The map
is lascd pwimanly en corthquake hiis-
wny; it dovs nob tike vt account the
Diequenvy of ceeurrenee, Henee Doston
is shosens Le boe as rishy as Ly Angeles
{mainly because of nosingle great quake
that oceuceet]l §ir the Toston arca ke
1753), even though tremors are 1O times
Tess Frerquent on the Past Coast than on
the Wit Cuast, 1L s o solaring thought
that o thind of s pation’s prprlation
livee du the Dwew repgions of Nighest risk,
Preliminary resulis of correat inves-
Ligalioms  indicate that prodictivns of
strungs carthepiahes eonhl be made sy
years i advance, (b alw uppears likely
that o aucthexl Tor making shari-tenn



welictions, as short as wecks or ¢ven
Jays, will bo deV{JlOPELL Wity this dual
cagubility it should become passibla to
Jevise a remedial strategy that ooukd
greally reduce  casualties and  lawer
properly damage. For example, the loug-
range prediction of a specific event could
spur the strenpthening of existing strue-

tures in the’ threatened arca snd moti-

vule authorities there to enforce current
buildizig and land-use regulations and to

revise such codes for new construction:

A Puhlin-educntinn campaiyn on safety
ures could alss, be instituted.
Short-term prediction could mobilize

disaster-relick gperations and set {n me-

tien procedures for the evacuation of
weak stmctures or particulatly lamma-
ble or otherwise hazardous arens. The
shutdown of special facilities, such o3
nuclear power plants and gas pipelines,
aml the #vacuation of low-lying coast.
al areas subject to tsunamis, or “tidal
waves,” could giso follow a short-term
Eoeecast,

The problem of how one communi-
cates an -earthquake prediction to the
public and the consequences that flow
frosa such warnings (and from possible
False alarms) are now being examined.
Rescarch into the social aspects of earth-
quake prediction will presumably ad-
vance along with progress toward a
physica! soluben of the problem. For
these reasans most experts cunsider the
ability to predict earthquukes to be jus-
tifiable on beth humanitarian aml eco-
nomic groonds.

\\’," ith the advent of the theory of plate
tectonics the distribution of earth-
quake bela around the world became
understandable. According to this view,
the earih's lithasphere, or tuter shell,
is divided into perhaps a dozen rigil
plates that move with cespect to one an-
other. Most of the larpe-scale mctive

of geology—vuleanism, moun-
tain-building, the formation of oceanie
trenches, earthquakes—nre conceutrated
at or near plate boundarics [sce iffustra-
tiem en next dwo pages]. It is €asy to w0
why stressés Luild up along plate bound-
arics, whero the relative motion of the
plates is resisted by frictivoul lorces
When tlia stress increases to the point
where it oxeeeds the strengtly of the
rocks of the lithosphere or overcomes
the frctional forces ot the bownudary of
» plate, frcluring ocvurs and an eurth-

guake results, The plate-tectonic medcl

combiued with earthquake statislics al-
eeady makes it pusiihlc to pl‘t'dir.:t varih-
quakes in the climatological srose of

Identifying particularly dangerous areas |
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and estinaling the relative degree of

danger. What {x nceded, however, is
ptediction more nkin to weallwr fore-
casting: Where and when is the next
earthquake likely 1o take place?

A combinallon of luboratory and field
experimenls over the past five years has
led to a becakthrouph in thinking about
the problem of earthquake prediction
When a roek is squeezed, it deforms and

eventually breaks. Just befare it breaka .

it swells, owing to the opening and ex-

tension of tiny cracks. This iuclastic in- -

crease in volume, a phenomenon loug
known to luborzlory experimeuters a3
dilataney, bepgins when the stress reaches
gbout half the breaking strength of the
rock. In the mid- 1960's William F. Brace
and his colleapues.at the Massachusetts
Insttute of, Technology showed that
measurable physical chanpges accompa-
ny dilatancy in Juboratory experiments;

such effcctt includy changes in the clee-
trical resistivity of the rock and in the
velooity ot which clastic waves teavel

through the rock, Brace suggested lat”

dilatancy and its cflects might he de-
lectable [ the carth’s crust and provide
a basis for earthguake prediction; his
sugpestion penerated much excitement
at the time because it opened up the
possibility  that premenitory  physical
thanges could be alnerved in advance of
carthquakes. .

In the late 1960°s two Nussian investi-
gators, A. N. Scmenov and I L. Nurso-
sov, startled the seismological werld
wilh o report that unusual variations in
the velocity of scismic waves appearc
Just belore earthquakes in the Garm re-
gion of Tadzhikistan, Subseguently the
Russians anneunced that in earthquake-
epicenter regions in Garm, Tashkent and
Kamchatlka they bad detected changes

~oenlenl of e radionctive gas radyy,

46
both jn electrieal resistivity and jy, 1),
In
the water of deep wells,

These reperts triggered o lurey of
activity in the U5, Americun s
gists wenl be the USSR 4w the gy,
firsthandd, They also began arangig
their owan cxperimenils i oicker ol
serve the precursory phenemuia, Te,.
uical pajwrs on these pheiimena .
thored by Russiin, American and Jaju.
nese workers bt'gnn o L prescutesl in
Jncrmsulg nambers at scientific meer.
ings and in juurnals, Last year a group of
Amcrican peologists and geoplasicive
visited China and fonnd a larpoesaile
earthguake-predictjon program undie
way, with izoportant resubts that had nag -
yet been reported ot international et
fugs or in pubkcations,

It is fortunate that a number of carth.
quake precursors have been fouml, cach
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based oo o Jilfercnt physicul incasure-
ment ConBdence in a prediction is en-
hanced when it is based on several in-
dependent lines of evidence, cach with
its distinclive “noise™ history and its |
Estinclive nnnmn'ﬁ}r sipmaling an earth-
quake, 1fow are the precursory anoma-
lies obgorved?

An array ol scismuopgraphs cun be used
10 sense precursary clanpes in the ve-
lecity of compressionual waves and shear
waves in tho foeal region of an earth-

’ qu.nkc [gee illestration o nes tpage]. Tha

seismic waves uriginate in smatler earth-
g uakes within the faual region, in larger
eartbquakes outside the focal region or
in artificial sourves such as explosions
or mechanical deviees. Such snomalous
changes havp been olserved in sever-
al parts of the U5, the LS5 R and
China.

Seismim“}r active regions have many

/R

eanern U5, arg raro Lt con Joe destructiva,
China, squereed by Jarge plotes oo tlir south
#od the cmit, has & high level of sciamic
il:llﬁ-tj'. whith my Lbu micilutable 1o the

- -r= in central Avim,

N N .

mare small n‘..'lrthq;la'lcu-i than kirge mws,
This "backgroind” of small remors var-
iexs in titne. Periods of «ilm before 2
stromys shuoek are (requently observed,
the lackgenund acuvily appears 1o go
thriugh a minimum and then ta ncrease
just before the main slwek. The patlemn
of radiation of seismic waves roflects the
stress field in the enist, In central Asia
DNussian {nvestigatoes bave found it
the stress patiwen sheswvn Ly the small
tremaes 13 rundom during the calm pe-
riel but becomes lighly orgenized be-
gummg thuee or four months before the
main slwck. Tha compressional stresses
Lecomi wignod in the sune direction ay
that of thy fortheoming mam sheck,
Avolher approach §s  to measute
anomalous changes in the volume of
crustal ruck jn the focal region. The
changes can be observed by tltmeters,
by devices for monitoring changes in sca
level {corrected for occuvographic and
meteorelogics) efects) and by repeated
surveying, In parts of Japan and China

 historical recurds of precursary changes

in the lewdl of Jahes, rivers or the sen
goinctimes  clating buck hundreds of
years, loay be relutud to the same phe-
nomena Lace ilustrdiion on page 1581,

Precursory changes in water level,
water lurbidity and temperature in deep
wells can be gbserved visually or with
Instruments. QUserving the radon con-
tent of well water, a teclmigoe wsed ex-
tensively in the U.5.5.R. and China, alse
seems 1o be 2 sepritive indicator of forth-
coming seismuie activity [see top ifhustra.
tigm on pafe 21,

If an clectric current 35 led intn the
earth's crust bibw e two points several
kilumeters apart, voliuge clianges be-
tween bwn atler points will show up if
tho vesistivity af the inlervening erustal
rocks changes, Sueh precursury fuctua-
tions have Lven reported in the UE,
the U550, und Chiua [see Dotim il
lustration on page 211,

Magnctometers on the carth's surface
can detuct chapges in magnetic field with
a strength of abour 2 hundred. thow-
sandth of the carth's natural Geld. By
subtracting the ehanges sensed by "tan-
durd” isstruments removed from the epi-
contral region, noie ntrodeced by flue-
mations in the sream of eleouvically
chonred partivles o the sun (the “solar
witd") can be redueed and anonatous
cianges -t Ue foca! region can L de-
tevted, Precursory magnelic signals have
wso Lven wbserved in the LTS the
U551, and Chiva.

\L]mup‘h outt can conceive of oy carth-
ipakesprediction  strutepy  Lased
puarely oy cmpirical observalicns such as

these, it js highly desitable to have a
ph}r:ic:ll mexlel that explains the obser-
vations. A model put enly culiunces con-
fidence in the basic nelion of predict-
ability but also nahes for wmore vfficient
rescarch ptuccduru.

Two principal el have oo pro-
posed, bl growing out of Taboratoe-
ry expefiments, The dilutajes-dilfusion
theory, proposed by Amos S Nur of
Stanford Universily in 1972 and extend-
ed by Christopher H. Schole, Lypn H.
Sykes and ¥, P Apgarwal of Culambia
University in 1973, I8 supported iy most
American spovialists, Ansther moedel,
which might G colled the dilitancy-
instaliility theory, was proposed in 1671
by workers at the Inslitate of Thysics of
the Earth in Moscow, 1t alsa has 2 fow
American and Japanrse adlicreuls, The
maodels have a common featuip: the
growth of cracks as stress Luilds up in
the crust just belore an earthquale |see
iflustration on pope 23]

Both wodels begin with a stuge in
which elaste strain builds up in the
carth’s arust. In the nest stage stk
cracks open in the straingd peortion ol
s crust and dii.ﬂnncy becomics 4 doni-
nant Factor, In ihe Rugylan view the de-
velopment of cracks "mvalanches™ in this
stage. In hoth models it is the second
stage that marks the real beginning o
precursocy phenomena, since Lhe open
cracks change ilie physical properties of
the rock. Seitinic velocity [the mtio of
m:nrm:ss;‘onnl-w.wu velocity to shear-
wave velocity) drope. Electrieal resistiv-
ily increases if the rock is dry aad de-
ercases i it is wet, Water flow through
the rack increnses [Aand therelore raore
radon enters e water from the rock).
Volume in 1ho dilptant zone jporeases. Tn
the American meode! the num by ofsmall
remors decieases i this stage because
tlie cracks beevne vedersaluyrated jin wa-
ter ps they increuse in number; as a re-
sult sliding [rictiun ilereases and inhib-
is fntl]lil'hg.

The two models dilicr markedly in
the third slage. lu the American model
water dilfusct inlo the undersatvraled
dilatant fopgmni, The main elffect of this
inllow is to jncreass the seismic velocity
and 1o raise the pure presspre in the
cracks, weakening the rock tu the poiut
where emall earthiquales ipcrease in
pumber aand thu i sleck Tellows, In
the lussian mudel water plays no 1e’
in the third stage, Dastead Mie as alanche
like growths uf crucks leads ta instability
ard npltl eliroation i e vicinity of
the main fault. T stress Liad drops par-
tialty it Uhe segion surronnding the zons
ol unstable defunnation, cracks partial-
ly cose amd the ruck recovers some of

a7,
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" PREMONITORY CHANGES In aclumle velority (ihe rutie of compresdonal-wave velacily
1o shear-wave velocity] were alaerved in ibe late 1960% juet before two fuirly Jerge esrib-
quaker In the Curm region of Tadehikisan by A. N, Senensy and 1. Nereesoy of the Tn.
#litgle &f Physica of the Farth in Moweow. These compoaite diagrams, drawn from Lheic
work, aze based on » nuznher of smalier carthquakes in the tegion. Ench point reprecents &
davistion of Lkn seismic velocity from the narmal regicnal value sand is derisved by mcssur
ing the travel tizaes of compressional wavey and shear waves from ench smal! rarihquake o
a loesl netwerk of seizmapraph stations. The solered bands indicare the staglsticnl seatier
ol tha abservations. The duralion af the ealm period precading the muin’ earthquake ap-
peacs to Incresse with the magnitude of the leohiceming event. {The 1wo enrthquakes

shown measnred 5.4 gnd 4 on the Richicr weale.} Seismiv-veloeity snomalies of thin Iype

have Leen obscrved shout 18 timen in U.5.5.R., 10 1imes in US5. and several timen in China,

its original characteristics. This sequence

of svents scceunts for the ingrease in .

selsmic voocity, the decrease in valume
and the other changes typically observed
in tho third stage. The developing insta-
bility finaily gives way to favlting, ond
" the main shock ensues. In both modcls
stress is released by the carthquake, and
the crustal rock recovers most of ity orig-
inal propertics. _

At empirical formula, derived by
James 11, Whitcomb, L. D Ganmany and
Don L. Anderson of the California Insti-
tute of Technology, connects the duru-
tion of the precursory anomaly with the
magnitude of the predicted earthouake.

For example, an event with a magnitusde ©

of 5 on 1the Richter sgale has on anamaly
lasting for about four months, whoreat
» major earthquake, with 1 magmitude of
7, say, would be preceded by an anoma-
ly beginning some 14 years befors the
everl, The furnula is still rough, partie-
ularly in the high-magnitude range, lal
it nppears that the large carthonakes
will provide warning times en the onder
of 10 yeurs, The discovery Wt the sice
uf an carthquake, as well as its location
and timing, is predictable shoul) hold
important implications for the design of
en earthquake-mitipacion sirutepy. For-
tumately the larger the magnitnde of the

forthoeming quake, tha longer the lead
tirne availalle for mnlc[ng plans to eom-
bat its efcots, .

\\f hat is most needed now ¢ bring

carthquake-prediction  wchnology
to the paint of implementation is a larg-
er namber of examples of successful pre-
diction. So far ﬂIlI_'f alout 10 eartheuakes
have heen prcd.iclnd Lefore the fuct.
Perliaps three times as muny heve been
“predicted” after the fuel by poing back
te the data and ﬂnding [HLUEUIEOTY Sif-
nals. It iz difficult to kurw how many

formal predictions, based on the meth-

ods deseribicd! alove, have failed, The
mumber iy prelsably less than 14, which
is not bad for the rudimentury research
nctwarks now in operotion, That is still
too small a sanple 1o elitninate unreli-

" ulile methods and to design o cumipre-

hensive, operating, prediction system.
Although the major enstliuake helts o
tend Tar tens of Huwusaads of Lilometers,
ondy a small fruction of that Jdistance i
instrwmented sdequately to lest predie-
tion methods, With the pooling of the
thita being pathereel in various countries,
Inwever, the number af case histories
should grow sapidly in the nest fow
vears, and slutistically valid tests of pre-
diction metluals should L Jorthooming,

* renter [-ﬂ.’ !
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Seismologists of different Mictienn i
like workers i uny ether field ul s, .. ’
need e combing lhmr resulls i unler g,
advance 1oward a commen gal,

The leading agency lor cartlwpual .
prediction research in the US, 5 g1
Ceologicul Survey, which runs a sy,
progrum centered in Culifaria and sy I
ports a research progratn i several gy,
versitics, Tn ceotral Califermin, e 5.
gion where the San Andreas Faulp 5
most astive, the Seelagical Surver |,
lnstnlll:tl a network of stations coguipp.|
with seismometers and tltmeters, M.
netic and eleetrical obsenvations are al,.,
conducted but ta a much lesser dq.-gru.-
In southern Califormiz & large numiber of
inspuments are being installed jo a joi
elfort mvolving the Ceologienl ‘hmu
and Cal Tech. Luata from lhes:, .er|}\
are must]'lr' telewmetored dnte Moenbe Park
and Pmndtrm o tc]rpllmm and micr-
wave circuits. This [rswing ability na®
pinpoint carthguabe lositions and i
ior precursory velocily changes, 1ilts,
raagmetic fuctuations and changes o
electriznl resistivity is beginning to pay
out, Recently workers associaiod with
the Ceclogical Survey fosind that 10
California ¢arthguakes were precedid
by tilt changes in the vicinity of the epi-
Hustrations on page 2]
Frecursary changes in seismic velogily
have Leen reparted for about 10 cantly.
quakes in Culiforniaand New Yorl.

Perbaps the most significant new data

were guthered on November 28, 1004,

when a magnitude-5 earthgquake struck
about 10 medes north of Hallister i eene
tral California. The lreanor was paecode:d
by distinet tilt changes and wiagnet-
ie Auctuations couvincingly alsave e
noise Jevel, and with indications of <eis-
mic—vctuuit:.r changus, ]uhu 118 I]ml}' of
the Geological Survey chided his cul-
leagucs the night before the quake Lur
not publicty snnouncing the lortheon
ing event,

In spite af these intereting results U
Us. program is still wot sulliciendy
sup;mrtt.'d Iy tmake pndicliun'a realits

within the nevt devade. It is simply o

matter of tuo few mutheds being Tesiel
in o fow pht.'cs. witly the prosenl Ivvel
of suppert many puteptialby gl
mctlnds cunnot Le tested, such as arrays
af wells menitering water level aml ra-
il cuntent, networks of resistivity e
sors, sealevel gauges, advaneed survey-
ilig t.,_fhmqucs gl s Qorth, Even iy
mare data are teing acoumalated Oun
can be digested, a sitwation that conld
vasily be 1cctified il a lurge compuier

e l:—:u\'idm] tw sean and sutomativalls |

avalyze Ihe invomning stream of Jata.
Universitics and industrics wath nueh



research talent are imsuffeciently in-
volved because of the lack of funds, Few
studies wre being conducted outside
California. An additional $230 million per
year could make prediction within a dee-
ade 4 realisge goal. The cost-effective-
nest of such an invesiment is abvious
when ene remembers that the relatively
modest San Fernando remor (mapmi-
tudo 6.8) that struck just north of Los
'hngclns in 1571 resulted in damage of
rhore that $500 milkion.

The carthiquake-prediclion program
of the U.S.5. 1, is centered in the lnsti-
tute of Physics of the Earth in Moscow.
A program involving Laboratory end
firld measurements, comparable in Jevel

o our own, is being carried out. The

Ruxsian field experiments form Lthe long-

est series to far, having been started.

nearly 20 years ago, The impressive dis-
covery of snomalous precursors stems
from thess efforts, The siratepy of the
Russian investigators is somewhat differ-
ent from our gwm in thal several experi-
mental sites are heing monitored in cen-

tra!l Asim and Kamchatka with a lewer: o

density of instruments compared with
our hesvier emphasis on specific areas in
Californie. Moreover, the Russians are
exploring more methods than we are
Mevertheless, it appears that in the ab-
sence of » major new initiative, operat-

ANOMALOUS UPLIFT of tle 2arih® crusl
in the wicinhly of Niigata in Jupan was ol
served for about 1% yearw belore the di.
spilrons T.5-magnilude aarihqueke therr in
1984, neeording 15 the Japancse jrvedtips-
var T. Dumlazs, The uplill was detected by
plotling chunges In the heipht al Lench
marks mrasured o cepested land qurveye
The graple sl right torrespond 1o the lei-
leeed Lencbroigr k sites (Black duora} shown
a0 Lhe detailed map, Evidenca of ths croual
eplift wus slew obinlned from records shiow-
leg » procurecey drop in moen sea lovel ol
weryed by widegauge sintlon st Nezugaakd.
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ing prediction syalems covering Lurgy-
arcas will not be [octheoming in .
LSS I either by this deeade, Ax il of
e cnvirenmenlal Loty Tebween th-
WA apdd the U550 there s Been o
rewarding cxchange of ideas and EREVIIE
ael in the Relds of eanthepade predicliun
enel scisimic engincering. A lormal i
lateral “;ml:ing groupr has leen eatads
Lished. In chis way both Americin aml
Russian workers arc kept informed of
the latest unpublished developments;

"joint experiments are under wav, anl
there is healthy criticism of each sieles
clorts h}r the other, This kimd of ol
couperation wonlid have been wothink-
gble n fow yeors agn,

Although TJapanese earth sticntisig
have been devoted to the netion of
eatthquake prediction sivee the lua ol
the ccntury,.a [omnal research progrum
dedicated to this goal did nal get under
Way until 1985, For vears reports uf
anomalous sea-level chanpes and hits
prior o earthnuakes have cmanalal
from [apan, but the data were spamse
and af eneven quality, and the world
comnmunity of geophysicists wus unin-
pressed. It oow seenw that some ul
ticse reports st liave descriled Lruc
precursory phcnnmruu, In any casc iliz
Japanese workers includde same of the

" MONTEREY
BAY

10
1

T
KILOMETERS

TILTING OF EARTIH'S CRUST juil hefore cartliquakes has been observad by fuvestl.
gutory musariated witli Lthe Geological Survey waing an sroiy of sensitive Hitmelecs thivek'
deda] inslailed ulong B5 kilometers of the San Andrews Frult east of Monterey Hay, Girceled
cropay desnie epleenters of all enrthguakes with o mugnitude gremier than 25 recorded in
Ibe region betwern July, 1973, and March, 1974, Dais summiarized in illustrstion helow

wern abitalned st Nutting tiltmeier site, seven kilomeiers wuthwest of the town of Hollister.

SEVEN-AONTIL RECORD of crusiad tilking was prade during parts of 1973 apd W74 with
Lo aid of & 1itimcler lotated in & shallow hola sl 1he Nuting eite. The calored dols repe-
aciil the weekly nyean tile dicectivn pod magnitode, Several majur local cartlojusbhes aee
indicated; ruch is precedod by clear precursury chunge o il diveotivn, M. ), 5. Johuslun
aid C. F. Mostenwen of the Ceological Survey report thal precursary anvmalics of tis tpe
huva Leen detected on at broat 10 accndione; (e Jorgesl such evenl woa on Nuvener 24,
19711, whew o npapnliuded curthquake arock sbvw 10 wiles nontl of Hollister, Hu Tur ne
compurubile ity chunge los been recorded thot hoy wol becn lolluwed by o enrthapaokye,

world's best geophysicists, L ix there-
foro a tragedy that a sirike has crippled
the LEarthgquake Nesearch Instilte v
Tokywo for several years.

‘The Japanese are currently emphasic-

]
T ' © Ing surveys every fve yrars extending
Gl 3 ; e )
.3 AUGLST 7 EARTHOUAKE more than 20,000 Wdovwters, So far 17
5 4f el (MAGMITUDE 337 observatories have been cyuipped with
g 7 MILES WEST OF SITE struln detectors pal tilbmelers. Qlserva-
dr tons of the level of seismicity, ol
THOUAKE changes in the velocity of scisinic win s
2| JULY § EARTHOUAK ) o i e
in (MAGMITUDE 3) ‘\b\ and of mapgnetic and clecirieal lﬂ'][.llﬂhl
g ! T A KWCWAETERS cna ore also under way. Cooperation Le-
= SOUTHWEST OF SNl \ tween the VLS. and Japan fan this feld i3
§ {l- . } fuite close.
v, JUME 27 ) .
z r]""hii puast October I lusd the good for-
= k| tnue to parhicipate in o nuaithe-Tong
" A at trip to China as a menmler of o proup nf
21 AR mlEl.::Aﬂ:l?{u.r;:Ea 3 10 American  earthqualu lp{‘ui,ﬂ.i:‘ls.
I_¢ I 15 KILOKMETERS - This our of Chinese researel Tacililies
a . NORTHWEST QF SITE % followed a wvisit by 30 Chinese canth-
5T I JAMUARY 17 quake experts to the U5 4~:'|.rli.r:r |.l.:..l
1 year, Since scholarly  publication i
_‘ L 4 i i L A k L 'l 1 i ry ry y N i 'l . - 3 un
& 1 2 3 + 5 & 7 & & 16 3 12 13 14 13 18 17 China was suspended during the “cul-
—— WEST - TLY (MICROAMINANS) EAST —s tural revolution,” abivost evervihing we

saw in China was new o us, Fullinwing
the destnictive Haing-tai cartcpuabe of
1966 the Chinewe cndarked on a inajor
elfoit in the field of cuthqabe prvslic-
Liva. Chairman Moo and rensier Clunt
Eu-lai fssued statenwnts clurgiog Chi-
nese seientists with avhivving Uhis gn.ll.
At ln‘l:!il.'l'l.t somea 10 IR scicnitisls, |_-||g|'.
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RADHIN EMISSION (10710 CURLES PER LITER)

EARTHOAMAKE |MAGHITVOE 5 3)

\.

]

EARTHOUARE (MAGMNITUDE 4)

el

AMOUNT OF RADIQACTIVE GAS HKADON diwselved in the
water of decp wells hay been fpund Ly Rumiun rercacchers 1o in-
crenve significantly in the period preceding an carthquaks, The
Iwa examples shown here were recorded helore 1wo major el

[
YO58 1B57 1958 1955 1960 1961 1952 1983 1954 1085 1956

1967 JAHLIARY FEBRUARY MARCH APAIL

quakes in the viclnicy of Tashkent, The 1966 event {feft) bad »

‘magnitude of 5.3; e 1967 alerchock Lright) had 0 maghilude of

4. Thiv premising sbyervmtignp! technique iy v-ed extensively in
Loth the U.S.5R, sad China, Lut It has ner yet been iried s US.

neers, technleiens and olher workers aro
engaged in the propram—more than 10
tinws the pomber of such workers in
tha U.5,

A unique frature of the Chinese ap-
proach iv the use of an even larger num-

ber of smateurs, mostly students and .

peanants, who huild their pwn equip-
ment, operate professional instruments
in remole areas and educate the local
people wbout earthquakes. So far 17
I:'u'llJr cquipped seismograph stations and

1

250 auxiliary stations have heen In-
stullad, Data pertinent to earthquake
prediction are being obtained at a total
of 5,000 paints. Every method deseribed
in this articls Is being tested in China.
The Chinese say that they have made
successful  predictions, invelving  the
evacuation of pecple from their homet
and a consecquent saving of lives. They
alsc admit to false alarms and lailuzes,
challdng these up to the fact that their
program {5 new and they are sulf in o

leaming phase, The motivation {or swe-
cess i strong. The high population den-
sity, the nature of rural construction and
the high degree of seismicity make China
purth:ul:l.rly vulnerable to earthquakes,
Although it is difficult to gauge the
quality of the Chinese program frem a
bricf visit, there is no question that the
p_ﬂl.cntfl] ir great. In a few years lhe
Clinese will probably he gathering more
data than anyone else, owing to Lhe size
of their program and the more [requent

15 |
2. EARTHOUAKE (MAGNITUDE 4)
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CHANGIY [N ELECTNUICAE RESISTIVITY of the carth®s crual
rrfar 10 eurihquekes luve been repurted in the US55, China snd
the L8 Tha data fur this graph sners olnained by G, A, Sabuler
sarl O, b, llarsukor dor w serica of carthipunhes menizored 4o e

USS5E: between 1957 and 1970, Memsuremenin of this rxpe are
muids by feedding an eleciric cuzrrent Into the pround snd olaeeving
vollge chinnpes o few Lilamctoes av ey, In groersl 4 hoas been Tound
thut eartlujaakes nre preceded Ly 0 dercenae i cruetal resistivity.
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invidenee of c:.rl.hrll.:qkn's in 1hefr oo
try. It may well Do that the frst statistis
cal vulidulion of predictiun methads will
come from China. It wonld be a pity if

" pulitical cunsiderations were ta inhilit

dos: inlernational couperation on this
aeure, bocnuse joint projects with China
cvuld pay out in 3 mare rapid achieve-
ment of 3 inulually desirable goal.
Although the prediction of earth-

. quakes has been emplinized in this ae-

count, 3 camprehensive program to re-
duce vulneralitlity 1o destruetive carth-
fuakes inclodes pmgrns in other areas:
earthyjnake engincening, risk analysis,
]:md use regulation, building cades and
dizaster  preparedness, Unlike  earth-
quake predicgon, aboet which there [s
a goodl deal of optimism but {so far at
least) no puarantec of suceess, research
ard dtvulupment in these other areas 3
bound to result in reduced casualbics
and lowered ecomomic losses, Earlh-
quake engineering deals with the ef-
cient and economic design of structures
that tnay have ko withstand the shaling
&f garthqualkes. The zlteration of eaist-
ing structures o improve their perform-
ance i3 included. Mot enly are redis
dencey, commercial buildings, sehools,
hospitals, dams, bridges and  pewer
Plunts.uxu!ni.nud individuuﬂy Lt alse

the interaction of zfl theso ebements in
the system'we call 3 community is can-
sideredd. “This develapivg teehnolopy cun
serve ils purpese enly i it is rangferred
from the investigators ta the profession:
al practitivners and ta the regulatory
besclies that draft building codes.

The damage caused by recent earth-
quakes in Japan and Aladka dramalized
the M2t that structures that could with-
sland the shaking were nevertheless
toppled by foundation fajlure, Severe
ground.shaking can cause soils to settle

of liquefy and thereby lose their ability -

¥ sepport struchures. Rescarch an this.

ooy understosd _phc:mmgnﬂn is an
important nspect of earthauake engi-

-'n:uring. When it 35 Bebter.umlerstood,

it might be possible to take counter-
measures or to dnstitute Tand.use regula-
tions that would limit construction an

vulneruble soils as well as dlong active -

faulls, in potential landstide areas or in
cuastal rones subject to lsunamis,

Some regions suffer major earthruakes
frequently, othery suffer them infre-
quently. [n some phm the potential for
severe ground-shaling is higher beeause
selsmic waves propﬂﬂatc wuth less at-
tenuation or becouse the soil resonates
and amplifics the ground mation. In gne
cily the problen following a quake is
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REFIVCTION IN NATURAL ELECTIVG SURRENTS jo-ide b carth just Licfora an
¢|r|'||q||.k:: Toan wlees Ioeveny wh-ceved h:,' e Bavasfon ivsrenfpators, s were wli ainiedd lrj- i
cording veltuge cliwttges hicvmeen puini= o few hilomerers wproel, Arrgus I!t'iu-lr carthquskes.

fire; i anather it is fooding, Consdrue-
tiun practices Jiffer fram regivn by e
Eion, Some of these fuctors arés Lt
cipliclily; some cun enly e descilul
in prelabilistic terns, Al of then, winl
uther factors ax well, must be evnlvigged
ntn o overall assessinent of rink s
which degisions must be based. Risk as.
sesument s 2 mew and i fant st
of carthquake rosearch. Abo belping w
provide a rational hasis for deeision mak-
ing abwut land wse and eonstruction in
carthfuake regions is econemic anadysis
af such questions as to what degree,
an arca with a given probalabity of
strong earthquakes, the added custs of
safer construction are nffset h}f 1 h1

JAcntial saving of life, prui:urly winel pros-

ductivity.

rl"he possibility of controlling or pwnli-
Iying earthguakes aiose a fow years

age as the result of a chance d-tmxcr}

The injection of wastewater jnlw a devp

well nezr Demver was Fonml o bave

trigrered small :arthquukcs Singe that
time bath l:tlmr:ltmy and ficld eapers
menta have shawn that the injection «
a Buid in a fzult zone reduces Triction

tesistance by decreasing the efeatn

nartna] stress acrose the fault, Taoa sen
Bl injection serves to weaken the [,
whereas Buid withelenwvnl e sh L-:lgfhu

[

it. IF a preeaisting stress §s poeaent, an

carthqunkﬂ could rosult iF a Ll were

" unlocked by Auid injection. I a reniark

able ficld test of these idews worke
fzoi the Geological Survey injected i
wilhdrew fluids in a walec-injeetion well
of the Bangeley ol felds in Culmado
and found that in thiz way they could
switch seismicity on and qlT.

The extension of Huse results to Lhe
control of 2 major acfive fault such as
the San Andeoas Fanlt jy llr1|iLc|_'.' i L
near future, Some fulwie Erowatio,
however, nay L able to wedify cardfi-
quahes by the injecting af i 2l e
coutrolled, godeal release of grustsl
strain, Science ol ten adeunecs Tlu:l{.‘ L
iclfy than s expretad, of coune-amal in
any v tescarch i the posailifuy, uf
oudifving earthograbes shoukd BE on-
cuuped lor the sibe of e wet grpeea.
tion, if wot of cut twn,

Althoogh the monber of case hiviarics
I3 still too sreadl tn ke o positive stale-

ment alxnt th feusibility of e thogueabe

proekiction, et sefinndogiats wiulhld
agree that lm:dl'a_-linu i e el ke
gl fn the et Lo distant Toture, Wie
larbunately the Jesel o prescat eliest
tha 1.5, is Lelow that reguine ol b ity
rapidly te an operating prodiclion syse

tean. Il 2 najor r.llih-lll.ﬂ'u were o



strike e US, The fullowing day wandd .

wTinast cerlzialy sce wDundant resouroes
made available fur 3 large-seale vartl-
gquale-miligation puogram. (The earth-
fuake-predietion progruns of China and
the US.S.0 were Bysnelied afer qevere
carthquabes in cach of nee countrics)
How docs one seli prevenlive metdicine
for a [uture affliction to government

agencics beleaguercd willi current {11~

essest

It is preper, ! believe, for scientists o
26sUME a0 adviocate mh: when Yoy per-
c_g_no. ot I.n'1r:]|'_‘|.']|.|.'1m hD\LTIlmE‘Ht TE-
hlwun:.:: I sRC oy nppartunﬂ} ur o
some Future danper. Eorth seientisis
have 2 case 10 mnle They can point Lo
housing lracls piaced in fanlt wenes or
an unsiable lillside slopes. They can
cite 2 wewly built hospital thal collapsed
when shalen h_',f e maderale San Fer-
rando carthquake, The same Lremar

caused a3 dam fo Lo stressed (o near the ”

{ailure point. A slightly larger sheck
wild have retalled in casuallics in the
teos of thousands in 1he Sxodplain be-
loww the dam. Scjentists o question the
palicy of & pevernment that sp-cnds In1-
lions it -consiruction but i uwmable to
suppert research that would safemuard
fts own fmveslmcnl, Thiey wan qeeslion
the wisdom of budgeting less than a
tenth of a percent of the tutal eonstme-
lion investinent for research on pessible
Teaeards, They can show Tiow 2 research
dollar invested Laday can yield an cnoe-
mows rebwm in fves saved anpd propecky
preserved tomcniow. At o time when
Lasic rescarch Luddgen ll:uc nel hept
race with the grm\lh of the ceonomy
usa 'u.ho'll: eartly sejentisls can poiut up
the practical value 1o’ socicty of their
new cumprehension of the foiees that
have shaped e carth. _

TWO MODELS of the mechanitn respong
Lle fur eatilimquakes hase Leen peogueed o
an stempt 1 pul rarthiquake predicion un
a wunprnd (licaretiegl Liasis, Qe view, eulled
the il aney i wsion noedel, wos FISTIN
pped wainly e e US The aliernative,
wennetienrs biwan ay the dilaancy-oe-lalil.
iy IIiDLIL'l. wis [urpmmlated 3o the US55,
The Taekouthned rueses loww thie expet
wd b 1l
Amcrirun model: she eabured curves sl

PIELIT DTy Li;_j..l‘ .l||"1||'|JI.rIH
Uhe ceported [aerycpmiry wignuls aroarding o
e Wuesian el g, I ahueery B the terlini-
eud termn uned b0 deprpilie the dnelaslic in-
creat in vabome 1hat e [ XITF] whirn tlee eirrus
“ren mTurk rearlies half e breaking sircagth
of the ruel, ) Tl Higezrulinn iv Lissed on the
=urk of c]ll‘i:lnp]lrr 11, %< hala, I.:a n I S b,
wnd V. 1N Apgaregl ol the UX und V. I
Ayarliin sud G, A, Noligler of 1he L5501
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iagram illostnding the fomns of gremuad sution near the grovad surlice in
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C Enrthynakes. Wo 1 Freeman and Compny, Coperight © [976.]
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o ¥elociies of P ard 5 waves within the Earth, Mantle velocitics are based on

Jata by Guienbery {1958a), Tokséiz ¢r al. 11957) and Anderson {19675).
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].a.l'_*l A be the cmplitode, gnd T the petiend of 3 wiave mcassne] at 5
distance A Fom the sonree, One mivite betwegn LS.

Measnred values freduced 1o Erenme aiatiom)
P wive, A = Ed micrans, T a 12 se
Ravleigh wive, A = 4.3 microns, T = 20 sec
A= oxe
Body wave mzgnitude i, (35° < £ < )
weslogA =Tog T4 001 A+ 50 {n

= (15— 108+ 028 + 59
5.3



Swnlaces wave maerndbude M, {25% < A < 90°)

M,=logA + 166G log A+ 2.0 {2}
=063 + 240+ 20
- 5.0
Relation between sy and M, (apposimale)
g = 2.8 + .63 M, {3

= 2.5+ 732 fuliove eantheiked
= 5.7 (evrnpared with 5.3 caleudated directly)
Svismic enerpgy E
e E =114~ 13 M, . {1
14.3

E =201 = 1P¥% ergy

Hi-lation hoebween noaned M,

lovn = -h M, (5}

Rolition hetween M, and I {wmlthwide data)

M, =603 + 0.76 log L (G)

Eejaﬂnn By Oy Mg andl S dhe  ooua ('J’{ rwr_[;f{ (WwHN{JL da'flk)

Mc = 3.21 4 1.92 L?S —n-rs(tpaS)z (7).
L Fov Md“"“"‘ basis rﬁ:r &nF;rftJv r.n,ﬂ;.—tx.“sna e
Stismelogy. e Kawamari ovd nlowon (Bl Seiim.Soc,
M-}WL (s, 1475) and  Galler  { B Soitw. Sa(--ﬁm.,?d“jh?‘).
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TAHLE Groat Banthgquakes
Date Region - Af, M. 107 dynem M. Snurce for Af, Valuc®

June 25, 194 Kamchaka 30

Tume 23, 1904 kamchatka LN

April 4, F90S Easy K ushmir o

July 9, 1905 Mangalia - B 0 k4 e 1977],

July 21, 1905 Mangolia B 50 B Ohet [1977].

Jan, Y1, 1904 Ecwador L) FLL KB From the altesshock area,

April 1M, 15906 San Francisen 1] ]s] 14 Estimated Mrwem faubs lenpth ol M8 km,
widih of 13, and dishocatonn ul d m,

Aug 17, 1908 Rat lilands ED

Aug, LT, 1908 Central Chile B4 29 82 From the altershech arcd.

Scpu, 14, 1904 saew Hrilain k.l

. Apnl Y5 1907 MMexien Bl

O 21, 1907 Afghanistas | 50

Jan. 1 1911 Turkesian Ed 4% 1.7 Chen and A odnar (1977

Muy 1), 1912 Burma 0

May 1, 19§} Kermadec ED

June 248, 1917 Sampa k3

Aug, 15 1918 Mindango K]

Lepn, 1. 1918 Kurile B}

April 30, 1919 Tongs B2

June 5, 1920 Taiwan E

Sept, 20, 1920 Loyahy lalands g

Dec. i6, 1920 Kansa, China b5 86 18 Chenand Molaar (1977].

Moy, 11, 1922 Central Chile B.1 &9 8.3 From the afiershock ares.

Feb. 3, 1921 Kamchaikn 81 17 Bl From the aficrshock area.

* Sepr. 1, 1923 Kame 02 E.S 149

April 14, Y914 Philippine E.1

Muy 22, £927 Tsinghai, China EO 1t Tk Chea and Madnar 1977},

June 17, 1928 Guerrero, Mooy 18 12 a0 From the aMershock area.

Dec, 1, 1928 Ceniral Chile 60 1 T.b From the zfiershock area.

Murch 7, 1929 Foa |slands (Aleulian) Al 6.1 1.8 Konamori |97 2h].

Aug. 10,1911 Sinkiang, Chine §0 12 40 Chen and A odnar {19771,

My 14, 1922 Moluccs 40 1.5 7.4 Frum the 100-s magnilude

June 3, 1912 tahsco, Mexics 4.1 15 1.1 Average of value lrom the aflerahigh area
wni value fram the [00-3 magainude.

March 2, 1933 Sanrikn B3 4 24

Fan, 15,1934 Indiz-Nepal 9.1 16 4.l Chen and Matnar [1977)

July 18, 1934 Sanie Crur 1slands 8.1 G.8 1.1 Erom ie -5 mugnitude beeed on one
clasion,

Feb.1, 1938 Banda Sca H.2 T B3 Fram the |D0-s mapnuude,

Mov, 10, 1913 Altsla 8.3 s ] k.2 Averape af value from 1he afiershoel aren
and value from Lhe 1060 mugnnt ude.

April 3, 1939 Soloman lslands E0

Dec. 2b, 1939 Tuthey 50

hiny 24, [543 Pecru (4] 2% K2 Fremm ihe siiershock area.

June 26, 1941 Andaman Ivands Bl 3 168 From ihe 1038 magniede,

Mow, 25, 1941 Norh Allantic .3

Aug. 24, 1942 Pery il n 5.2 From the alicrshoek area.

Aprihé, 1) Chile 19 25 il From the allershoch dnes.

Dec. 7, 1944 Tonankai a0 13 g1

Mav. 17, 1945 Woesl Palistan # .

Aug.d, 1946 Draminican Republic bt

Pree, 20, 195 Mdnhaido K2 1% Bl

Jan. 24, 94y Fhilippine B.2

Aug. 12, 194% Aluska 8.1 15 i.! Fram the afteishock area.

Aug. 15, 1950 Aldum 4.5 100 B.& Avrcage of values from e Sfemifamerg!
|L374]. Chemand Motwr 1977 ). und G,
Stewarl {persona communicahon, 1977

Mov, 18, [951. Tibet £0 18 7.5 Chen and A almus [1977).

kizrch 4, 1932 Tehachroki 3 17 |

Rov 4, 1952 kamchalla # 350 L] Nangmsi | 19764]. -

March 9, 1937 Aleunian lalands | 3% 91 From the altenhodk w104,

[g, 34, 1937 slanpgolia +.1 1] i1 Qlal 1374 et

luly 10, 1954 Alusha 14 29 82 Fram the aflicrahech srea.

Mov, &, 1954 Kurile Islands k.7 40 K| Y_ Fubaa [perwiul communicaion, F377)

May 4, 1954 Kamehaika Kl b £12 Frum the afiershock arey,

May 11, 1960 Chile k.1 2000 a4

Qe 1, j9ad ¥ uril¢ [slands M. &7 KA

Murch 24, 1964 Alisla Hd 820 g1

Feh. 4, |96 Aleutinn |shunds k| |35 87

izl 17, 1944 Pery 1.5 il L.

May 16, 46k Tukachi-oki R ) 42

Feh. 34, 1A Nurth Atlanug ) & T4

Aug, L1, 1959 bourgle I lands 1E 22 52
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Moy 26 1938 Nedh Alledie | 79 5 7.7
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vive soane indicition of the uniformity af conditions, and 1o ensere
sonme useful information in the event of instnooent malfimction,

Areetor lgtr.ljlh

Aceelerngraph estallotion and Mointeaanee, B is essential that the
instansends be well protected from <ucly environmental conditions as
fooding or excessive sommer tempendaves, sod from Lnpering or
vandalism, The accelersgmph, which is aboul 20 centimetens by 20
centimelers h:. JO centimelers 11 814, Can often by ctnvonice nth in-
stalled in the corner of a Lasement afTice, storage room, or mallen: of o
. I oo spwvce of this bpe I availalle pear aosoitable e, an inse-
Litedd metal enclosire sealed sizinst woeather and intedvrence can
wamally be provicded Yy the instrment iannfactiner o veasomable
eost, The acecelerogrph shonld e frmlyv bolted down to oo comerete
fomndation, as sapecificd By the fustroctions of the instroment man-
ufacturer.

Cliech FHE, wtsni nles e, anel w N althe '.u.'c-l'lt'r{]];_.'r.l]ﬂl:- shinuldd
b carried out an o regalar sohedule seearding 16 the instructions of
the instrment nenmfcturer, Roatine nadintenanoe o asaally be
earried ont by aoezalar member of the technical staff, ifhe s given a
sonald dewyee of apeciad tmining, Similarly instructions in the proper
presersitio of reennds and their transmittad for data provessing van be
civen, so Wt they are not Tost dusing or aften an eathguake.

Arecteiosiapl Covd Estirtes.

- ? ;
Avceleroeraplie moecting he neees-
cotreereil v wvailable ot TETH mices in tlae
SAAUKID bo 52500 roege. A soitabile prdcective Tooesing can vonally Tw
proavided, i wecessany, Ton 30000 S 10080 Thae anls alditionad coal of
installatiom will e the goovision of stoslard cleobe Hones ar solar
ey far Latleny rckle chargeing, The totad J975 cost of o typical
recinmeneded system will tins be abonat $12 000,

"u'l‘l"\' 1 ['f“lif('rlll"ll-t\ MR

Local Seismograph Netwerks

Network Reguirementy.  Sensitive 5L1i5111.1:'c::|'5111'|=|x o niessere Jogal
carthgmdes e sometimes advisable futhe vicinity ol progjects saich as
Liree dams andd nonelear reactors boelare major ecnstoaction lieginsg, The
pooeses of sucloipstomoedation are to 01 determinge e fiegoenes uf"f
locul earthegakes (i anyd; (2) detennine the Tacation of sefsnne activ-
ity it depthy (3) detemine e suagnitnde aud some sndication of
focal weclumisms of the earthgmdbes: (4) allow prediction “of 1he
course of varhguake ovengrepee.

Reasonally precise lecation ol an eadbguake Ticus reguires that
the ooset of Pasves (and also 8§ waves where feasilile} e reconded W'
an aceuraey of 20.) second or bhelter, at a minimam ol lour nearsy |

weivmngriphs, Ther: must e o conumon Lime base Tor all seivmo- !

craphs, and they shacld ideally surmaed the region of t--.-.rll'.qu:l_Lu,'
activity. Far flans, the ovenddiims can be accomplishoedd i bwo stages,
Iy the preclosure stage, wlose the main pompose is to estabdish iCany
Tocal cartpakes at all oconr normally, & mininowos actwork of three
shod-peried vetical-component <eismometers aay he sofficient.
With soch o network a roupeh bt wedeagute sssessuoent of ladckenonnd
canlhiguabe fregneney, Tocdion fusing Pand § waves), il naenitode
cun D vnebe, Wloeal t'il.l"”lr]llliLl'-‘\' e prevalent the petweork shiondd e
copndded et least fonr seismuraphs with the additional seisimone-
ber s wear as Possilide o the active area,

Aler dam closare, it i wdsisable, ot the least, to opeute a foar-
statiom netwark Ter o perod ovlending some s ears Tasend the e
when muninmnoen fmponrelinge is complete, 1 a0 serquence of cadh-
yrahes docs occur, then e netveerk should he densified, Soach
stwdivs of eesermvoir ddoeed scismicity vsaadly wanod special re-
seardh, The eequinemient then i Lo aldain o acenraes i the localion
al earhquake foci of abont 1 kilemeter, so that corrchitions with
reaslozigal Lanlls can Tee nade.



The selection of stes for thes sepsilive se-ianae

e aften depe s an prectioal considierations soedyas acecessibilily
aned cvoitlee of vonstrnction worlk

Netwoork Faienfion,

L oweever, several teneral] cone
stderntions shiondd govern e eonligaeation (o the greatest eslent
pracieally puassible, First, the sites shoald be wnilonaly spread in
setinth arome | e project,

The intersLation distunce should ot e soore e abont 30 kilome-
tey ar Jess e 3 Rilomcters Bndividoad site selection shonld depend
upnion the docal tectumie stractures. T s best to Toeate the insrments
Y ouleraps al Tnemenl nn‘.-k, anil “Il‘_‘}' shendd Lo s peminte oy 1')|J.‘-nhi—
ble fromm eonslroction activities, shreimms, gquarrying, spillwans, and sa
s, Nonnally, sites should e chosen so it hey do not have 1o be
shifled thnghout ihe life of the prgject. Tt is also hielpful ta make
field curveys ol the relative background wicroseianic noise at pro-
speetive sites, with the use of a partable seismopaphic reemder be-
fure locations are finalized.

It izes been found adegmate to place the seismeomelers in shallow
pits Gibet 1 omeler deep) in the surlicia] rock. A generally adegiate
honsing is a steel deon, with a watertight cover, thal s set on concrete
pirared b the liottom of the pit,

Srismographiic Characteristies. A variety of suituble components lor
wselinhle lgh-gain seismugraphic system is now conumneicially avail-
alle. Thus sumerous systems can be desigoed to mcet the aims preyi-
susly establishied. The following 1wo altermative systems—a and
B—ineet the nisimum reguirement aned lave been Nicld tested. In
both, the respunse of the oversl] seismopaphic svaens shenld he Le-
Lween 5 hoerte aud 30 henz

Seismographic System A, The system makes wse of availalde porta-
Ble seismomelers and visual recording units, The network stations are
net eemnected, and depend on separate enystal clacks at each ecorder,
Recoreding is normatly onsmoked paper and the fgaper records mmst be
changesd o o dav, This can be done by somember of the malnterance
stuff withoot special baininge. -

The portable system for cach site is in fom ponts: (1) seisionneter;
(2) watepronf single-packaged recording anit with batteres (size ap-
proainately 30 centimeters by 3 centimeners L 23 centimelers); (3)
raclior rereiver; (4) power sonree sinch as selar bhatleny charger.

Seismoprophic System B, This system telemeters the sipnals from
incividual seismometen of the nebwark 1o 3 central recording room Iy
L]

77

hard-w ire canpectioms, Power is peced ol e iebvidied se i
ters for e unup]iﬁ{'n angl ‘I-H“iljl’,i.'-{‘lllltl'llllf-"] et latres, At e reconl-
i sbabienn, additioml peewer is nerlanl Feer thae sdenal disermminatiors,
snlifieors, aned oo s tape recorders, Fhe system s costlier Hlam
System A hecaise of the cost of Tondd Hines, Hs wreat wdvantage is the
contmliztion of reconding at one canvenionl accessible lacation.
Muintemnee pemonne| wonld rrely need 1o visdl e seisiaoiaelers
in the field, Components of the telometered systom are new all com-
nhereiadly available,

Network Operation and Awnalysis,  Operation ol vither network A or
B should woet reguire instmmentation specialists aor a <tafl seis-
mologist, The oritical requirements in 1l such stindies of seismicity
are cuntinnity of uperation and minitmum system adjustioents.

For either systein, an operator wanld need to chunge the paper
records caely diy of the week at abant the <ame hour, He would need
o ok the date ond localion an each seismognon, Any ahsolutely
ennenbivl elamges i system characteristios would need to be lagged.
0oy e necessary, from time 1o tine, looeadjost and calibrate the
se-istmcmebers inoaccad with l]w RSN E thln._u spacificd by the eqguip-
ment mimuafacturers

For the h']l:.nlr_'try sysiem B, the discriminalors, radin, vdoek, and
recurtling drums can wsnallyv be locted in a small yaaimn in the en-
gineering guarters, The ac power IS uarally available, Seismoppgraons
can iflen he esanioed and <tored in the sone Licility. AN seivano-
eraphic instrwnentation should be boltied to thae Luilding stmctore ta
peevent wavement amil chuare in the case ol an caflouahe.

The avalys3s alde of the high-gain system oflen requines same seis-
mological evpertise. Special armmgements wre not necded, of conrse,
if o or vene few local carthiguakes are recorded, Huwever, if the
region 15 seismic or, at a dam, if the Joea) seisnicity inereases on
closure, ar Dot it is recommmended thal seine speciul advive be olr
Laineed onnntlysis Trome 2 consuliant scivanologist,

Cind Extiraates.  The components in sssdens A Boare now com-
ey available and widely used by sedsinedagists, A1 1978 prices 1he
sedstnmnetens in Sy dtent A cost abont $1,000. A cunplele portable
revitding sy stem can be obtained for 54,000, 4 suifalile solar cell wnit
js whonl $500 or S600, The 1atal cost of a Tonr-station nelwork of Syvs-
e A tope is thus abant $28,000. Xo costis inchuded fur preparation nf
pits or Jisosing, .

The cast of installatiom of the prefened Sy=tvn B is somewhat
higher, The seisipenneter-wnplifior-oseillator packie at each site i



S

LI I

Biates] at st S1800 510 19750 At the centrad reconding favility, cach
:Ii\.g-rimin;ltur'.'ulqﬂiI'it'r-rl:t'ur:i‘ur p;u_'L:l_s:-:' costs abmnt 52 MKL A «nit-
able ervatla) ook is abhinot $ 1,500 0d o WY i receiver 3300 T e
estinnled totud cust of the instumncotation ot cioeent prices is Qs
apetine alaont S20,0000 L sudditian, Tosweeser, thieaie s the cost ul the
overhiuid wlemely lines, Tosome arcas conmeeial tubeglione Jines
gy be avilalle o rewtall (T copodon locadians, BF rdio welemelny
links may he suitali]e)
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1
PROPAGACION DE ONDAS ELASTICAS EN UM MEDIQ SEMINFINITO

pon

Francisco J Sdnchez-Sesma

Tnatituto de Ingeniernia, Uniuaiﬁidad Naelonal Awtdroma de México

1. INTRODUCCION

Las ondas sismicas se propagan desde la fuente de acuerdo
con las propiedades mecdnicas del medio en gue viajan y,
por supuesto, dependen tambhi#&n de las caracteristicas de
la fuente. La descripcifin del fendmeno ha podido hacerse
de forma satisfactoria al recurrir a simplificaciones e
hipOtesis que llevan a la formulacidn de modelos que repre
sentan los aspectos mas importantes de la propagacién de
ondas en la tiefra. Es usual aceptar que la tierra es un
medioc eldstico lineal, homogéneo e isgtr&pico. En un me-
dio de esta paturaleza c¢on extensidn ilimitada se pueden
propagar dos tipos de ondas eldsticas; las ondas P o de
compresi&én y las ondas S 0 de cortante. Las primeras se
propagan con mayor velocidad y por eso se les suele llamar
primarias mientras gque las sequndas reciben el nombre de

sacundarias. Existen diversas soluciones para las ecua-



clones que gobiernan el fenfmeno de propagacifin. Asi, para
una quﬁte puntual se podrla hablar de ondas esfé&ricas,

gque a grandes distanclas de la fuente se pueden represen
tar como ondas planas. En algunos cascs se modela el pro
blema de propagacifn como hidimensinnally las soluciones
para una fuente se dan en términos de ondas cilfndricas,
gque tambi&n a grandes distanclas son aproximadamente planas.
Un buen nlmerpo de soluciones de las ecuaciones fundamenta-

les puede encontrarse en el excelente texto de Ewing,

Jardetzky y Press (1957).

La existencia de una superficie libre introduce reflexiones
de las ondas al l1legar a esta, Para estudiar la naturaleza
de las reflexiones dicha superficie’ debe considerarse libre
de esfuerzeos. Dadeo gue a grandes distancias de la fuente
las ondas pueden suponerse planas y gue para las longitudes
de onda de interé&s la curvatura de la tierra es, comparati-
vamente, pequena se estudiard el problema de reflexién de
ondas planas pDr.la superficie de un medic eldstico semin-

finito. Dicha superficie se supondri plana.

v A continuacifn se-p;esnntan algunos aspectos de la pro-
pagacifbn de ondas en un medio eléstico de extensidn ilimi
tada ¥ se expresan las ecuaciones que gobiernan el fendme
no en términos de potenciales de desplazamiento. Poste-

riormente se discute la reflexifn de ondas planas por la



frontera libre dg un semlespacio eléstico, homogeneo e
isotrépico. La incidencia de ondas P y SV arménicas se
estudia con detalle, Finalmente se presentan las ondas
superficiales de Rayleigh y de Love, las primeras como
caso limite en gue la velocidad aparente es menor gue las
velocidades de propagacién de las ondas de cuerpo y las
segundas como ejemplo de propagacifén en el caso mis sim-

ple de un medio estratificado.

2. PROPAGACION DE ONDAS EN UN MEDIQ ELASTICO

Fuede demostrarse que en un sdlido elfstico, homog€neo e

isotrbpice las ecuaciones de movimiento estin dadas por

a2y
{l+2u}a Y e Bl o (2 "y ap 2 ()
Exi 322 Hxﬁy Byaz
a? 3w
{;'L"'?—U:l +11 [sz +-—§-)+f1ﬂl:‘ EBXHZ HY';Z:I “l:} at?

donde u, v, w = desplazamientos en las direcciones =, ¥, 2,

respectivamente; X, p = gonstantes de Lamé&, p = densidad

tiempo. Estas ecuaciones pueden escribirse

del medio y¥ t

de una manera compacta en notacién vectorial, esto as

p92 6 + (A+2u) VY - u = p u {2}



donde u = {u, v, w) = vector desplazamienta, V2 = opera-

dor Laplacianc y ¥V = cperador gradiente.

Antes de considerar soluciones generales de las ecuaciones
de movimiento des ejemplos 'simples permitirin ilustrar
las principales caracteristicas de las ondas planas en un

s6lido ellstico de extensidn ilimitada.

Supongase gque u # (0, v = w = 0 ¥y que u &8s s0loc funcién de

X y del tiempo, Las eces 1 se reducen a la expresién

3%u atu
{x+2p) TT P 3e2 {3)
una sclucisSn de esta ecuacidn ea
u="fl{t-x/a}+glt+x/al “(4)
donde a? = (A+20)/p y £f£,g son funciones de una sofa vandia

bfe gue pueden describir una'fogha de onda arbitraria. Un
simple anilisis de los argumentos de f vy g permite estable-
cer gque f{t-x/n} reprasenta una onda gue viaja en la direc-
cifin positiva de x con velocidad+a y glt+x/a} describe una
onda gue viaja e% la direccién negativa. Debe notarse gue
f{t-x/a) puede representar una onda armfnica estacionaria,
exp[iu[t-xﬁa}] donde i = ¥ -1 y w = fracuencia <ircular
del movimiento. Puede demostrarse gue la ec 4 representa

ondas de compresi&n o P,



e

Un seqgundo ejemplo simple se obtiene si se supcne gue

u=w=29 y que v=vixt}. De las ecs 1 se obtiene quae
32y atv - .
e 723 P =573 {5)

y la solucidn tiene la misma forma gue la ec 4 perc repre
senta ondas gque viaian con una velocidad B, donde Bi=y/p,
bebe notarse gue el movimiento es perpendicular a la di-
reccidin de avance. Puede demostrarse gue las soluciones
de la ec 5 representan ondas de cortante, sin cambio de

volumen.

Las ecuaciones de movimlente pueden resclverse de una ma

nera mis general por medio de pofencdlales de desaplazamiento,
5i el vector desplazamiente Se expresa como

u = V¢ + ¥x¥, con ¥.¢ = 0 (6}

donde ¢ es un potencial escalar y y es un potenclal vecto
rial, puede demostrarse gue la eg¢ & representa una solu-
ciftn de la ec 2 {o de la ec 1 en coordenadag rectangula-
res) si ¢ ¥ U satisfacen, respectivamente, las ecuaciones
de onda:

7, T ale .
? ¢‘ - atz {?:I




iy . ] 2%y
? 'Y' - BJ atz (3:‘

Ast, poé ejemplo, una solucidn de la ec 7 gue representa una

onda plana de compresifin que viaja en una direccifn arbitra

ria estd dada por

AL+ ym+ zZn
L ) (9)

d = f (t-
donde £, m, n = cosencs de los dnguleos formados por la direc
citn de viaje y los tres ejes coordenades, respectivamente.
Si £ = {x, v, 2} yn= (% m, n} donde r = vector de posi-
cidn y n = vector unitario que da la direccifin de propaga-

cidn, la ec 9 puade escribirse como

$ = flt - renfa) {10)
Es evidente gue solucicnes similares pucden encontrarse pa
ra las tres componentes del potencial vactorial y represen

tarfan ondas de cortante viajandoe con una velocidad 8.

En coordenadas rectangulares la ec & se desarrolla come .

AT aw
_ 3% z _ 'y
- T TV 3z
Ay ay
- 8¢ _ Tz, "Tx
v gy ax | 3z (11)
ay ay
wn.aj.-]-J_ X



A= ="

Los potencialas de desplazamiento ¢ y a_permiten especifi-
car ondas planas.de compresidn y.ccrtante, respectivamenta,
gque viajen en cualquier direccifn y con cﬁalquier forma.
MAdemis, dado el caracter lineal de las ecuaciones invaolu-
cradas, cualguier combinaciﬁn de soluciones sigue satisfa
ciendﬂ las ecuaciones de movimiento de.un s6lide elastico,
homog€neo e isotrdplco de extensidn ilimitada. La utilidad
de este hecho se hace evidente cuando se hace nacesario
seleccionar una combinacién particular de ondas planas gue
satisfaga una cierta condicién de frontera ¢ que describa
una fuente, Tal es el caso en el problema gue sSe aborda a

continuacitn.

3. REFLEXIQON DE ONDAS PLANAS POR LA FROWNTERA LIBRE DE UN
SEMIESPACIO ELASTICO

ConsidBrese gue la frontera libre es el plano yz como se
muestra en la fig 1. Ademds, sin perder generalidad, su
pongase gue las direcciones de avance de las ondas astin

alojadas en el planoc xz,

Para describir el movimiento debide a ondas de cortante
se introduce el concepto de planos de polarizacifn. Asf,
se descompona el movimiento en la direccién de la coorde

nada y f(ondas polarizadas horizontalmente o SH) y en la



direccidn perpendicular a la direccisn de avance en el
planc vertical =z {ondas polarizadas verticalmente o svy,
En la propagacifn de ondas P el movimiento es en la direc

cibn de avance de la onda. Esto se ilustra en la fig 2.

Fig 1. Sistema de coordenadas en ef semiedpacie eldstico

La propagacifn de ondas SH est& gobernada por la scuacién

2, 1
zZ 13

o
M
<
or
=]
R
=

(12)
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Que es precisamente la ecuacibn de onda en dos dimensiones,
en este cas0 no es necesario rxecurrir a la formulacitn del

problema en términos de los potenciales de desplazamienta,

Puede demastrarse gue, en la reflexién de una onda SH plana
por una frontera libre, el dngulo de incidencia es igual

al dngulo de reflexidn y la onda reflejada mantiene la for

ma de la onda incidente. 35i la onda incidente ecstsd dada



por

(1)

y = f{t+ XCOSY - zseny ,

B

Onda plana

(:;GHO horizontal

Fig 2. Nomencfatuha para ondas planas

iAo —l——
PR e 7. 7

vii) vir)
r

Fig 3. Ondas SH {ncidente ¢ neffefada

(13)



la onda reflejada esti dada simplemente por

L)L £t - xc05'yﬁ+ zseny (1h)

agquf y = Angulo de incidencia. Puede verificarse que
= vil? + v{r}

v satisface la ec 12 y la condicitn de que

el planoc x = 0 est& libre de esfuerzo pues los inicos es-

fuerzos relevantes estin dados por

dv gy
Txy L YR Tyz M ez (15)
y combinande las ecs 13, 14 y 15 resulta que Txy==0 an
x = 0, Debe observarse gque en estas condiciones el movi-
miento en x = 0, la superficie libre, se puede escribir
como
voop = 2 fle - 2201, (16)

por lo que el factor de amplificacidn es dos.

En la propagacl®n de ondas P y SV el movimiento estd en el
plano xz, es decir u = uix,z,t), w = wix,z,t) v v = 0, En
este caso las ecuaciones de onda gue dehen satisfacer los

potenciales, si W = wy' {w )yl

) ? 2
3% aq;d ) adz} (17)
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r = fraccifn de’ amortiguamiento

critico
s = duracifén de la parte intensa
- del sismo
AO= ordenada espectral para g = 0

G5 =05
_gi-: (;’ £ 377 _'?'—i)

1 1 I

5 10 5 Ls/T >
Foctor de reduccion por el amortiguamiento
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1§72 D. L. OKPHAL AND J, A. LAHOUD G’)
molion accelerograms versus the currcspnriding date computed using equatirn (R). For
this ditta sample, although there is considerable scatler, equalion (8) generaily under-

eslimales the mean of the dala by aboul a facter of 1wo. The season for this discrepancy is
nal known and requires lurther siudy. However, apalysis of 1he data and the facl 1hal
the discrepancy belween Lhe data and equation {8) is approximaiely a constant laclor
supgesis That the scaling of peak displacement with magnilude and focal disiance is nm
subslantially in errar. The discrepancy may be dwe 10 an Imaccurate determination of 1he
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Fig. 9, Cnmpanmn beiwern pl:ak displacerncnls derived (rom the CALTECH ${rong-motion accelero-
iy pmmaee . P3N @0d cormapanding caleulaticns vsing cqualion IB] .
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conslani facior in equalion (B} or 1o the influence of local site amplification effects in 1he
CALTECH data, an effect not included in this analysis. .

+

Discussion .

1Lis of iaterest 10 examine equations (6),47). andtﬂjinier;m of Lhe classicai correlations
between carthquake magnitude and epiceniral intensity, ‘radius of p-cn:cpuhlllly and
maximum epicentral acceleration.

Guilenberg and Richeer (1956) suggesied thal earthqua ke intensity is best related to peak
ground acceleralion, Using the Gutenberg-Richiér intensily-acceleration eguation and
tqualion (&), assuming a fotal depih of |5 hm, ene derives an equalion relating magnitude
and epicentra) intensity. The equation so derived differs significantly from Gutenberg
and Richler's empirical relationship. This suggesis that earthquake intensity may not be
closely related 10 peak acceleration, a suggestion thal has been made previausly by many
researchers, vk
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between the reporied observalions and calulations s good. The Iwo measurements
deviating most frem the calculations were recorded at Lima and Koyna. 11 is noted thay
peak accelerations measured at Lima have been interpreted by Cloud and Perez (1971)
I be anomalously high.
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The comparisons shown in Figures 3 through 5 are encouraging and supgest thai .

equalion (6) may be usclul in predicling peak earthquake accelerations for a reasanably
wide range of magniludes, epicentral locations, fiocal depths and local disiances. As new
earthyuake ground-motion datu are recorded, it is hoped thal more exlensive analyses
will confirm the uselulness of equation (6] as well as delineale its range of validily.
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M = I'vﬂGIIvII'I'UD EN LA ESCALA DE RICHTER
R = DISTANCIA FOCAL (EN KM}

v VELOCIDAD MAXIMA DEL TERREND ({M/SEG)

mix

nhx = ACELERACION MAXIMA-DEL TERRENO (CM!SEGZJ

vméx = VELOCIDAD ESPECTRAL MEDIA MAXTIMA, 6 CM/SEG (PARA g=0)

Asx = ACELERACION ESPECTRAL MEDIA MAXIMA, EN CMKSEGZ { PARA

£=0)
I = INTENSIDAD EN ESCALA DE MERCALLI MODIFICADA
W = ENERGIA DISIPADA, EN ERGS

M -1.7
Vmﬁx = 32¢ (R + 25)

) 0. 8M -2
Bogy = 3600 € CU(R + 40)

M -1.7
Vosy = 250e (R + 60)

A, = 696007 8M(g 4 70y°2

mix

NOTA: ESTAS CORRELACIONES CORRESPONDEN A LAS COMPONENTES HORIZONTALES

DE TEMBLORES REGISTRADOS EN TERRENO DURO.
I =1.45M - 5.7 LOG,, R + 7.9
- LOG 14 Vogx
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Fig. 6.20. Peak ground pcecleralions with return period of 100 years {crnlf:(-c’}.

ratio of actual to predicted intensitics: and geological delzils maoy signifi-
cantly aller local seismicity in & small region, as well as energy radjation pat-
{erns, and hence regional seismicity in the neighbourhood. These systematic
devizlions are the matter of microzoning, that is, of local modification of
risk maps similar to Figs. 6.19 and 6.20.

Most of the efforl invested in microzoning has been devoted to study of
the influence of local soil stratigraphy on the inlensity and frequency con-
tent of carlthquakes (see Chapter 4). Analytical models have been practically
limited to response analysis of stratified formalions of linear or nonlinear
"soils lo vertically traveling shear waves. The results of comparing observed
and predicted behsvior have ranged from satisfactory {Herrera et al,, 196G4)
to poor (Hudson ond Udwadia, 1972). Topographic irregularities, as hilis or
slopes of firm ground formations undetlying sediments, may introduce sig-
nificant systematie perlurbations in the surface motion, as a conseguence af
wave focusing or dynamic amplification. The lalter effect was probabily re-
sponsible for the execeptionally high acceleralions recorded ot Lhe pbutment
of Pacoima tdam during the 1971 Sun Fernando earlhquake.

Present practice of microzoning delermines seismic intensitics or design
parameiers in two steps. First the values of those paramelers on firm ground
arc estimaked by means of suitable attenuation expressions and then they are
amplified according to the properiies of local soil; but Lhis implies an ar-
bilrary decision to which seismic risk is very sensilive: sclecling the bound-
ary between soil and firm ground. A specially difficult problem stems when

222 -
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brying to fix that bmlmf.lary for the purpose of predicting L Jution at the

lop af a hill or the slope stability of a high liff (Rukos, 1974,

It can be conciuded thul rational formulation of microzoning for seismic
risk is still in its infancy and that new criteria will appear that will probatsly
require intensity atlenuation models which includs the influence of local
systematic perturbations. Whethey these models are available or the two-step
process described above is acceptable, intensity-recurrence expressions can
be obtained as for the unperturbated case, after multiplying the sccond
member of eq. 6.34 by an adeguaie intensity-dependent corrective factor.
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Y=Y, = b, expib,Ag{R) {i.33)
{sce ons. 6.4 and 6.5), where ¢ is a randum Taclor and ¥ and Y, sland for
actusl anid predicted intensities, b, and b, are given constants, and gliyise
function of hypocentral distance, The probability thal an earthquakea orig-
inaling at the source will huve an intensity preater than y is equal to the
probability that ¢}, > ». If Y, is expressed in terms of 5 and randomness
in £ is accounted for, one oblaing:.

ﬂL - *
iyl = [ (sl tu)du (6.34)

oy

where v and py are respeetively mean rales at which zetueal and predicted
inlensities exceed given values, a,; = ¥y, ap = /L. yu, and ¥ are the
predicted intensities that correspond to My, and M, , and §, the prabability-
rdensity funclion of €. If eq. 6.3% iz assumed to hold:

Vpl¥j B Ky + K ™71 — Ry~ "2 (G.35)
wliere: .

Ki=[bg(R)]"AMdV (=0,1,D) (6.36)
%0, = Blby, rp= (88,6, (6.37)

Substilution of 'eq. B.34 into 6.34, coupled with the assumption that ln £
13 normally distributed with mean m 4ud standard deviation o leads to:

{y) ™ oghy + oy Ky T —egKpy 2

where:
e = ex ) [¢ (‘ELU—_"“{) —¢ (]n m:’-.-.u')—]-

¢ is Lhe standard normal cumulative distribution function, @, = 12 a*r3 4+
mry, and ¥, = m + or,, Similar expressions have been presented by Merz and
Comel) {1073} for the special case ofeq. 6.8 when f7 = = and for a quadra-
tic form nf the relation between magnitude and logarithm of exceedance
rale. Closed-form soiutions in terms of incomplete famma functions are oly-
lained when. magnitudes are assumed to possess exireme type-lI1 distribo-
lons {eq. 6.9), ’

Intensity recurrence curves at given siles are obtained by integration of
e contributions of all significant sources, Uncertainties in local BOSEriciting
in be handled by deseribing regional seismicity in lerms of means and vari-
nces of viy) and estimaling these momaents from eq. 6.34 and suitalbe ficst-

ud second-mor approximations. Tnflucnee of these uncertainties in
lesign Jecisions ;. seen discussed by Mosenblacth {in preparalion).

(6.38)

(5.34)

2120

6.5.2 Seismic probability maps

When intensity-recursenge functions are delermined [or o number of sites
with uniform foeu!l greund conditions the results are conveniently rep-
resented by sets of seismic probability maps, cach map showing contours
of intensities that correspond to a piven return peried. For inslance, Figs.
6.19 and 6.20 show peak ground velocities and accelerations that correspend
to 100 years return perod on fivn ground in Mexicos, These maps (orm pa.lrt
of a set thal was obtained through application of the eritena described in

‘this chapter. Because the ratio of peak ground accelerations and velocilies

does not remain constant throughout a region, the corresponding desig.n
spectra will not only vary in scale but also in shape (frequency content); in
other words, seismic risk will usvally have to be expressed in terms of at
least the values of two parameters (for instance, as in this case, peak ground
accelerations and vrlocities that correspond to varigus risk levels {return
periods)}.

&.5.3 Microzoning

Implicit in the above criterin for evalualion of regional seismicity is the
ade plion of inlensily atlenuation expressions valid on firm ground. Sc?tt.er
of actual intensilies with respect to predicted values was ascribed Lo differ-
ences in source mechanisms, propagation paths, and local site cﬂnditicr:ns;at
least the latter group of variables can introduce sysiematic deviations in the

Fig. 6.19, Feah grooamd welueitios willy retucn period of 100 yours [casec).
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vy, can be ¢ ssed in terms of an initial probability distribution of g, ar’

of the correi.  »n among p; and p; for any f and j. Because Zvp, = ¢y, O 7

abtains Ep, = 1. This imposes two restrictions on the initial joint probability
distribution of the pls: E'(p,) = 1, var’ Ep, = 0. I{ all pjs are assigned equal
éxpectations and all pairs p;, p;, § # j are assumed Lo possess the same cor-
relation coefficient p; = p’, the restrictions mentioncd lead to E'{p) = 1fs
and p' = —1/(s— 1). Pasterior values of E(p;) and p;; are obtained according
to the same principles thal led to egs. 6.25—6.28. Statistical evidence s in
this case described by N, the total number of earihguakes generated in the

system, and n; (i = 1, ..., 5) the corresponding numbers for the subzones.

_ Given ihe pls, the probability of this event is the mullinumial distribution:

M

PiAIP].- -1y P.] = 1 . " 'pl;l .,.J'J‘:"
'y

-ﬂ-l., amay {6'31]

i the covielation coefficients among seismicities of the various subizones can
be neglected, each p; can be separately estimated. Because p; has to be
camprised between 0 and 1, it is natural to assigh il a beta initial probability
distribution, defined by-its paramcters n and N, such that E'(p} = nj{N;
and var'(p;) = /(N — nYIN/2(N] + 1)] (Raiffa and Schlaifer, 1968). The
parameters of the poslerior distribution will he:
Ca]=ap tn, NS =N N

Take for instance a zone whose prior distribution of 3, is assumed gamima
with expecled value Ay, and coelficient of variation V. Suppose that, on the
basis of geological evidence and of the dimensions involved, it is decided to
subdivide the 2one into four subzones of equzl dimensions; a-priori con-
siderations lead to the assipnment of expected values-and eoefficients of
variation of p; for thosc subzones, say £'(p;) = 0.25, V'ip) =025 (=1, ..,
4). From previous considerations for s = 4 take p}; = —1/3 for { # j. Suppose
now that, during a given time intcrval ¢, ten carthguakes were observed in
the zone, of which 9, 1, 3, and & occurred respeclively incach subzone. I
the Poisson process model is adopted, &) and V. can be expressed in terms
of a fictilious number of events 1’ = V2 occurred during a fictitious time
interval ¢' = n'fAl; after observing n earthguakes during an interval {, the
Bayesian mean and cocfficient of variation of Ay will be Ay, = (n' + n}f
{t' + 13, V|, = (n' + n)~Y? {Esteva, 1968). Hence:

A= (VR 10V RT e, VES (V10T

Local deviations of seismicity in each.subzene with respect to the average
X, can be analyzed in terms of p; [i = 1, ..., 4]); Hayesian analysis of the pro-
perlion in which the ten carthguakes were distribuled among the subzones
proceeds according fo:

E'lpiP{A4lpi, - p4)]

Ef{piay= _F;"EP{AWH e P41

(6.32)
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The expectations that appear in this vquation have tobe o uleed with ve-
spect 1o the initial joint distribution of the pls. In practice, adeguate approx.
imations are required. For instance, Benjamin and Cornclls’ (1970Q) first-
order approximation leads Lo E" () = 0.226, E"(p,) = 0.294. -

If eorrelation among subzone scismicities is neglected, and statistical in-
formalion of each subzone is independenlly anabyzed, when the pjs are as-
sipned beta probabilitydensity functions with means and ecefficients of
variation as defined abowve, one obtains E"{p,) = 0.206, E"(p,) = 0.31%.
which are not very differenti from those formerly ohtained; however, when
E'(p) = 0.25 and V'{p,} = 0.5, the first ¢riterion leads to £7(p,} = 0.200,
E"{p,) = 0.214, while the second produces 0.131 and $.4186, respectivel.
Part of the difference may be duc to neglect of pj;, but probably a significant
part stems from inaccuracies of the first-order approximation to the expecta-
tions that appear in eq. 6.32; allernate approximations are therefore desiy-
able.

Tneomplete dete. Statistical information is known to be fairly reliable onlx
for magnitudes above threshold values that depend on the repion considered,
its level of activity, and the guality of local and nearby seismic instrumenta.
tion. Even incomplete statislical records may be significant when evaluatine
some seismicity parameters: their use has' to be accompanied by cstimates of
detectability values, that s, of ratios of the numbers of events recorded 1o
total numbers of events in given ranges {(Esteva, 1970; Kaila and MNarain,
1971).

6.5 REGIONAL SEISKMICITY t

The {inal goal of local seismicity assessment is the esfimation of regional
seismicity, that is, of probability distributions of intensities at given sites;
and of probabilistic correlations among them. These functions are obtained
by intcgrating the contributions of local seismicities of nearby sources, and
hence their estimates reflect Bayesian uncertainlics tied to those seisimicities.
In the following, regional seismicity will be expressed in torms of mean rates
of exceedance of given intensitics; more detailed probabilistic descriptions
would entail adoption of specific hypotheses concerning space and time cor-
relations of earthqualie generalion,

G.5.1 Intensity-recurrence curies

The case whon uncerlainty in seismicity pamameters is neglected will be
diseussed first. Consider an elemeniary seismic souree with volume dV and
Ioecal selemicity ALAT) per unit volume, distant X from asile S, where intensity-
recurrence functions are io be esthmated. Every time that a magnitude M
shock is generakted at Lhat source, the Intensity at 8 equals:
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Bayestan uncertainly lied (o the joint distribution of all seismicily param-
eters (hy, By, .., B} can be included in the computation of the prohability
of occurrence of a given evenl 2 by Laking the expeclation of thal protb-
ability with respect to all parameters:

P(Z)=E,, g[P(Z); My, By, .y BY (6.29)

When the joint distribution of &y, 8 stems from Bayesian analysis of an
imitial distribution and an obiserved event, A, this equelion adopts the form:

E'v pIP(ZI R BIPLA ML DY)
¥ == "L, —
F@ By, alPAIK, BY)

where ' and " stand for initial and posterior, respeclively. .
Spetial variability. Figure 6.17 shows a map of geatectunic provinees of
Mexico, according to F. Mooser. Ench provinee is characlerized by the large-
scale features of jts tectonie slructure, bul significant local perturbations to
the overall palierns can be identified. Take for instance zone 1, whose
seismotectonic features were described above, and are schematically shown
in Fig. 6.18 (Singh, 1975): the Pacific plate underthrusts the continental
bloack and is thought to break into several Mocks, separaled by faulls trans-
verse Lo the coast, that dip at different angles. The continenial mass is also

{5.30)

Fig. 6.17. Salsme. < clonic provines ol bMexico. (After Fo 3louser.)
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Woleonic front

ELT A

Fig. .18, Bchematic drawing of Lhe segmenling of Cocos plate az il subducts below
Amaricen plate. [Afler Singh, 1974.)

made upr of several large blocks. Beismic activity at the underthrusting plate
or at its interface with the continenlal mass is characterized by magnitudes
that may reach very high values and by the increase ol mean hypocentral
deplh with distance from Lhe coast; small and modemte shallow shocks are
generaled sl Lhe blocks themselves. Varlability of siatistical data along the
whole lectonic syslem was discussed above and is apparent in Fig. 6.10.
Bayesian estimation of local seismicity averapged throughout the system is a
metier of applying e 6.21 or any of its special forms {eqs. 6.22 and 6.23),
taking as sialistical cvidence the information corresponding to the whole
tystem. However, scismic risk estimates are sensitive to values of local
seismicity averaged over much smaller volumes of the carlk'’s crust; hence the
need to develop criteria for probabilistic inference of possible patterns of
space variability of seismicity along tectonically romogeneous zones.

On the basis of seismotectonic inlormation, the system under considerz-
tion can first be subdivided inlo the underthrusting plate and the subsystem
of shallow sources; each sulisystem can Lthen be scparately analyzed. Tzke for
instance the vnderthrusting plate and subdivide it into s sufficiently smatl
equal-volume subzanes, Let »; be the rate of exceedance of mamilude Al
throughout the main system, v, the corresponding rate at each subzene, and
define p; as ¢ firy, . with o, independent of ».,(p; is equal to the probability
.hat an earthguake known to have heen generated in the o 1 system orig-
inated at subzone ). Initial infoimation about posgsible spu.e variability of



probabilit “-nsily function for » was adopled such that the expected v~ -
of A{6.5) e region coincided with its average throughout the com;
seismic province. Two values of g were considered: 2 and 10, which cor-
respond to coellicients of variation of 0.71 and ©.32, respectivety. Values in
Table 6.1[1 were obtained for the ratio of the fina) to the initial expected
values of », in terms of uy,.

The last iwo columns in the table contain the ratios of the compuled
values of £°(T,} and E'(7) when v is taken as equa? respectively to its initial

.or to ils posterior expicled value, This table shows that, for p = 10, that 3 is,-

when uncertainty attached to the geologically based assumptions is low, the
expected value of the time to the next event keeps decreasing, in accordanee
wilh the conclusions of Kelleher et al. (1973). However, &s Lime goes on and
no events occur, the statistical evidence leads ta a reduction in the citimated
risk, which shows in the increased conditional expecied values of Ti.Forp =
2, the geological evidence is less significant and risk estimatles decrease at a
faster rate

6.4.1.3 Bayesign estimation of jaintly distributed parameters

In the general case, eslimation of B will consist in the determination of
the posterior Bayesian joint probability function of its components, taking
as statistical evidence ibe relative frequencies of observed magnitudes. Thus,
if event A )3 described as the cccurrence of N shocks, with magnitudes
My, .o My, 8nd b; (1 = 1, ..., 7) are values that may be adopted by the com-
ponents of vector B baing esnmated eq. 6.21 becomes:

rﬂ{bh LRl
| R 1 PP

t,} is proportional to:

br}ﬁﬂlbll Trag br]
HF}P{AEHI‘ naay ur]du], s

falty, e,

belA}=
| v (6.25)

where P(A lu,, ...,

N
I-[ g{milult by ur]
=1

and g{m}. = —3G*(m)fdm.

Closed-form solutions for f° as given by eq. 6.25 are not feasible in general.”

For the purpose of evaluating risk, however, estimates of the posterior fist
and second moments of /7 can be obiained fram eq. 6.25, making use of
available first-order approximations (Benjamin afd Comel!, 1970; Hosen-
biueth, 1975) Thus, the posterior Expected vadue of B; is given by | Fir {1}
bodu, where .";; {u) = f o0 fElay, oo, ) duy, L, da, nnd the multiple inte-

ﬁ'al is of order r — 1, bccause it is nat c:mtended to the dominion of B,.
ence;

an.ﬂmm.
TELTRAI,,

)l

Lr,i'“l] fj }1

(6.26)

TABLE &.1N

. Bayesian cstimales of scismicity in one svismic gap

ug = tpfE'[T) ET (I E{r) ETITy Ty = L)E(T)
A= ] A= 10 p= > pm 10
o 1.0 1.0 0.75 0.75
0.1 .58 0.99 0.76 0. T4
0.5 0.76 0.94 0.91 0,71
1 0.58 0.87 1.14 _ 0.7
5 0.20 0,54 3.11 1.05
-10 0,11 0.36 5.47 1.55
20 0.08 022 10.50 248

where E” and E" stand for imitia! and posterior expectation, and subserl.’
means that expectation 16 {aken with respect to all the components of ]
Likewise, the following pesterior moments can be obiained:

Covariance of B; and B,

. EEL[B,H,-P[AIB,. S B0 " '
Cov™(Bis By) " —pr(p(alB,, . )] © CoF ) ©-2
Expected value of {A}

E"[AMM)] = EV(\ETIG*(1 B
- En[G*M; IP(AIB,, ... B,
- E”{}L_[] ﬂ[ { { }P{ | 1 B }] [Grzp

Eg[P{AIBy, .. B/)]

Marginal distributions. The posterior expectation of A(M} is in some caz
all that is required to describe seismicity for decision-making purposes. ¢
ten, however, uncerlainty in A({M) must also be acounted for. For instan
the probability of exceedance of a given magnitude during & given time ink
val has to be ohtained as the expectation of the corresponding probabilitt
over all aliemative hypolheses concerning A{M). In this manner it can |
shown that, if the oceurrence of earthguakes is a Poisson process and
Bayesian distribulion of A, is gamma with mean A and coelTicient of var
tion Vy,, the marginal distribution of the number of earlhquakes is negatl!
binomial with mean X, In parlicular, ihe marginal probability of ze
evenls during time interval { — equivalently, the complementary distrituti
funcuon af the “mtlng time belween events — is equal 1o (1 + /")y
where 7" = V¥ and " = r"fi . The marginal probability<lensity function
ithe waiting Lime, that should be substituted in cq. 6.20, is ?'.L{] ey
which tends to the exponcntial probability [unction as rtoand ¥ tend
infinity {and V|, -+ 0) while thicir ratio remains cual to AL-
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progress is expected in the study of accumulation of stresses in the grust.

Knowledge of the geological structure can serve to formulate initial prob-
obility distributions of scismicity cven when quantilative use of geophysical
information seems beyond reach. Initial probability distributions of local
seismicily paramelers Ay, & in the small volumes ¢f the earth’s crust that
contribute significantly to seismic risk at a site, can be assigned by com-
parison with the average seismicity observed in wider areas of similar tee-
tonic characteristics, or where the exlent and completenass of statistical
information warrant reliable estimates of magnitude-recurrence curves
{Esteva, 1969). [o this manner we can, for inslance, use the information
ghout the averape distribution of the depihs of earthquakes of different
magnitudes threughout a seismic province to estimate the corresponding
distribulion in an area of that province, where actlivity has been low during
the observation interval, even thoeugh there might be no apparent geophycical
reasan Lo account for the difference. Similarly, the expected value und coeffi-
cient of variation of A, in a givep arex of moderate ar low seismicity (a5 & con-
tinental shield) ean be obtained from the statistics of the motions originated
at all the supposedly stable or aseismic regions in the world.

The significance of initial probabilities in seismin risk eslimates, agajnst
the weight given to purely statisiical inlormation, becomes evident in the
cxample of Fig. 6.16: il Kelleher's iheory aboul activation of svismic gaps is
true, risk is greater at the gaps than anywhere clse along the voast; if Poisson
‘models are deemed representative of the process of energy lileration, the ex-
tant of statistical information is coough to subslantiate the hypothesis of
reduced risk at gaps. Because both models are still controversiad, and rep-
resent al meost bwo extreme positions concerning the properties of the
aclual process, risk estimates will necessarily reflect subjective apinions.

6.4.1.2 Significance of statistical information

FEstimation of ApL. Application of eq. 6.23 to estimate Ay independently
of other parameters will be first discussed, because it is a relatively simple
problem and because A, is usuzlly more unceriuin than My and much mare
5o than .-

A model as defined by eq. 6.19 will be assumed to apply. If the possible
assumplians concerning the values of Ap constitute a continuous inlerval,
the initial probabilities of the alternative hypotheses can Le expressed in
terms of a probabilitydensity funclion of A, H, in addilion, a certain as-
sumplion is made concerning the form of this prohability <ensily function,
only lhe initial values of £(A_) and V{A,) have to be assumed. 1L is advanta-
geous Lo assign to v = EAE{T) a gamma distribution. ‘Then, il 7 and p are the
parameters of this nilial distribution of », if & is assumed Lo be known, and
il lhe observed culcome is expressed as the time ) elapsed during n 4+ 1
consccutive 1ts {(carthguakes wilh mapituwde 2M ), application of o
6,23 leads 1 & conciusion thal the poslerior prababijlity fupction of

e Ty o) =

b2

also gamma, now with paramaters p + Al and i\u + 1., The initial nned the
posterior expected values of » are respectively cqual to pfy, and to {p + nk)f
(i + ;). When initial uncertainty about v is small, g and p will be larpe and
the initial and the posterior expected values of 2 will not differ greally. On
the other hand, if only statislical information were deemed significant, p and
g should be given very small values in Lhe initial distribution, and E{y), and
henee &), will be practically defined by n, &, and {,. This means that the
initial estimates of geclopisls should not only include expected or most
probable vahues of the different paramelers, but also slalements about ranges
of possible values and degrees of confidence attached to ench.

In the case studied above anly a portion of Lthe statislival information was
used. In most cases, especially if seismic activity has been low during the
cbservation interval, significant infermation is provided Ly the durations of
Lhe intervals elapsed from the iniliation of observalions Lo the Tirst of the n +
1 events considered, and from the last of these events until the end of the
ohszervation period. Here, application of eg. 6.23 leads to expressions slightly
more compli.ited than those obtained when only information abeut ¢, is
used.

The particular case when the stalistical record reports no events during af
least 7 interval (0, ty) comes up frequently in practical problems. The -
probabilily-density function of the time T fromnm (g to the accurrence of
the first rvent must account for the corresponding shifling of the lime axis.
Furthermore, if the time of oceurrence of the last avenl before the crigin is
unknown, the distribution of (he waiting lime from t = 0 1o the first event
coineidos with that of the excess life in a renewal process at an achitrary
value of £ thal approaches infinity (Parzen, 19G2). For the particular case
when the waiting Limes constilute a gamma process, Ty 5 measuted from ¢ =
0, T is the waiting time between consecutive cvents, and it is known that
T, # I, Lhe conditional density function of 7, = (T, — {4/ E(T} is given by
ey. 6.24 {Fsteva, 1974), where 1, = to/E({Th '

]
2
m=] {m

> 5

m=] nx] [n - lll

m—1) thelu + ug)]™ 1
E—i'u

{5.24)
(Rup)*™? ’

Consider now Lhe implicalions of Bayesian analysis when applied to one of
the seismie gaps in Fig. 6.16, under the econditions implicit in eq. 6,24, An
initial set of assumpiions and corresponding probabililies was adopted as
deseribed in the fellowing. From previous studics referring to all the south-
ern coasl of Mexico, local seismicity in Lhe gap area (meas+~ed in Lerms of
% for ALs 6.5} was represenied by a gaumma process will r 20 An joatial
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Let ; 1, .., n)be a comprehensive sel of mutually exclusive assu
lions conce....ng E given, imperfectly known phenomenon and let A be |
observed oulcome of such a phenomenon. Belfore observing outcome A we
assign an initial probability P(H) to cach hypothesis. H P{AIN) is the
prebability of A in case hypothesis H, is true, then Bayes' theorem [(Raiffa
and Schlaifer, 19G8) states thai:

. PAIN)
PUH,\8) = PUH) Y PUHP(AL) ‘

The first member in this eguation is lho (posterior] probability that
assumptmn H, is true, gwen the phserved autcome A.

{6.21)

In the evaluation of seismic risk, Bayes' Ltheoren: can be used to 1mprove'

initial estimates of A(M) and its variation with depth in a given area s well as
those of the paramelers that define the shape of XM} or, equivalently, the
conditional distribution of magnitudes given Lhe occurrence of an earth-
quake. Far thal purpose, take MM} as the product of a rate function &, =
MM Y by a shape funclion G*{A B), egual to the conditional cgmplemen-
tary disiribulicn of magnitudes given the occurrence of an earthquake with
M = M,, where My, is the magnitude threshold of the set of statistical data
used in the cstimalian, and B iz the vector of (uncertain} parmmeters By, ...,
A, that define the shape of AM2f). For instance, if X{M) is laken as given by
q. 6.8, B iz a vector of three clements equal respeclively to §, 8,, and M ;
if e, 6.9 is adopted, B is defined by k and M,

The initial distribution of seismicity is in thls cagse expressed by the inilizl
;mn* probability density function of Ay and B: f {}.L_B] The observed out-
come A can be expressed by the magnitudes of atl earthquakes gencrated in a
given source during & given time interval. For instance, suppose that N earth-
quakes were observed during time interval t and that their magnifudes were
iy, m,, .y Ty . Baves’ expression takes the form:

P[m], s, ...y
_H'P[m]. Mla, -

My iy, )
W st B0 0)a MY
. {6.22}

where ["{.} is the posterior probability density function, and I and & are
dummy variables that stand for all values that may be taken by Ay and B,
respectively. Estimation of Ay can wsually be formulated independently of
that of the other parameters. The obscrved (acl is then expressed by N, | the
number of carthquakes with magnitude above Ay during lime f, and the
following expression is obained, as a first step in the estimation of A{A):

. e PN
TN O = T o= (nar

G.4.1.1 Initial probabilities of hypothetical models
\Where statislical information is scarce, scismivity estimales will be very

r {hL, Elml, mN. H=Flhy, B]

(£.23)

= 4 T

scnsitive to initiol probabilitics assigned Lo alternative b thelical mode
the opinions of geolegists and geophysicisls about prol.  .c models, aho
Lhe parameters of {hese models, and the corresponding margins of uncertai
ty should be adequately interpreted and expressad in terms of a lunction ¢
as required by equations similar to 6.22 and 6.23. Ideally, these opinio
should be based on the formulation of potential earthguake sources and «
their comparison with possibly similar geotectonic structures. This is usual

.done by geologists, more qualitatively than quantilatively, when they es

rnale My, Initial estimates of Ay are seldom made, despite the significance
this parameter for the design of moderately impertant structures {see Cha
tor 91,

Analysts of geological information must consider local details as well
general structure and evalution. In some areas it is ¢lear that all potent
carthquake sources can be jdentifjed by surface faults, and their dispalac
ments in recent geological times measured. When mean displacements p
unit time can be estimated, the order of magnitude of creep and of cnen
lirerated by shocks apd hence of the recurrence intervals of given magr
tudes can be established {Wallace, 1970; Davics and Brune, 1971), the ot
responding uncertainly evaluated, and an inilial probabilily distrbution :
signed. The fact that mapnitude-recurrence relations are only weakly oo
related with the size of recent displacements is reflected in large.uncertai
ties {Petrushevsky, 1964).

Application of the c¢riterion deserilied in the foregoing paragraph can i
unfeasible or inadequate in many problems, as in areas where the abundan
of faults of different sizes, ages, and activity, and the insullicient accura
with which focal coordinates are determined preclude a dilferentiation of
sources. Regional seismicity may then be evaluated under the assumptis
thai al least parl of the seismie aclivily is distributed in a given volur
rather than concentrated in faults of different importance. The same sil
tion would be lced when dealing with aclive zones where there is nio surla
evidence of motions. Hence, consideration of lhe overall bebavior of co
plex peclopical structures is often more signilicant than the study of lod
details.

Not much work has been done in tlm analysis of the overall behavior
large geological siructures wilh respect Lo the energy thal can be expecl
{6 be liberated per unit volume and per unit Uime in given portions of the
struciures. Imporlant research and applications sheuld be expected, hn
ever, since, as & 1esult of the contnbution of plate-lectanics theory ot
understanding of large-scale Lectonic processes, the numerical values of so)
of Lhe yvarjiables eorrelated with anergy liberation are being dalermined, o
can be used al least to oblain orders of mapnitude of expectied aclivity ale
plate boundaries. Far less well understoad are the accurrence of shocks
apparently inaclive regions af continental shiclds and the behavior of co
plex continenlal blocks or regions of intense folding, but even there sm
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* For the purpose of illusiration, let it be assumed Lhat a fixed and deter-
ministically knowt damage £}, ocours whenever a magnitude above a given
value is generaled at g given source, I fEE) s the probability -densily function

of the wpiting time to the occurrence of the damaging cvent, and if the risk

level is sulficiently low that only the [irst failure is of concem, the expected
value of the actualized cost of damage is (see Chapter 9):
D=Do [ ef(t)de {6.20)
Q .

where ¥ is the discaunt {or compound interest) ceeflicient and the overbar
denotes expevtation, I the process is Poisson with mean rate v, then f(1) is
exponentia! and D= Do iy, however, if damaging evenls take pluce in
cluslers and most of the damnge produced by each cluster corresponds Lo jts
first event, the computation of D should make use of the mean rate ¥ cor-
responding 1o the clusiers, instead of thal applicable o individual events,
Table 6.11 shows a comparison of seismic risk determined under the alierna-
tive assumplions of a Poisson and a pamma model (& = 2), bolth with the
same mean relum period, £ (BEsteva, 1974). Threr descriptions of risk are
presented as Tunctions of the time g elapsed since the last damaging event:
T\ the expecled time to the next evenl, measured frem instant tg; the ex.
pected value of the presenl cost of falure computed from eq. 620, and the
hazard function {or mnean failure ratel. Since clustering is neglected, risk of
aftershock occurrence must be rither included in Dy or superimposed on
that displayed in the table. ;
This talile shows very significant differences amaong risk levels for both
processes. Al small vajues of {5, risk 15 lower for the gamma process, but it

T i -

-

TABLE .1}

Camparison of Pofson and gamma processes

“tgvik T, vk, Poison process, k= 1 hkfe T, wfk Gamma process, k= 2 hib/e
T ony R . 1)
whiv =10 phive 100 - Tkiv = 10 Bkjv = 100
0 1.0 00278 00004 o
n.1 0.92 00511 00036 (. 367
0.2 0.6  006TS  0.0059 0.667
0.5 - 0.75  0.0873  0.0100 1.333
3 1.6 00809  0.0Ub9 1.0° 067 0120 0.0132 2.000
2 0.50 0139 0.0155 2 667
5 0.54 0.5 0.0179 3.31%
10 0.52  0.160 0.0157 3.0
as0 0.0196 4.0,

0,185
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FTows with time, until it outrides that for the Poisson process, which remains
constant. The differences shown clearly affcet éngineering decisions.

6.4 ASSESSMENT OF LOCAL SEISMICITY

Only exceplionally can magnitude-recurrence relations for small volumes
of the earih's crust and statistical correlation functions of the process of
carthquake generation be denived exclusively from stalistical analysis af
recorded shocks. In most cases this information is too limited for that pur-
pose and it does nol always reflect geologival evidence. Sinee the latter, as
well as its connection with seismicity, is beset with wide uncertainty mar-
gins, information of different nature has to be evaluated, ils uncertainty
analyzed, and conclusions reached consistent with all pieces of information.
A probabilistic eriterion that accomplishes this is presented here: on the
basis of geotectonic dala and of cenceplual models of the physical processes
involved, a set of alternate essumptions can be made concemning the func-
tions in question (magnitude recurrence, time, and space correlation) and an
initia] probability distribution assigned thereto; statistieal information
is used to judge the likelihowd of each nssumption, and a posterior prob-
rbility distribution is obtained. How statistical infarmation contibutes to the
posterior prababilitics of the alicrnate assumptions depends on the extent of
that infermation and on the degree of uncertainty implied by the initial
probabilities. Thus, il grological evidence supports confidence in a particular
assumption or range of assumptions, stalislical information should not
greatly modify the initia! probabilities. 1f, on the other hand, a long and
reliable statistical record is available, it practically determines the form and
Imrameters af the mathematical model selecled to represent local seismicity.

f.4.1 Bayesion estimation of seismicity

Bayesian statistics provide a framework for probabilistic infercnce that
accounts for prior probabilities assigned 1o a set of alternate hypothetical
models of & given phenomenon as well as for statistical samples of events re-
lated {o ihat phenomenon. Unlike conventional metheds of statistical in-
ference, Bayesian methods give weight Lo probabilily measures ohtained
from samples or from olher sources; numbers, coordinates and magnitudes
of earthquakes oliserved in given time inlervals serve to ascertain the prob-
slle validity of cach of the alternative models of loeal seismicily that can be
postulated on the grounds of geological rvidence. Any criterion inlonded to
welgh information of differeni nature and different degrees of uncertainly
should lead Lo probabilistic conclusions consislent with the degree of con-

idence atlached Lo each spurce of information. This is mplished by
Bavesian methods.



£.3.3.3 Re- al process mbdels - ¥

The trigge.  sdels deseribed are based on information nbnut earthauake
with mapnitudes above relalively low thresholds recorded during time inter-
yals of at most ten years., The degrees of clustering observed and the dis-
tributions of times between. clusters cannat be extrapolated to higher mag-
pitude thresholds and longer lime intervals without further study,

Available information shows beyond doubt that significant elustering is
the rule, at least when dealing with shallow shocks. However, there is con-
.L‘:derahle gmund for discussion on'the nature of the process of cluster origing -
during intervals of the order of one century or longer. While lack of statisti-
cal dats hinders the formulation of seismicity models valid over long time
intervals, qualitative consideration of the physical processes of earthquake
generation may point te models which at least are consislenl with ihe state
of knowledge of geophysical sciences. Thus, i strain energy slored in a re-
gion grows in a more or kess systematic manner, the hazard functisn should
grow with the time elapscd since the last event, and not remain constant as
the Poisson assumplion implies. The concept of a growing hazard funection is
consistent with the conclusions of Kelleher ¢t al. {1973) concerning the
theory of periodic activation of seismic geps. This theory is partially sup-
ported by resulls of nearly gualitative analysis of the migration of seismic
activity along a number of geological structures. An inslance is provided by
Lthe souihern coast of Mexico, one of the mosi active regions in the worlid.
Large shallow shocks are generated probably by the interaction of the con-
tinental mass and the subductive oceanic Cocos plate thet underlhrusts it
agnd by compressive or flexural failure of the latter (Chapter 2). Seismologi-
cal data show significant paps of activity along the coast during the present
century and pol much is known about previous history {Fig. 6.16). Along
Lhese gaps, seismic-risle estimates based solely on cbserved intensities are
quite low, although no significant difference is evident in the geclogical
stracture of Lhese regions with respect to the rest of the coast, save some
transverse faults which divide the continental formation into severat blocks.
Witheut looking at the statistical records a geaphysicist would assign equat
risk thraughout the area. On the basis of seismicily data, Kelleher ¢t al. have

concluded ihat activity migrates along the region, in such a manner that large

earthquakes tend to occur at seismic gaps, thus implyipg that the hazard
funclion prows with time since the last earthquake, Similar phenomena have
been observed in other regions; of particular interest is the North Anatolian
fault where activily has shifted systematically along it from east to west dur-
ing the lasl forty years (Allen, 1969). |

Conclusions relative to nctivation of seismic gaps are controversial because
the obscrvation periods have not exceeded one cycle of cach process. Never-
theless, those conclusions point to the formulation of stachastic mexdels of
setsmicily that reflect plausible features of the geophysical processes.

These consideralions suggest the use of renewal-process models Lo rep-

L -

resent sequences of individual shocks or of cluslers. Such iels are char-
acterized because times between evenls are independen. _ d identically
distributed. The Poisson process is a particular renewal made! for which the
distribution of the waiting time is exponential. Wider gencrality is achieved,
without much loss of mathematical tractability, if inter-cvent times are sup-
posed Lo be distributed in accordance with a gamma function:

.I'r‘l'“} {k

which becomes the exponential distribution when & = 1. If J'z < 1, short in-
tervals are more frequent and the cocfficient of variation is greater than in
the I'oisson model; if & > 1, the reverse is true. Shlien and Toksbz (1970)
found that gammsa models werc unable lo repiresent the sequences of in-
dividual shocks they analyzed; but Lhese authors handled time intervals at
least an order of magnitude shaorter than those referred to in this section.

Cn the basis of hazard function estimated from sequences of smat! shocks
in the Hin"u-Kush, VereJones {1970} deduces the validity of 'branching
renewal process’ models, in which the intervals between cluster centers, as
well as those belween cluster members, constitute renewal processes.

Owing to Lhe scarcity of stalistical infermation, reliable comparisons be-
tween altermate models will have to resl partially on stmulation of the pro-
cess of stormge and liberation of strain energy (Burridge and Knupnﬂ‘ 19567;
Veneziano and Comell, 1973).

TERLGA (6.19)

6.3.4 Influence of the scismicily model on selsmic risk

Neaminal values of investments made ai a given instant increase with time
when placing them at compound inlerest rales, i.e. when capitalizing them,
Their real value — and not only the nominal vne — will also grow, provided
the interest rate overshadows inflation. Conversely, for the purpose of mak-
ing design decisions, nominal values of expected utilities and costs inflicted
upon in the future have to be converted inta present or actualized values,
which can be direculy compared with initial expenditures. Descriptions of
seismic risk at a site are insufficient for that purpase unless the probability
distributions of the times of gccurrence of different intensities — or mag-
nitudes at neighbouring sources — are stipulated; ihis entails more than sim-
ple magnitude-recurrence graphs or even than maximum feasible mugnitde
cslimates. A

Immediately after the cecurrence of o lw e carthigquake . saistiic risk is ub-
normally high due to aftershuck aclivily and Lo the probability that Jdamage
inflicled by the main shock may have weakeped natural or man-made strue-
tures il emcrgency measures are nol taken in time. When aftershock activily
has ceased and damaped systems have been repaired, 2 normal risk level is
" attained, which depends on the probability-densiby functions of the waiting
times to 1the cnsuing damaging earthguakes.
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and 1 — [ef(e + £1]* for 12 0, and as zero for (< O, where %, e, and & are
positive parameters. In Figs, 6.13—6.15, § = 0.25, ¢ = 2.3 days, and } =
Q.01 shocks/day. The significance of clustering is evidenced hy the high
volue of Poisson’s dispersion index in Fig. 6.13, while no significant period-
jvily can be inferred from Fig. 6.14. Both figures show Lhat Lhe power-law
model provides the best [it to the statistics of the samples. A similar ans)ysis
for New Zcaland's deep shocks shows much less clustering: Poisson's disper-
_sion index equals 2, and 1he bazard function is pearly constant with time,
Still, data reported by CGaisky {1967) have hazard functions that suggest
models where the cluster origins as well as the clusters themselves may be
represented by renewal processes. Mean return periods are of the order of
several months, and hence these processes do not correéspond, at least in the
lime scale, to the process of allernale pericds of activity and guiescense of
some peological siructures gited by Kelleher et al. {1973), which have led 1o
the conceot of “temporal scismic paps’, discussed below.
Simplipred trigger models. Shlien and Tokséz (1970) proposed a simpla
parlicular case of the Neyman-Scoit process; they lumpsed together all earth.
rquakes taking place during non-overlapping time intervals of a given length and

deaned them as clusters for which A(f) was a Drac delta function. Working
with one<lay intcrvals, they assumed the number of events per clusier 1o

Ire distributed in accordance with the discrete Pareto law and applied a maxi-
mum-likelihsod crilerion to the infermation consisting of 35000 carth.
fguakes reported by the USCGS [rom January 1971 to August 19688, The
model proposcd rejpiresents reasonably well bolh the distribution of the num-
ber of carthquakes in cne-day intervals and the dispersion index. However,
owing to the assumplion that no cluster lasts more than one day, the mode]
fails 1o represent the autocarrelztion “function of the daily nambers gf
shocks for small time lags. The degree of clustering is shown to be a regionat
function, and to diminish with the magnitude threshold value and with the
focal depth.

Aftershoch sequences, The trigger processes describied have been branded
ns ressonable representations of regional seismic aclivity, even when afier-
shock sequences and carthquake swarms are suppressed from stalistical
records, however arbilrary that suppression may Le, The most significant
instences ol clustering are related, however, Lto aftershock sequences which
often follow shallow shocks and only rarely intermediate and deep events.
I'ersistence of large numbers of aftershocks for 2 few days or weeks has
propitialed the detailed stalistical analysis of those seguences since last
century. Omori (1804) peinted out the decay in the meen rate of after
sheck oceurrence with ¢, the Lime elapsed since the main shock: he expressed
thut rate as inversely prapottional Lo ¢ + g, where ¢ is an empinical constant,
Ulsu (1961}  mosed a more general expression, proportional to (1 + o)™F
where §is a .« stant; Ulsu's proposal is consisient with the power-law ex-
pression for Alt) presentad above. '

04

Lomnilz and Hax (1960) proposed a clustering 1vodel to represent afuer.
shock sequences; it is & modilied version of Neyman and Scott™s maodel,
where the process of eluster origins is non-homogencous Poisson with mean
rale decaying in aceordance wilth Omori's law, the number of events in each
cluster has a Poisson distribution, and All) is exponential. All the resulis
and methods of anatysis described by Vere-Jones (1970} for the stationary
process of cluster origing can be applicd 1o the nonstalionary casc Lhrough »
transformatian of the time scale. Fitting of parameters to four aftershock

geguences was accomplished through use of the second-order information of

the sample defined on a transformed time sczle. By applying this criterion to
earthquake sets having magnitudes above differcnt threshold values it was
noticed that the degree of clustering decrrases ss Lhe threshold value in-
CTCaSeS.

The mapnitude of the main shock influences the number of aflershocks
and the distribution of their magnitudes and, although the rate of activity
decreases - ith time, the distribulion of magniludes remains stable through-
out each sequence (Lommnitz, 1966, Utsu, 1962; Drakopoulos, 1971}, Fqua-
tion 6.6 represents fairly .well the distribution of magnitudes ohserved in
mo-t aftershock sequences. Values of § range from 0.9 to 3.2 and decrease
as the depth increases. Since values of § for regulur (main) earthquakes are
usually estimated fromn relatively small numbers of shécks generated
throughout crust velumes much wider than those active during afiershock
sequences, no relalion s Luen established amony flvalues for scries of hoth
types of evenls. The parumeters of Utsu's expression fur the decay of after-
shock activity with tiing have been estimaled [or several sequences, for in-
slance those following the Aleutian earthquake of March 9, 1457, the Cen-
tral Alaska earthquake of April 7, 1958, and the Southeastern Alaska earth-
guake of July 10, 1958 (Utsu, 1962}, with magnitudes equat te 8.3, 7.3,
and 7.9, respectivety; ¢ {in days) was 0.37, 0.40, and 0.01, while { was 1.05,
1.05 and 1.13, respectively. The relationship of the total number of after-
shocks whose magnitude exceeds a given value with the magnitude of the
main shock was sludied by Drakopoulos {1871) for 140 aftershock se-
quences in Grecee from 1912 Lo 1968. Nis resulls can be expressed by
NiM) = A exp(—fIA), where N(M) is the total number of aftershocks with ¢
magnilude greater than M, and A is a Tunction of My, the magnilude of the
main shock:

A= expl3.62 8 + 1.1M, — 3.46) (6.18)

t'ormulation of stochaslic process models for given earthquake scquences is
feasible once this relationship and the activity decuy law are available for the
source of interest, For seismic-risk estimation at o piven site the spatial djs-
tribution of aftershocks may be as signilicant as the distr”™ “tion- of mag- .
nitudes and the Ume varialion of activiky, particularly fo. arees of rela-
{ively lurge dimensions,
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;
resent local  .micity processes was discussed in A comprehensive paper o
Vere-Jones (1970), who calibrated them mainly against records of seismic ac-
tivity in New Zealand. In addition to simple and compound Poisson pro-
“resses (Parzen, 1962), he considered Neyman-Scott and Bartlett-Lewis mod-
els, both of which assume that earthquakes occur in clusters and that the
oumber of events in cach cluster is stocastically independent of its origin
time. In the Neyman-Scott model, the process of clusters is assumed station-
ary and Poisson, and each cluster is defined by p,, the probability mass
function of its number of events, and A(f), Lhe cumulative distribution fune-
tion of the time of an event corresponding Lo a given eluster, measured from
the cluster origin. ‘I'he Bartlett-Lewis model is a special case of the former,
where each cluster is a renewal process that ends after a finite number of
renewals. In lhese models the conditional probability of an event taking
place during the interval (¢, ¢ + di), given that the -::lugter caﬁsis;s of i
shocks, is equal to NA(t)de, where A(2) = 0 A[t)faL.

Because clusters overlap in time they cannot easily be identified and
separated. Estimation of process pammeters is accomplished by assuming
different sets of those parameters and evalualing the corresponding goodness
ol Tit with observed data, .

Various altermnative forms of Neyman-Scotil’s model were compared by
Vere-Jones with observed data on the basis of first- and second-arder statis-
tics: hazard [unclions, interval distributions (in the form of power spectra}
and variance time curves. The statistical record comprises about one thou-
sand New Zealand carthquakes with magnitudes greater than 4.5, recorded
from 1942 to 1261, Figures 6.13—6.15 show results of the analysis for shal-
low New Zealnnd shocks as well as the comparison of observed data with sev-
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Fig. 6.15. Hazard lunction for New Zealand shallow choeks. [Afler Vere-Jones, 1970}

eral alternative models. The process of cluster origins is Poisson in al) cases,
but ithe distributions of clustér sizes (N and of Limes of events within clus-
ters di.ler among the various instances: in the Poisson model no elustering
takes place {the distribution of N is a Dirac delta function venlered at A = 1)
while in the exponential and in the power-law models the distribution of N is
extremely skewed towards N = 1, and A{t) is taken rospectividy as 1 — e~
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Fig. 6.14. Smoathed periodogram for New Zealand shallow shocks. [After YereJones, Fig- 6.15. Ruplure 2anec and epiconiers of large shatlow Middle American earthquakes of

1866.)

this comtory_ (Aflor Kelleher ¢ al, 1573.)
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¥ doy intervals . a=0

A0 expanding ¥, in power series of Z, and taking P{N = n} equal ta the coef-
ficient of 2" in that expansion. For instance, if it is of inlerest to compute

20 P{N = 0}, expansion of {x{Z; 1) in a Taylor's series with respectto Z=0
lcads to!
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bl Eliminating sworms

Fig. 6.12. Evaluation of Poissan process astumplion. { Afler Knopolf, 19564.) where the pnime signifies derivative with respect to Z, From the definilion of
' Pa L, PIN=0}= ¢, (01}

. Because the component processes of "trigger’-{y pe time series appear over-

= or R - _ lapped in sample histories, their analylical representation usually entails

var (N} = v JE[W (t. 7)1dr . ) (6.14) study of a number of alternative models, eslimation of thelr parameters, and

. comparizon of model and sample properties — often second-arder properties

Parzen (19 “wives also ap oxpression for the probability generating funes “ox and Lewis, 1906). - ,

Lion (2 1) .. the distribution of & in terms of Yy (258, 1), the penarat- Vereones miodels, Applicability of some peneral ‘trigger’ . Jdels Lo rep-
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For the Poisson model, A{¢) is a constant equal to the mean rate of the pro-
TS,

6.3.3.1 Poisson model -

Most commeonly applied stochastic models of seismicity assume that the
evenis of earthquake occurrence constitute a Poisson process and that the
M/'s wre independent and identically distribuled. This assumption implies
that the probability of having N earthguakes with magnitude exceeding M
during Lime interval (0, 1) equals;

© Pr = {exp(—vutHpu V1IN (6.11)
where ¥y is the mean rate of exceedance of magnitude M in the given vol-
utne. [f N is taken cqual to zera in ¢g. 6.11, one cbtains that the probability
dislribution of the maximum magnitude during time interval ! is equal to
exp{—wvy i), If vy is given by eq. 6.6, the extreme type-] distribution is ob-
Lained. . -

Some weaknesses of this model become evident in the light of statistical
information and of an analysis of the physical processes involved: the Pois-
son assumpticn implies that the distribulion ¢l the waiting time to the next
event is not medificd by the knowledge ©f the time elapsed since ibe las!
one, while physical models of gradually accumulated and suddenly relrased
encrpy call for 2 more peneral renewsl process such that, unlike whal hap-
pens in Lhe Poisson process, the expected Lime to the nexl event decreases as
Lime poes on {Esteva, 3974). Statistical data show that the Poisson assump-

LR Ar)

tion may be acceptable when dealing with large shocl roughoul the
world (Ben-Menahem, 12809, implying lack of correlation . .iween scismici-
ties of different regions: however, when considering small volumes of the
earih, of the order of those that can significantly contribute Lo seismic risk
ot a site, dala aften contradict Foizson's model, usually because of clustering
of earthquakes in time: the observed numbers of short intervals belween
events are significantly higher than predicled by the expenential distribu-
tion, and values of Poisson’s index of dispersion are well above unity (Figs.
6.12 and 6.13). In some instances, however, deviations in the opposite direc.
tion have been observed: waiting times lend {o be more nearly poriedic.
Ppisson’s index of dispersion is smaller than one, and the process can be
represented by a renewal model. This condition has been reported, fa:
instance, in the southern coast of Mexico (Esteva, 1974), and in the Kam:
chatka and Pamir—Hindu Kush regions {Gaisky, 1966 and 1967). The mod.
cls under discussion also fail to account for clustering in space (Tsubhoi,
1958; Gajardo and Lomnitz, 1960), fur the evolution of seismicity witk
timr, and for the systemalic shifting of active sources along geologic ac
cidents {Allen, Chapter 2 of this book). On account of its simplicity, how-
ever, the Poisson process model provides a valuable tool for the formulation
of some seicmic-risk-related decisions, particularly of those that arc sensitive
only to mapgnitudes of events having very long return periods.

6.3.3.2 Trigger models -

Statislical analysis of wailing times between earthguakes does not faver
the mdoption of the Poisson mode] or of other forms of renewal processes.
guch ms those that assume that waiting times are mutually independent with
lognormal or gamma distribulions (Shlien and Tokstz, 12970). Alternative
models have been developed, most of them: of the “trigger type’ [Vuere-Jones
1970}, i.c. the overall process of carthguake gencration is considored ns the
superposition of a number of lime scries, each having a different origin
where the origin times are the events of a Poisson process. In gencral, let M
be the number of events that take place during time interval (0, £), T, = ori
gin time of the mth series, W_ (t, T} the corresponding number of event
up to instant {, and n, the randem number of time series initiated in the
interval (0, ¢). The total number of events that oeccur before instant § 35 then

H-i:l'.‘,,,{r.r...}' . (612

3

4
-

If oripin times are distributed according to a homogenecaus Poisson proces
with mean rate v, and all W, 's are identically distributed stochastic processe
wilh respeel fo (£ — 7,,), it can be shewn (Parzen, 1962) that the mean ane
varinnee ¢f & can be obhiained from;

]
EiNymy fL‘[W(r, 7)1dr (613
1]
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the amount of avwailable informalion and Lheir adoption offers significant
alvantages in the evaluation of regional seismicily, as shown later.

6.3.2 Variation with depth

Depth of prevailing seismic aclivily in 2 region depends on ils teclonic
structure. For instonce, most of the aclivity in the western conmst of the
Linited States ond Canada consists of shocks with hypoceniral depths in the
range of 20—30 km. In other areas, such as the southern coast of RMexico,

scismic events can be grouped into lwo vnsembles: one of small shaliow -

shocks and one of earthguakes with magnitudes comprised in & wide range,
and with depths whose mean value inereascs with distance from the shorvline
(Fig. 6.10). Figure 6.11 shows the depth distribution of earthquakes with
magnitude above 5.9 for the whole circum-Pucific belt.

6, 3.3 Stochaslic models of earthquake oceurrence

Mean exceedance rates of given magnitudes are expecled averages during
long time intervals. For decision-making purposes the times of earthquake
ocecumence are alo significant. At present those times can only be predicted
within a probabilistic context,

Leb b4 =1, ..., n} be the unknown times of occurrence of earthquakes
generated in a given volume of the earth's erust during a given time interval,
ant let M; he the corresponding magnitudes. For the moment it will be as-
- sumed that the risk is unifermly distributed throughout the given volume,
and hence no attention will be paid to the focal coordinates of each shock.

Classical methods of time-series analysis have been applied by different
researchers altempting to devise anmalytical modeks for random earthquake
soquences. The following approaches are ofien found in the literature:

{a) Plotting of histograms of waiting times between shocks { Knopofl,
196G4; Aki, 1963).

(b) Evaluation of Poisson™ index of dispersion, that is of the ratio cof the
sampl variance of the number of shocks to its expected value { Yere-Jones,
1970, Shlien and Toksdz, 1970). This, index equals unity for Voisson pro-
cesses, is smaller for nearly periodic sequences, and is greater than vne when
evenis lend to cluster.

{¢) Determination of autocovariance functions, that is, of functions rep-
resenting Lhe covariance of the numbers of events pbserved in given time
intervals, cxpressed in terms of the time elapsed between those intervals
{Vere-Jones, 1970; Shlien and Toksdz, 1970). The autocovariance {unction
uf n Poisson process is a Ditac delta function. This feature is characteristic
for the Poiss  model since it does not vold for any other stochastic process.

(d) The ¥, .d function k{{), defined so that k(fy dt is the condition

sras b s g gyt it teNe wlpee i b e interval fF & + dU) piven tha.
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no events have aoceurred befare . If F(t} is the cumulative probabilily dis-
tnbution of the 1ime belween gvenls:

Rty = {1 — F(1)]
where f{8) = o F(ty/ar.

{6.10)



= maximum frasible magmtude and G*{M} = complementary c:umuIat:w
probatilily « bution of magnitudes every time thal an event (M = M)
occurs. A partcular Torm of G*{M) that lends itself Lo analytical derivations
is: '

G*{(M) = Au* Ay exp(= ﬂM]

Ag exp[—{f —§,IM] (6.8)

where:

Ag = ABy exp|~-f(My — Ay )]
Ay = A(B— f1) exp(SML)
Az= Ag exp(—B, My + M)
A = [B{1 = exp[~f,{iMy — ML) B {1 —exp[—B(My— ML)

As M tends to M, from =zbove, eq. 6.7 approaches eq. 6.6. Adoplion of
adeguate vazlues of Afy and 8, permits satisfying two addilional condifions:
the maximum feasible magnitude and the rate of variation of X in its vicinitly.

When fi; —« o=, ef. 6.8 Ltemeds to an expression proposed by Cornell and .

Vammnarcke (1969}, _
Yegulalp and Kuo {1974) have applied the theury of extreme valucs to

estimating the probabilities that given magniludes are exceeded in given time
intervals. They assumce those probabililies to it an extreme type-111 dis-
tribution given by:

for M < My

gy, IMI0) = exp[—C(My — M)*t]
() for M > M, (6.9)
Here Fy_ _{MI1) indicates the probability that the maximum magnitude ob-

served in f years is smaller than M, Af; has the same meaning as above, and
C and K are zonedependent parameters. This distribution % consistent
with Lthe assumption thal earihquakes with magnitudes greater than M take
place in accordance with a Poisson process with mean rate X equal to (M
— M)* . Equation 6.9 produces mamilude recurrence curves that fit closely
the statistical data on which they arc based for magnitudas above 5.2 and
return periods from 1 to 50 years, even though the values of A that
result from pure statistical analysis are not relisble measures of the upper
bound to magnitudes, since in many cases they tuen out inadmissibly high.

For low magniludes, only a fraction of the number of shecks that take
place is detected. As a conseguence, A-values based on statistical informa-
lior lic below those computed according to egs. 6.6 and 6.8 for M smaller
Lhan about 5.5. In addilivn, ¥Fig. 6.9, taken from Yepulalp and Kuo {1974).
shows that the numbers of detected shocks {it the exlreme type 11l in eg. 6.9
beiter than the extreme type-]1 distribulion implied by eqg. 6.6., caupled with
lhe assumplina of Poisson distribulion of the mumber of events, 1t js not
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Fig. 6.5, :‘-Inan:ludo statistics in the Ableutian Islunds reginn, {Alter Yegulalp gnd Kuo,
1974.}

clear whal porlion of the devialien from the extreme type-I disiribulion is
due to the low values of the detectability levels and what portion comes
from differences between the actual form of variation of A with Af and that
given by eq. 6.6. The problem deserves attention because estimates of expect-
cd losses due to nonstructursl damage may he sensitive 16 the values of A for
small magnitudes {say below 5.5) and because the evalustion of the Jevel of
seismic activitly ina region is often made Lo depend on the recorded numliers of
small magnitude shocks and on assumed detectability levels, i.e. of ratios of
numbers of detected and occcurred earthiquakes {Kaila and Marain 1971;
Kaila et al., 1972, 1974).

None of the expressions for A prescnted in this chapter possess the desic-
able preperty that its applicability over a number of non-overlapping regions
of the carth's crust implies Lthe validity of an expression of the same form
over the addition of those regions, unless some restrictions are imposed on
the parameters of each A. For instance, the addilion of expressions like 6.6
gives place 1o an expression of the same form only if § is the same for all
lerms in the sum. Similar oliections can be made Lo eq. 6.8, In what follows
these forms will be preserved, however, as their accuracy is consislent with

v
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Fig. €.8. Seismicity of macrozones. (Afler Esteva, 1968.)

tice of ssismic 2oning in the Soviet Union bas been based an this concepl
(Gzovsky, 1962; Ananiin et al., 1965) and in many countries design spectra
for very imporiant structures, such as nuclear reaclors or large dams, are
usuzlly deriverdd [rom the assumptlion of a maximum credible niensity at a
sile; that inlensity is ordinarily obtained by taking the maximum of the
mtensities that result at the site when al cach of the potential sources an
carthguake with magnitude equal to the maximum feasible valug for that
source is generaled al the most unfavourable location within the same
source. When this crilerion is applied no atiention is uswally paid to the
uneerlainly in the maximum feasible magnitude nor to the probability thot
an earthquake with that magnitude will eceur during a given time peried.
The need to (ormulate seismic-risk-related decisions that account both {ar
upper bounds ic mapnitudes 2nd for their probabilities of occurrence sug-
pesis adoption of magnitude recurrence expressions of the form:

A=A GHMY  for My <M< M,
= for Af < A1y, . . .
=) for M > My ' - {6.T)
ere My, = lowest nmlgnitudc whose coniribution to riskis+  fNeant, M.
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MeGoire's ol lcnuuaoh eXressione y = by lﬂbz‘"[ﬂ + 25]-"-‘

¥ by by by Vivl = caell, of

' . var, of ¥

o gals 4723 0,278 1.301 0,545

¥ cmfser LT | 0401 1.202 0.696

J em 0.393 2.434 0.885 0.RB3

Undamped speetral pseudovelocitirs -

T=g]see 11.0 0.278 1.34G 3.5941 -
&5 3.05 0.3, 1.0Mm 0.636
1.9 0631 03578 0.549 . Q.768
20 0.07GE 04549 0.419 0,988
5.0 G.0831 0.564 0.897 1.344

5% damped spectral preudovelocities

T=14.1 sec 10.09 0,233 1.241 0.651
0.5 5.74 03556 1.107 0.591
1.0 0,437 0,298 0.704 0,703
20 0a122" 0466 0.675 D841
5.0 0.G706 0.557 0,838 1.103

e - 1

nalural period of 1 sec and a damping ratio of 2% attenuates in proporiion
to (R + 2507999 These results ster from the way that frequency content
changes with R and lead to the conclusion Lhat the ratio of spectral velocity
should be taken as a function of M and H.

Table 6.1 summarizes McGuire's atlenuation expressions and their coef-
heients of variation for ordinates of the pseudoveloeity spectra and for peak
ground aeceleration, velocity and displacement. Similar expressions were
derived by Esleva and Villaverde (1973}, but they are intended to predict
only the maxima of the expected acceleration and velocity spectra, regard-
tess of the periods associated with those maxima. No analysis has been
performed of the relative validity of MeGuires and Esteva and Villaverde's

" expressions for varicus ranges of Af and R.

€3 LOCAL SEISMICITY

The lerm focel seismicily will be used here Lo designale the depree of
seismic aclivity in a given valume of the earth's crust; il can be guaniitatively ,
described according Lo various crileria, vach providing a different amount of
information. hlost usual criteria are based on_upper bounds te the mag-
nitudes of carthguakes that can originale in a given seismic source, on the

10¢
nount of cnergy liberiled by shocks per unif voluue and init time ar
wh more detailed stalistica! desoriptions of the process.

6.8.1 Magnitude-recurrence expressions -

Gutenberg and Richler {1954) obtained cxpressinns relating carthguake
mapniludes with their rates of occurrence for several zones of the earth,
Their results cun be pat in the form:. - "

A wga™¥ . (6.6}

where A is the mean number of earthguakes per unit volume and per unit
time having mapnitude greater than M apd o and § are zonedependent con-
stants; @ waries widely from point to point, as evidenced by the map of
epicenters shown in Fig. 6.7, while § remains within a reletively narrow
range, as shown in Fig. &.8. Egquation 6.6 implies a distribution of the en-
ergy liberatew per shock which is very similar to Lhat abserved in the process
of microfracturing of laboratory specimens of several types of rock subjected
to gradually increasing compressive or bending strzin (Mogl, 1942; Scholz,
1568). The values of # determined in the laboratory are of the same order
as thoxe obtained from seismic events, and have been shown to depend oo
the belerogencity of the specimens and on their ability to yield locally.
Thus, in heterogeneous specimens made of britle materials many smaltl
shocks precede a major [racture, while in homogeneous or plastic materials
the number of small shocks is relatively small. These cases correspand to
large and small f-values, respeetively. No general relationship is known to the
writer between 8 and peoleclonic features of seismie provinees: complexity
of crustal structure and of siress gradients precludes extrapolation of lab-
oratery results; and stalistical records [or relalively small zones of the earth
are not, as a rule, adequate for establishing local values of B. Figure 6.5
shows that for very high magnitudes the observed frequency of events is
lower than predicled by eq. 6.6. In addition, osenblueth (1969} has shown
that § cannet be smaller than 2.46, sinece that would imply an infinite
amounl of encrgy liberated per unit time. However, Fig. 6.8 shows that the
values of § which result from fitting expressions of the form 6.6 to observed
data are smaller Lhan 3.48: hence, for very high values of Al (above 7, ap-
proximalely) the curve should bend down, in accordance wilh statistical
evidence. . ‘.
Expressions alternalive to eq. 6.6 have been proposed, attempling to rep-
resent more adequately the observed maynitude-recurrence data {Hosen-
blueth, 1964 Merz and Cornell, 1973). Most of these expressions also fail to
recognize the exislence of an upper bound 1o the magnitude that can be gon-
erated in a given source. Although no preeise estimates of this upper bound
can yel be chiainmd, reeognilion of ils exislence and of s dependence on
the peotectonic characteristics of the source 1s inescapable. Indeed, the pruc-
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Fig. 6.6, Comparisen of several stlenuation expressions.

pared with R, is inadequate when dealing with earthquake sources whose
dimensions are of the order of maderate hypocentral distances, and often
greater than them. Although equation errors (probability dislributions of the
ratic of observed to predicted intensities) have heen evaluated by Davenpori
{1972} and Estevaand ¥Yillaverde (1973), their dopendence on A 2nd R has niot,
been analyzed. Becavse seismic risk cstimales are very sensitive to the at-
tenuation expressions in Lthe range of large magnitudes and short distances,
more detailed studies should be underlaken, aiming ot improving those ex-
pressions in the menlioned range, and a2t evaluating the inllaence of M angd i
on equation error. Infornmalion on slrong-motion records wilt probally be
scanty for those studies, and bence they will have lo he largely based on
analylical or physical models of the generation and propagation of seismic
woves. Altheugh significant progress has been lately attained jn this direction
(Trifunae, 1973) the resulls from such models have hardly influenced the

practice of seismic risk estimation because they have remained eilher un-
known te or imperlectly appreciated by engineers in charge of the cor-
responding decisions. '

i.2.1.3 Response spertra

Peak ground acceleration and dispiacement are fairly good indicators of
the response of structures possessing respectively very high and very small
natural frequencies, Peak velocily is correlated with the response of inter-
mediate-period systems, but the carrelation is less precise than that tving the
former parametcrs; hence, it is natural to formulate seismic risk evaluation
and engineering design erileria in terms of spectral ordinates.

Response spectrum prediclion for given magnitude and hypocentral or
site-to-faull distanes usually cnlails a twg-Step process, according to which
peak ground acceleralion, velocity and displacement are initially estimated
and then used as reference values for prediction of the ordinates of the re-
sponse spectrum. Lel the sccond step in the process be represented by the
operation v, = oy,, where ¥, 5 an ordinate of the respunse speclrum for a
given natural period and damping ratio, and y, is a parameter (such as peak
ground acceleration or velocity}) that can be directly obtained from the {ime-
history record of a given shock regardless of the dynamic properties of the
systcms whose response is to be predicted. For given A and A, ¥, is random
and so is y,fy, = o; the mean and standard deviation of ¥, depend on those
of ¥, and e and on the coefficient of correlation of the latter variables. As
shown abiove, ¥, can only be predicted within wide uncerlainty lirmits often
wider than 1those tied to ¥, {Esteva and Yillaverde, 1973). The coefficient of
variation of ¥, given M and I can be smaller than that of ¥, only if 2 and
¥, are negatively correlated, which is often the case: lhe greater the devia-
tion of an observed value ol ¥, with respect to its expectlation for fven M
and R, the lower is likely Lo be o. In olher words, it seems that in Lthe inter-
mediate range of natural periods the expected values of spectral ordinates for
given damping ratios can be predicted directly in lerms of magnitude and
foecal distance wilh parrower [or at most egual) margins of uncertainty than
those tied 1o predicted peak ground velocities. For the ranpes of very shorl
or very long natural periods, peak amplitudes of ground motion and speciral
ordinates approach each other and their standard ervors are therefore nearly
equal.

MeGuire (1974) has derived atkenuation expressions for the conditional
values {given A and ) of the mean and of various percentiles of the prob-
ability distribitions of the ordipates of the response spectra for given natural
periods and damping ratios. Those expressivns have the same form as eqs.
6.4 and 6.5, bul Lleir parameters show that the rates of atlenuation of spec-
tral ordinates differ sipnilicantly from those of peak ground accelerations or
velocities. For instence, MeGuire linds'that peak ground velocity attenuates
in proportion to (R + 25)71-%% while the mean of the pseudovelocity fof a
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He showed that intensitics attenuate Taster with distance on the west coast
than in the rest of the couniry. This comparison is in agreement with Milne
and Davenport (1969), who performed a similar analysis for Canada. From
observations of strong earthquakes in California and in Brilish Columbia,
they developed the [ollowing expression for 4, the peak ground acceleration,
as 3 fraction of gravily:

alg = 0.0069 e1EM/(1 1 1M + B2 f6.2}

Here, R is epiveniral distance in kilomelers, The acceleralion varics
roughly as e?-**M =% for lnrge K, and as e®®*Y where 1 approaches zero.
This reflects to some extent the fact that encrpy is releascd not at a single
point but from & finite volume. A later study by Davenport {1972} led him
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Fig. 5.4. Idealized eontour lines of intensity of ground shaking. [After Houtner, 1963}

Fig. 6.5 Ared in squire miles expeciencing sthaking of x %g or grealer lor shacks ol differ-
ent magnitudes. {After Housner, 1869.)

to propose the expression:

afg = 0.279 D841 64 (6.3)

The statistical error of this equation was studied by fitting a Jugnurmal
probability distribution to the ratios of observed to compuled acceleralior:.
A slandard deviation of 0.74 was found in the nalural logarithms ol those
ratios. .

Esteva -and Villaverde (1973), on the basis of accelerations reporicd by
Hudson (1971, 1972a,b), derived expressions for peak ground acccleralions
and velocities, as follows:

afg = 5.7 OB HE + 40)° {6.4)

v=32eMHR + 257 {6.5)

Here v is peak ground velocity in cm/sec and the other symbols mean the
same as above. The standard devialion of ihe naiural Jogarithm of the ratio
of observed Lo predicted intemsily is (.64 for wecelerations and 0.74 for
velocities. If judped by this parameter, eqs. 6.3 and 6.4 seem equally rifiable,
However, as shown by Fig. 6.6, theit mean values differ significantly in some
ranpges. .

With the exceplion of eg. 6.2, all the foregoing attenualion expessions
are products of a function of R and a function of AL, This form, which is ac-
ceptable when the dimuensions of the energy-liberaling source are small com-
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Fiz. 6.1. lsoceizmals of an earthquake in Mexico. [Alter Figuerca, 1963.}

central coordinates (Rollinger, 1973; Figueroa, 19463). In that ease, intensity
should be expressed as a function of magnitude and coordinates of seurce
and site. For moust areas in the world, intensity has to be predicted in terms
of simple — and cruder — expressions that depend only on magnitude and
distance from sile to instrumental hypocenter. This stems from inadequate
krowledge of geotectonic conditions and from limited Infermation con-
cerning the volume where encrgy is liberated in esch shock.

A comparison of the tates of attenualion of inlensities on firm ground for
shocks on western and caslern North America has disclosed systematic dif-
ferences between those rates (blilne and Davenport, 1969). This is the scurca
of a basi¢, but aften unavoidable, weakness of mast intensity-atienuation ex-
pressions, because they are based on helerogeneous data, recorded in dif-
ferent zones, and the very nature of their applications implies that the less is
known about possible sysiemalic deviatiuns in a given zone, 25 2 conse-
quence of the meagerness of local information, the greater weight is given
to predictions with respect Lo observations.

6.2.1.1 Modified Merealli intensities
An analys’ " the Modified Mercalli intensities on firm ground reporied
for earthquakes occurring in Mexico in the last few decades leads to the fol-
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lowing expression relating magn: i
| gritude M, hypocentral distance R {in kilo-
meters) and intensity f (Esteva, 1368): . fin kito

12145M—57log,, R+17.9 {6.1)
The prmlii::tim] ercar, defined as the difference between observed ang
compuled inlensity, is roughly normally distributed, with a standard devia.

tion of 2.04, which means that there is a probability of 680% that an ob-

served intensily s more than ene de
; EYee greater o alle an i .
dicted value. B r smaller than its pre

6.2.1.2 Peak ground accelerations ond veforities

A few of the available expressions will be described. Their comparisen will
show how cautious]y a designer intending to use them should proceed .

l_{nusner studied the allenuation of peak ground seceleratipns in.suw-ral
regions of the United States and presented his resulls graphically {1555]- in
terms of fault length (in turm a function of magnitude), sh=%, of isoseismals
and areas experiencing intensities greatar than given values (1'{':". 6.4 and G.5;.
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eral ex. _.atly large:-some Etudies relaling fault rupture area, siress draop,
and magnitude (Brune, 1988} show that, considering not unusually high
stress drops, it does not take very large sourte dimensions to get magnitudes
8.0 and greater, and those studies are practically resiricied to the simplest
types of fanlt displacement. It is not clear, therefore, that realistic bounds
can zlways be assigned to potential magnitudes in piven areas or that, when
this is feasible, those bounds are sufficiently low, so that designing structures
. to withstand the corresponding intensitics is ceonomically sound, particular-
ly when occurrence of those intensities is not very likely in the near fulure.
Because uncertainties in maximum feasible magnitudes and in other parani-
eters defining magnitude-recurcence laws can be as significant as their mean
values when trying to make rational selsmic design decisions, those uncor-
tainties have to be explicitly recopnized and accounicd for by means of
adequate probabilistic criteria. A corollary is that geophysically based esti-
mates of seismicity parameters should he accompanied with corresponding
uncertainty measures.

Seismic risk estimates are often based only on statistical information {ob-
sarved magnitudes and hyporentral coordinates). When this is daone, a wealih
of relevant geaphysical information is neglected, while the ﬁrmbabilistic pre-
diction of the future is made to rely on a sample that is often small and of
little value, particularly if the sampling period is shori as compared with the
desirable return period of the events capable of severely damaging a given
system.

The criterion advoecated here intends to unify the foregoing approaches
and rationally to assimilate the correspanding pieces of informatian. Ttz
philesophy consists in.using the geclogieal, geophysical, and all other avail-
able non-statistical evidence for producing a set of alternate assum plions
concemning a mathematical {stochastic process) model of seismicity in a given
Source area. An Initizl probability distribution is assigned to the set of hy-
potheses, and the statistical information is then used o improve that probabil-
ity assignment. The criteron is hased on application of Baves theorem, also
called the theorem of the probabilities of hypotheses. Since estimates of
risk depend largely on conceptual models of the geophysical proeesses in-
volved, and these are known with different degrees of uncerlainty in differ-
ent zones of the earth’s crust, those estimates will be derived from stochastic
process models with uncertain [orms or parameters. The degree to which
these uncertainties can be reduced depends on the limitations of the state
of the art of geophysical sciences and on the effort that can be put into
compilation and inferpretation of geophysical and statistical information.
This is an econpomical problem that should be handled, formally or informal-
iy, by the vrileria of decision making under uncertainty.

——

—

6.2 INTENSITY ATTENUATION -

Avallzble criteria for the evaluation of the contribuuion of potential
mic sources to the risk at a sile make use of infensfly attenualion expres:
that relate jntensity characteristics with magnitude and distance fro - s
source. Depending on the applivation envisaged, the intensity characte
to’ be predicted can be expressed in a number of manners, ranging (o
subjective index, such as the Modified Mercalli intensity, to a combinatic
one at more quantitative measures of ground shaking (see Chapter 1).

A number of expressions {or attenuation of variods*intensity charac:
tics with distanee have becn developed, but there is litile agreement an
maost of them (Ambraseys, 1973). This is due in part to discrepancies it
definitions of some parameters, in the ranges of values analyzed, in th
tual wave propagation properties of the geological fermations lying bets
source antd site, in the dominating shock mechanisms, and in the forn
the analylical espressions adopted a priori. vt

Most intensity-attenuation studies concemn the prediction of earthg
characteristics on rock or firm ground, and assume that these eharacteri:
properly modified in terms of frequency-dependent soll amplification
tars, should constitute the basis for estimating their counterparis on
ground. Observations about the influence of soil properties on earthg
damage support the assnmption of @ strong correlation betwe:n type of
ground and intensity in a given shock. Attempts Lo analytically predic
characteristies of motions on soil given those on firm ground or on bed
have not heen too suceessful, however (Crouse, 1973; Hudson and Udw;
1973; Sall, 1974), with the exception of some peculiar cases, like Me
LCity {Herrera et al., 19565), where local conditions favor the fulfills
of the assumptions implied by vsusl apalytical models. The following |
graphs concentrate on prediction on inlensities on firm ground; the influ
of local soil js discussed in Chapler 4.

6.2.1 Intensity atlenuation on firm ground

When isoseismals (lines joining sites showing egual intensity} of a |
shock are based only on intensities cbserved en homogeneous ground
ditions, such as firm ground [compact soils) or bedmek, they are ron
elliptical and the orientations of the corresponding axes are often corre
with local or regional geological trends (Figs. 6.1—6.3).-In some reghons -
instance near major faulls in the western United States= those trendsare

. defined and the correlatinng are clear enough as to permit prediction ¢

tensity in the near and. far fields in terms of marnitude and distance
generating fault or to the centroid of the energy {iberating volume., In ¢
repions, such as the casterss United States and most of Mexico, isorses
seem Lo elongate sysbemalically in o direction that is a function of the
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6.1 ON EELSMICITY MODELS

Ralwnal lformulution of enginecring decisiuns in seismic areas roeguires
guaniitative descriplions of sclsmicity. Fhese deseriptions should conform
with thelr fnteaded applications: in gome jnstances, simulloneous intensiliog
during cach earthqguake have to be prodicled al severd lovations, while in
othors it suffices {o make indepondent evaleations of 1he probable ef fects of
" earthgualios ab earl of those localions. .

The second maodel 15 edequate for (he selection of design parariciers of
individual components of a regional svatem (the grclures in oz reiny or
couniry) when ne significant inleraction exisis betweon response or damage
of several sech individuad] componenis, or between sny of tiem and Lhe
sysiem 25 a whole. In other words, it applies when the damage — or nogative
ulility — inflicted upon the svsiem by an carthguake can be taken Eimply as
Lhe zddition of Lthe losses in the individual componends.

The lineanity between monetary valucs and utilities implicd in Uw secongd
model is not always applicable. Sueh is (he ease, for instance, when a Sifg-
nificant portion of the nalianal wealil: or of the production system is con-
centrated i a relatively narow arcy, or when faiture of life-line companents
may disrupt emergency and relicf wctions just after an carthyuake. Fvalua-
lion of risk for the whole regionai systes has then 1o be hased on seismicily
models of the {irst type, that is, modoels 4hat predict simultaneous intensities
at several locations during each eveni; for the purpore of Jdecision making,
nonlinearily between manelary values and utilities ean be accounted for by
ineans of adequate scale trmnsformations. These models are also of inlerest Lo
tnsurance companics, when the probahility distribation of the maximum Joss
in a given negien during o piven Ume intencal is Lo be eslimated. ’

Whatever Lhe ealegory to which 2 scismic risk protilem wlongs, il reguires
the prediction ef probulility distributions of ecertiin pround maotion char.
acterisiics {such as pealk pround accelerntion or velocity, speetral densily,
response or Fourier speclra, duration) st 2 given site during a single shock or
of maximum values of some of (hose eharacteristics in carlhguakes acourring
during given time intenals. When the seforenee interval tends to infinity, the
probabilily dis‘.-"*utiop of the maximum value of & given charagteristic ap-
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proaches that of its maximum peossible value. Breeause different SYSems or
subisystemns are sensitive to diffurent ground motion characleristics, the Lerm
ntensity characteristic will be used throughout this chapler to mean a partic-
ular parameler or sot of paramelers of an carthguake motion, in terms of
which the response is to be predicted. Thus, when dealing with the failure
proebabilily of a structure, intensity can be allerpalively measured — wih
different degrees of correlation with structural respanse — by the ordinate of
the response spectrum for the corresponding period and damping, the peak
greund acceleralion, or the peak pround velocity,

In peneral, local instrumental infermation does not suffice for estimating

- the probability distributions of maximum intensity characterisiics, and use

has it he made c:f data on subjoctive measures of intensilies of pasl carth.
quokes, of models of local sefsmieity, and of expressions relating characteris-
tics with magnitude and site-to-source distance. Models of local seismicity
consist, al least, of expressions selaling magnitudes of carthquakes generated
in given volumes of the earth’s crust with their return periods. More often
than not, 2 more detailed deseriplion of local srismicity is required, includ-
ing estimates of the maximum magnitude that can be generaled in these
volumes, as well as probabilistic (stochastic process) modets af the possible
histories of seismic events (definad by magnitudes and coordinates). .

This chapter deals with the varicus steps to be followed in the evaluation
of scismic risk at siles where information other than direct instrumental
records of inlensities has to be used: identifying potential sources of ae-
livity near the sile, formulating mathematical models of local seismicity for
cach source, obtaining the contribution of each source to seismic risk at the
site andl adding up contributions of the various sources and combining in-
formation obtlained from local seismicily of scurces near the site with data
on instrumental or subjeclive intensities observed at Lthe sile.

The foregoing steps consider use of information slemming (rom scurces ol

"different nature. Quantitative values derived therefrom are ardinarily tied to

wide uncertainty marging. Hence they demand probabilistic evaiuation, even
though they cannot always be interpreted in terims of relalive frequengies of
oulcomes of given experiments. Thus, geologists talk of the maximum mag-
nitude that can be generated in a given area, assessed by looking at the di-
mensions of the geeclogical aceidenis and by extrapolating the cbservations
of olher regions which available evidence sllows to brand as similar to the
one ol inlerest; the estimates produced are obviously wncertain, and the
degree of uncertainty should be expressed together with the most probable
value. Following nearly paralle] lines, some geophysicists estimate the energy
thal can be liberated by a single shock in a given area by making quantitative
assump tions about source dimensions, dislocation amplitade and stress drop,
~ansistent with teclonic models of the region and, again, wit~ com pParisons

ith areas of similar Leclonic characteristics. :

Uncertaintios aitached to eslimates of the type just descrived are in pen-
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Las condiciones de frontera son qu9fv1_ftszyp{Txyl1={txyj2
en x=0 y que Txy = 0 en.xﬂn-H.rﬁEstas-condicicnes conducen
b ¥

a un sistema de ecuacicnes homog&neo en A, B y C. Para
que 8e tenga solucién diferentﬁ de cerc el determinante

oy
del sistema debe anularse. AsY, se tiene que
|

2 sn2y f

Ha [

tan k ¥y {51)

1
| g pyle /8 .

L .1

es la ecuacidn para obtener la velocidad de las ondas de

Love.

Si El < BZ la ec 51 da valores reales de ©, en el intarvalo

atd

By € €< By, que degenden*de'k'y“ﬂt Pueden obtenerse ondas
de Love de forma ﬁeneral superponiendo ondas de Love del

tipo de la ec 49 con diférentes k.i- *  ~ » * - -

La dependencia de la velocidad“de?prdpagacisn ‘de la frecuen-
cia ocasiona el fenSmeno de d{spersidn vy, en general, este

es el casc en medios estratificados,
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x=-H (
H Flrﬁp"']
x=0 ! =
¥4

: ' ,u-zrﬁZivE

Fig 10. Notacidn para un estrate asocbie un semiespacdic
eldatico

para el estrato y

3. 2
3 ¥, J vy

T * 3o v, = 0 (48)

+ ki
BZ

donde kB = mfﬂi, i= 1,§ para el semlespacio.
i

Haciendo uso de scluciones del tipo de las ecs 23 y 24 ge

b

puede escribir gque

MY LI S S g k{z-ct) (43)

v, o Tk % Eik[;-ct} (50)

1 1
donde y; = {l-czfﬂi]‘é Y ¥, = tlfc‘fﬂgl 2, ge observa que

sl o <€ Bz, V., 0 cuando x + =,
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Fig 9. Ondas de Rayleigh

.

5. ONDAS DE LOVE

Puede demostrarse que- la propagaclédn de ondas superficiales
(que se atenten con. la pra{undidad{ del tipo SH es imposible
en un semiespacia'hamngénen. No cbstante, las ondas SH
superficiales He observan enlla superficie de la tierra.
Love demoatrd q;e una teeorfa suficlente para explicar las
ondas SH superficiales puede desarrollarse sl se tiene un es
trato homogé£nec de espesox uniforme H con prcpfedades My ¥
El sobre un semiespacio de propiedades My ¥ Ez CoMmo Se mues
tra an la fig 10. $up5ngaae que.lﬁa éespla;amiegtos son in
dependientes de la coordenada vy, ¥ édeﬁés qua lé variacidn

ilwt

con el tiempo estd dada‘por e~ -, El plane x = = H repra-

senta la superflcie lihre. Las ecuaciones de movimiento

{ecs 1) se reducen a

Ay

syt + (47)
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distintos, valores del m&dulo de Poisson v. Las ondas de
t

Rayleigh son ondas superaficiafes y debido a ello sufren
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mencr atenuacibn géo@étrica. Puede demostrarse que el mo-,
vimiento generade por cndas de Rayleigh hace qde las par-
ticulas describan tréyectorias elipticas con ciclos retrd-
grados, & diferencla de los ciclos progresivos gue seé pre-
sentan en las ondas superficiales en liguideos. La fig 9
muestra un dibujo esguemfitico de las ondas superficiales

de Rayleigh.
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4. ONDAS DE RAYLEIGH

Para el tercer caso, |c| < B < a, se tiene que

¢+=A2 E-mx E-H?.z elwt (42)

1 : ' 1
donde m = |w]{l/c? - lfuzfﬁy'k = |w|l{1/c* - 1/8%) ~, Se
han eliminado A Y B1 pues no representan ondas incldentes
con potenciales finitos, Las ecuaclones de esfuerzos nu-

los en x = 0 conducen a

1
Ay __2i(1-c?/8?) % Sqn uw "
B, 7 -c2/B2 (44}
A ' | 2 p2
2 2 =¢c/B

= - {h5)
52 2?[I"quu2]ﬂé sgn

como las ecs 44 y 45 deben ser iguales se obtiene que la

velocidad de fase, c, debe satisfacer la siguiente ecua-

cidn:
(2- -E;;.i - a1 S A (1- il_l"’- 0 (46)

La ralz real de esta ecuacidn, c encontrada por-vez pri-

Rf
mera por Rayleigh, da la velocidad de las llamadas ondas

de Rayleigh. En la fig 8 se presentan valores de cp bara
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Fig 7. Raiz cuadrada de £r refacddn de enengle neffejada
a energla {nei{dente pana una onda SV incidente en
una supenficie Libre

4 cntTS{cntzys-l] (40)

B = -[co‘t"rg-l]z -hi{l-c?fu2}Uzcuth sgan G

1
B [cutzTS*l]z+hi{1-c=fn’] lezl:nt Yg sgnw

1 (cot?y -1)¥-4i{1-c?/ !}Iﬁ )
Ye i {1-c*/a Cot Ye sgnw .

donde sgn w =(-1 81 w<0 o 1 si w>l}. En este caso, la in-

cidencia de ondas SV con dngulos de incidencia Yg Mayores

L]

gque sen-ltﬂfu} genera.ondas P no homogéneas gue se atenuan

L

con la profupndidad. - ¢

hall
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Para el segundo caso, B < |c| < o, se tienen los potenciales

- -

& = {Alemx +A2Equ] E-iEz elmt {38)

4

¢ = TBleikx +Bze.ikﬁ='12' eiu:.t (39)

donde £ = w/c, m = ]:.,g]ljl,ﬂ'cz--.‘L,.a"-‘:ltz}l"'3 Yy k = m{lfﬁzrlfczjhé.
Para evitar que ¢ crezca indefinidamente al aumentar x se
hace que Al = ) por lo gue no hdy onda P inéidgnte en este
caso. Mediante un proéesc anilogo al del caso anterior se

~ obtiene que



oy

La incidencia de una onda P puede variar de vertical (c
infinita} a-horizontal {c =¢) y las ecs 33 y 34 permiten
calcular las amplitudes de los peotenciales de las ondas
reflejadas. Para la incidencia de una onda SV se tiene
que 0 < yg < séh-lfﬁfa].

5i Be toma la energfa cinética por unidad de volumen como

—%—p{;’-+;2}, pﬁeﬁe calcularse el fiujo de energia median
te el producto de la energia cinética por la velocidad de
propagacifin y el E;ea del frente de onda considerado. Para
incidencia de una onda P puede demostrarse gue las frac-
clones d; energia reflejada como ondas P y SV estdn dadas,

respectivamante, por

2 2
Az B2 tan yp ~

S Y 7
AI ﬂ1 tan Ye

¥r similarmente, para incidencia de una onda 5V se tiene

que

2 2
AZ tan Y . 'BZ
2 1
BI tan Yo B.I

En las figs &€ ¥y 7 se presentan valores de JE?Einc para

incidencia de ondas P y S5V, respectivamente, en funcibno

del 4ngulo de incidencia vy con diferentes relaciones a/f.
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ikx e-lkx}e'lﬂz eimt

+B

W= (B e (32)

2

donde & = w/c, m = w{l/a? —1,."'-‘.:2}1"é Yk = w(l/B* —1;’&:1}:&.
S1i Bl =0 se tiene el gaso mostrado en la fig 4 de inciden-
cia de ondas P. En camblo si A, = 0 se tendri incidencia
de ondas S5¥. Sustituyendo las ecs 31 y 32 en las ecs 21
y 22, haciende que 0, =1 . =0 en x=0 y resclviendo el sis

tema de ecuaclones resultante se obhtiene gque

a) Para Bl a0

- 2 112
A, ) QcotTP cot Yg {cot & 1) (33)
7 -1)2
A ¥ cot Yp cotyg * {cot g 1)
: -
:2 . — ﬁc::t‘fpic?t -:2 1}_”2 ()
I COt ¥p EOt Yy €Ot Yg
donde yp = dngulo de incidencia y de reflexidn de la onda

Py vyg = fingulo de reflexifn de la onda SV. Debe reccordar

se que la velocidad aparente estd dada por

¢ = 5enu'~fp - s.=.:nB Y (35)
b] Para Al = 0 '
A, o JIili.:n::rt‘qrsltn:::-tz TS‘I] (36)
T T cot Ypcot Yo+ {cotz? YS'T]*
B, 4 cot y,cot v - {cntz*rS-U’

(37)
-7y 2
B, .h cot Ypcot y + icotz"rs 1)
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que los potenciales sean finites. Al definir L come imagi-

nario negative con & = w/c se observa que el producto

o 18z lut 2 olult-z/c) (27}

representa una onda arménica que-viaja en la direccidn po-
sitiva de z con una velocidad de fase ¢, 51 ¢ es negativa
la direccitn de viaje es en la direcciéin negativa de Zz.

En té&rminps de los dngulos de las figé 4 y 5 se tiene que

¢ sen Y, sen Y. (28)

Con estas definicicones M y K deben ser o reales o Imagina-

rios pues, de las.ecs 25 y 26, se tiene qgue

U = g? -y sat mw?{1/e? - 1/a?) {29) .

K2 = ~ui/p? st (1/c? -1/8%) {30)

2s{, para B < a < |c|, H y K son imaginarios; para
B < |e|] < a, M es real v K imaginario; para |[¢] < B < «a

My K son reales.

Para el primer raso, B < a < |c|, se tienen los potenciales

& = {Ale'"”"+a .

, -imx}e'll‘.z elmt (21)
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PR N, LTSRN, .-Z

Fig 5. 1Incidenciq de ondas SV

Mediante la técnica de separaci®n de variables se puede

demostrar gque las soluciones de las ecs 17 y 18 son de

la forma
¢ = A, eMx ELZ ent (23)
1# = BD EKI ELI eﬂt {2#]
¥
donde
2 1.
R A A (25)

"Hasta ahora K, L, M y 1 con valores complejos son posibles

soluciones, pero parg los actuales propbsitos basta hacer

N =1iw y Lw- ik ' (26)

pues al tener a 2 como nimero imaginario puro se garantiza
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32 32 1 3l
Hx? ¥ ‘EtzlfI " TRY E?% (18)

Los desplazamientos guedan como

- _2% _ _9y

v 3x 3z (19)
L 5% 3y '

¥ 5z ¢ Tox (20)

Los esfuerzos gue al valuarse en la superficie deben anular

58 '8san
sy 0% . a3y 2% _ 3%y
W MET e * e T ) (21}
, af¢ . 8%W _ 37y
Tz uiz x5z T ax? 322] (22)
ya que Txy = {.

Considérense los casos mostrados en las figs 4 ¥y 5, la in-
]

cidencia de ondas P y de ondas SV, respectivamente.

S WA A RN 07 o8 7

Fig 4. Incidencda de ondas P
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EFECTOS SISMICOS EN SUELOS GRANULARES
Por

Abraham Dfaz Rodriguez*

INTRODUCCION

El comportamiento adecuado de 1los suelos y las cimentacicnes duran
te la ocurrencia de temblores es esencial para evitar dafins seve-

ros a toda clase de estructuras,

Las condiciones bajo las cuales los suelos {(como parte de la cimen
tacifn o como material de construccisn) piérden una parte signifi-,
cativa de su resistencia, conduciendo a fallas inducidas por temblo
res, no scn, al menos hasta la fecha {jﬁnin, 1977) completamente

entendidas y constituyen un campo fertil de investigacifn y de gran

utilidad para la prdctica profesional de la Ingenierla Civil.

La importancia de 103 efectos que losg sismos pueden inducir en los
suclos granulares se debe a los graves danos gue se han cobservado

en numerosas ocasiones durante los temblores pasados.

* Jefe de la Seccibn de pecinica de Suelos y profeseor de la Di-

yisifin de Estudics de Posgrado, Facultad de  Ingenieria, UNAM






APENDICE A

REVISION DE INVESTIGACIONES PASADAS

A. T INTRODUCCTON

El comportamiento adecuado de los suelos y las cimentaciones du
rante la ocurrencia de temblores es esenclal para evitar dafios

s5everos a toda clase de estructuras.

Las condiciones bajo las cuales los éueiqs {como parte de ia ci
mentacidn o como material de construccidn) pierden una parte sig
nificativa de su resistencia, cenduciendo a falla:z inducidas por
temblores, no son, al men®s hasta la fecha (abril, 1980) comple-
tamente entendidas y éunstituyen un campo f&rtil de investiga-
¢idn y de gran utilidad para la prédctica profesional de la Inge-

nierfa {ivil.

La importancia de los efectos gue los sismos pueden inducir en
los suelos granulares se debe a los graves danios gue se han ob-

servado €n numerosas ocasiones durante los temblores pasados.



De 1881 a 1946 se ha informado de 229 deslizamientos, que causa

' de arena. En

ron el desplazamiento total de 25 millones de m
Holanda, a orillas de los numercso% estrechos que existen, ha

habido gran cantidad de deslizamientos gue han provocado el rom
pimiento de digues Yy, por tanto, la inundacibn de grandes exten

siones de terrenc.

En México existen evidencias de que durante el sismo de 1959
(Marsal, 1961}, un gran tramo de la margen Ilzgquierda del rio
Coatzacoalcos tuvo desplazamientos verticales y horizontales de
importancia, Muchas Instalaciones de la zona de astillercs su-
frieron hundimientos bajo la cimentacifn Yy el asentamiento geneg
ral fue notable despufis del sismo, Alguncs tramos de los mue-
lles cimentados sobre pilotes met&licos de 10 m de longitud su-
frieron desplazamientos apreciables en direccién horizontal, Uno
de los muelles se desplazf hacia el rio mds de 1/2 m. Tales mo '
vimientos se. han Qpribuidq.;; fendmeno de licuwacidn en los man-
tos arenolimosos Y limoarencsos que allf se encuentran entre {

¥y 8 m de profundidad., " En vista de las altas relaciones de vacios
Y de la granulometria uniforme de dichos suelos, no puede descaxy

tarse esta posibilidad,

Durante el tEmbior de Chile, en 1960, se formaron extensas zonas
de falla, La tierra fue arrastrada hacia el mar a lo largo de
la zosta de 600 m, llevando consigoe todas laé estructuras de re
tencién; las paredes del muelle con seccicnes de 5 m de concreto
reforzado fueron abatidas y luego arrastradas. En este mismo
temblor, falls una presa debido a la licvacibn del suelo de ci-

mentacidn.



*

En Alaska, en 1964 (Seed, 19%69), se produjo un deslizamiento de
bido a la licuacifn del suelo gue movis 70 millones de m? de ma
terial, destruyendo muchas de las instalacicnes de la bahia de
Anchorage., La superficie del terrenc fue completamente devasta
da por los desplazamientos, produciéndose una nueva superficie
irregqular (fig 1}. E1 40 por ciento de las casas y edificics
comerciales fuercn seriamente danados debido a las fisuras que

se extendfan bajo las construccipnes, (fig 2).

ﬁurante junio de 1964, en Niigata, Japfn (Seed y Lee, 1966), hH;
bo dafios muy graves causados por licuaci6én de la arena. Muchas
estructuras se asentaron mis de 1 m.y se.inclinaron notablémente;
hube un edificic que gir$ 80°{fig 3), quedan@c pricticamente ten
dido en el sueloc. Ademis de estas fallas, hubo otras evidencias
fisicas de licuacifn. Poco después del sismo se observd que bro
taba agua del suelo por grietas que ‘'se formaron, en las cuale?
llegaron a hundirse casas y automdbviles; al mismo ﬁiempo, s5&
veia emerger a la superficie estructuras gue debian permanecer
bajo el suelo, como fue el casc de un tangue para tratamiento

de aguas negras.

Durante este sismo, en la extenga zona licuada se produjeron da
fios en edificios, puentes, caminos, muelles, vias de ferrocarril,
atc. Debido al asentamiento gue se produjo, la parte de la ciu
dad cercana al rio quedd completamente inundada. Se estima gue
en este sismo 2,130 edificios sufrieron falla total, 6,200 fue-

ron seriamente dafados y 31,200 sufrieron daifios ligeros (Seed y

Lee, 1367).



A.2. YENONENOS INDUCIDUS POR SISHOS K
IF‘ .

El Torportamiento dinidmiZo de los spelds granuvlares constituye,
dentro de la dinimica de Suelos, unc de los problenmas qué actual
mente o3td lejos de ser Tomprendido tbtalmente y es mucho lo que
falta BOr diluzidar en torno a ello, al yrado gue es posible ver
JMtarpretatibneé diferentes y aln vontradictorias de los hechos
@xperivehtales dispondibkles, v por tanto, onstitore un campo

VEartil vara la dnvestigartidn en ingenlerla sismica.

Dot de 1os prinzivales fenfmenos gquz la prtorrgntiz de temblores

Poeden i1hduzir en depbsitos de suelos granulares =0n:

d. Carbios de volumen (densifitariSrmrasentanientos)
2. Reduzoisdn- e la rosistencia al esfucrzo cortante

(Aumento de la presidn de poro+lizuazidn}

. En o yue sigue e tratarad de ﬂar'un.hrﬂv; panorawa’ del estado
de wonorimienhto Tue gua}ﬂan astos dos Tom@As. HND se ha pretendi
do wn @ste trabajo hater im anidlizis sxahustivo vy completo. Para
- MayGres detalles e ha elaborado una 1ixta de referencias actua
Xirada (junio de 1%79) para gGue sirva de guia a aTuellas perso-

mas e ©Ttén interesadas on profundizar en el tzma.



A.3 ESTUDIOS DE DEMSIFICACION

Es un hecho bien establecido que la aplicacién de carca ciclica
a una muestra de arena, da comc resultado un decrecimiento pro-
gresivo de volumen, afin en el caso de arenas densas, las cuaies
se comportarfan dilatantes bajo carga unidireccional o monotdni
ca. Varias técnicas, tanto de laboratorio como de campo, s¢

han desarrcllado {Broms y Forssblad, 1969).

-El uso de vibraciones verticales para producir la densilicacitn
.de muestras de arena se ha utilizado en el pasado (D'Appolenia
y D'Appolonia, 19%67; Whitman y Ortigesa, 1968), estos estudios
han mostradoc que los cambios de peso volumétrico de las muestras

0N pecuefos para ageleraciones menores de 1 g (figs 4 y B}.

Los cambios tanto de volumen cono de caracteristicas friccionan
tes de arenas secas indﬁcidas por grandes aceleracicnes horizon
tales y un gran nGmero de ciclos de pegueha amplituld se han in-
vestigado utilizando © cajas de cértELcclncadas sobre mesas vibra

deras (Barkan, 1962; Youd, 1870), ver fig 6.

Otros estudics basados en ensavyes ée corte simple y mesas vibra
doras, con niveles de aceleracién Q amplitudes de deformacién
semejantes a los esperados en temblores intensos, han mostrado
gue: la amolitud de deformacidn, compacidad rela;iva v nimero

de ciclos de carga son los principales factores gue gebiernan

la densificacidn de sueles granulares 5ecﬁs o saturados bajo con

diciones drenadas (Silver v Seed, 1969; Youd, 1972), ver fig 7.



Seed, Pyke y Martin (1975), realizaron una serie de ensayes, de
corte simple tanto en una (%) como en dos (x,y) direcciones.
Se utilizaron dos patrones bisicos de movimiento, en los ensa-

yes bidireccionales,

Los resultados de los ensayes utilizando movimientos aleatorios
se resumen en la fig B, en daqde se encuentra el asentamiento
para 10 cicles de carga como funcidén de la relacién, rh/nv s €n
Qonde Ty, + @5 el miximo esfuarzo cortante horizontal vy, Oy
es el esfuerzo vertical aplicade. Estas pruesbas confirmaron
las conclusiones de Silver y Seed {1%71), gue para un nivel‘de
deformaciones cortantes el asentamientﬂzindUCidu es independien
te del esfuerzo vertical. ©5in embargeo, sl se realiza una prue
ba bajo condiciones de esfuerzo controlado, las deformaciones
cortantes ciclicas, y por tanto los asentamientos, se inceremen-
tan con el incremento de la relacién de esfuerzos. Para un va-
lor dado de la relacifén de esfuerzos se puede ver gue &l asenta
miento <¢ausados por dos compeonentes de movimientoe es aproXimada

mente igual a la suma de los asentamientos causados por cada

una de .los componentes. '

Socbre la base de estos resultados parece razonable postular gue
para arenas saturadas ensayadas bajo condiciones no drenadas,
el incremento de la presifn de poro seri aproximadamente dos ve

ces mayor bajo dos componentes de movimiento gue bajo una sola.



Tomando en cuenta todo lo anterior, se puede concluir que los
aspectos mis importantes relacionados con los cambics de volumen.

de suelos granulares, son los siguientas;

a) Los esfuerzos cortantes ciclicos constituyen el medio mis efec

tivo de densificacifn.

b) Para un peso volumétrico dado, la amplitud de las defeormacio
nes cortantes es el parfmetro mias Importante gue afecta la ve

lecidad y magnitud de la densificacibn.

c) A mayores esfuerzos de sobrecarga la velocidad de densifica-

¢ibn generalmente resulta menor.

d) La densiflcacifn es independiente de la frecuencia del movi-

miento.

A.3.1 CALCULO DE ASENTAMIENTO

- La agcifn de los sismos puede causar asentamientos considerables
en depdsitos de suelos granulares. Durante el temblor de San FEE
nando, ocurrido el 9 de febrero de 1%71, se tuvieron asentamien
tos de edificios, los cuales varilaron de 10 a 15 cm {aprox., 4 a

6 pulgadas}.

Mayores asentamientos, m&s espectaculares, e incluso Inclinacidn
de edificios pueden ocurrir debido a la licuacibén de los depdsi
tos de arena saturada, pero este problema se tratari en el incl

g0 sicuiente,.



Los asentamientos de dep8sitos de arena seca, resultantes del
movimiento del terrenc soOn rara vez unifofmemente distribhuidos,
Y. en general causan asentamientos diferenciales en las eStruc
turas, los cuales, en alqunos casos, pueden llegaf a clasificar
se como danos mayores. Danos severos de grandes estructuras en
Skopje durante el temblor de 1963, fuercn atribuidos a los asen
tamientos diferenciales causados por la densificacifn de lentes

de arena suelta bajo las cimentaciones {Seed y Silver, 1972).

Los asentamientos de edificios cimentados sobre arena seca, con
siderando la accifn de cargas estiticas, se estima empiricamente
Y ganeralmente, se pone poca atencifn z los posibles asentamien

tos debidos a los movimientos del terreno inducidos por sismos.

Se han prnpueéto dos procedimientos semi-empiricos para estimar
los asentamientos ﬁrawoca@os por temblores. Unc de &stos pro-
puesto por Seed y Silver (1972) permite estimar el asentamiento
de arenas secas, Pyke et al (1974) .ampliaron el método para to-
mar en cuenta movimientos multi-direccionales. Lee y Albaisa

(1974} propusieron un métode aplicable a arenas saturadas.

El procedimiento de Seed y Silver (1972) para estimar el asenta
miento de un estrato de arena debido a carga sismica, consiste

de los siguientes pasos:

a) .Calcular la historia de deformaciones de cortante en varias
capas del estrateo, usande un método de andlisis dinfmico 11-

neal.



b) Convertir la historia de deformaciones de cortante de cada
capa a un nfimero equivalente de ciclos de deformacidn cortan

te de amplitud constante,

c} Aplicar el nfimero de ciclos de deformacifn cortante, deter-
minadoc en (b) a muestras de arena ensayadas bajo condiciones
de corte simple y determinar las dafcrmacibnes'vnlumétricas
Y a partir de &stas conocer las deformaciones verticales re

sultantes,

d) Repetir el procedimiento de (c) para cada cara del estrato
e integrar las deformaciones verticales para obtener el asen

tamfento total.

El pasc (k) involucra una aproximacién. Martin et al (1975) ha
demostrado que el efecto de una historia irregular de deformacig
nes de cortante depEnde‘nD inicamente de la magnitud de los pul
808 en el registro, come también del orden en gue elles son apli
cades. El proce@imiento para determinar el nGmero eguivalente

de ciclos no toma en cuenta el heche antes mencicnado.

Al expresar analiticamente la relacién entre deformnaciones de
cortante ¥ los cambios de vnfumen, se pueden eliminar los pasos
b, ¢y d como sucede con el mééodo de Hartin et al (1975), El
cual es aplicable al c4lculo de asentamientos de estratos de

arena seca ¢ parcialmente saturada,
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A.4. PERDTDA DE RESISTENCIA DE SUELOS GRANULARES-LICUACION DE ARENAS

Probablemente ung de los efectos mis costosos y espectaculares
gue se puedan encontrar en ingenierfa sismica se deban al fend

meno de la licuacifn de arenas.

El fenfmeno es complejo y afin nc es claro y completamente com-
prendido, al grado gue es posible encontrar interpretaciones
diferentes y alin contradictorias de los hechos experimentales

axistentes.

La discrepancia empieza con la propia definicidn del t&rmino 1i
cuacidn. Mientras que para Seed (1968) el término "Li{cuacf{din
dnicial® es la condicifn de una muestra de arera en la cual la
pre?ién de porc inducida por la aplféaciﬁn de carga clclica al-
canza el valor de la presifn de confinamientc y el término "£i-
cuacddén totlal” es la condicibn correspondiente para que la mues
tra alcance una amplitud de deformacifn del 20%: Casagrande en
1965,Iutiliza los té&rminos licuacidn y movilidad ciclica gue
después modifica [Casaérande, 1976) definiendo por "&icuacidn
Agal" a la respueéta de una muestra de arena suelta y saturada
cuando se le somete a deformaciones ¢ impactos gue dan como re-
sultado una pérdida sustancial da resistencia y en casos extre-
mos a flujo de taludes, y pﬁr “Eiauaaiﬁn cfefica™ la respuesta
de un espécimen dilatante de arena cuando se le ensaya en céma-

ra triaxial ciclica y la presifin de porec se eleva en forma in-

cremental hasta igualar la presibn de confinamiento.
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En este trabajo entenderemosz por "ficuacibn de-arenas” al fend

ﬁeno mediante el cual una muestra de arena saturada pierde una

gran parte de su resistencia al esfuerzo cortante {debido a car
ga monotdnica o ciclica) v fluye o se comporta como un liqui&o

hasta que los esfuerzos™” cortantes actuantes en la masa de sue

lo disminuyen a valores compatibles con la resistencia del sue

lo licuade, el movimiente se detiene, y el suelo recupera su

resistencia y estabilidad.

Por tanto, un talud gue se liclia liega a estabilizarse, cuando

la pendiente se ha reducido a pocos grados.

A.4.1 DESCRIPCION DEL FENOMENO

El fenSmeno de licuacifn de arenas es causado por el desarrolloe
de granﬁeg presiones en.eldagua gque ocupa 1os poros del suelo.
Estas grandes presicnes de para son inducidas cuandc se anplican
a la masa de suelo esfuerzos o deformaciones de cortante, en con
diclones tales gue no se permite su disipacifn inmediata, es de
cir pricticamente a volumen constante, La forma de anlicacidn
de los esfuerzos cortantes puede ser monoténica, ciclica o tran

sitoria.

A.4,2 FACTORES QUE INFLUYEN EN L2 OCURRBEWCIA DE LICUACION

Los factores mds importantes aue influyen en la ocurrencia de

licuacibn san:
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al Tipo de suelo

=

Los sueles uniformemente graduados son mis suscevtibles de su-
frir licuacibn que los suelos bien graduades; dentro de los pri
meros, las arenas finas se licﬁaﬁ mis fdcilmente gue las gravas
o suelos arcilloscs aluviales. En el temblor de Zlaska se ob-
Bery® gue las estructuras de puentes cimentadas sobre arena su
frieron grandes desplazamientos, nientras cue las cimentadas

en grava no tuvieron dafios.

En la fig 9 se muestran las enveolventes de las curvas granulomé

tricas de los suelos que se han licuada.

r

b) cCompacidad relativa (C.) o relacifn de vaclios (e)

Un depdsito de arena suelta es mis susceptible de sufrir licua

cibtn gue un depbsito de arena densa.

En el temblor de Niigata hubo licuacidn en zonas cuya C,. era
del orden del 50 por clento, o menor, en tanto gue en las zonas

con una C, > 70 por cientc no se presentdé ninglin daRo.
En la f£ig 10 se ilustra el concepto de compacidad relativa.

c) Esfuerze confinante inicial

La susceptibilidad detliCuaciﬁn disminuve al aumentar el esfuer
zo confinante. Ensayes de laboratoric han mostrado que para una
relacién de vacios inicial, el esfuerzo cortante recuerido nara
comenzar la licuacién bajo condiciones de carga repctida, se

incrementa con el aumento de la preslén de confinamiento.
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d) Magnitud del csfuerzo repetido

Cualgquier depSsitoc con una relacifn de vacios mayor due su € tn
es susceptible de sufrir pé&rdida parcial o total de resistencia,

gi la excitacibn es de intensidad suficiente.

Evidencias de campo demuestran que depfsitos de arena suelta han
resistido sismos de ‘-poca intensidad (0.005 g) y se han licuado

ante la accibn de sismos intensos (0.16 g), (Seed e Idriss, 1971).

La resistencia a la licuacifn decrece al aunentar la magnitud del

esfuerzo,

e — —— e — —

Todos los estudios de laboratorio indican que en una muestra su
jeta a carga repetida, con un nivel de esfuerzo o deformacidn
prescrito, el inicic de la licuacibn dependerd de la aplicacién

de un nlnero requerido de ciclos de esfuerzo.

Esto se confirmd en Anchorage, durante el temblor de 1964, ya

que los deslizamientos ocurriercn después de 90 seg de iniciado

el movimienta.

Recientes investigaciones (1973 a la fecha) han aportadoc nueves
datos de los factoras gue influyen en el fenfSmeno de licuacibn

de arenas, como Son:

f) Estructura

Pyke (1974), Ladd (1974 y 1976) y Mulilis et al (1975}, han en

contrado que el método de preparacifn de la muestra {estructura)
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d
afecta la relacidn de esfuerzos {E%E] gue provoca la licuacibn
R h | - T

b

hasta en un 200% ,

g} Lapso de esfuerzo sostenido

Experienclas de laboratoric indican que muestras idénticas so-
metidas a cargas snstqpidas por nerficdos gue variaron de 0.1 a
100 dfas antes del ensaye, se vieron afectadas en la relacifn
de esfuerzos hasta en un 25%. Estos resultados perniten supo-
':ner que el efecto de la edad del depbsito es un factor inpertan
te. Debido a la enorme diferencia de escalas de tiempo entre
laboratorio ¥ campo se puede sumoner una rmaycr diferencia que

la del 25% menciconada arriba,

h) Historia previa de deformaciones

Este importante factor fue sefalade por Finn et al en 1970, de-
mostrando gque las caracteristicas de licuacidn de lasz arenas son
influenciadas por la historia previa de deformaciones, €l con-

cluys:

Pla dependencia de £a nesdatencia a fa Licuaciln para
wna anena con £a histonda de defoamaciones conduce
a La concfusién de que £a resistencia de un depssito
no puede sen detesminada en wua fonma confdlable me-
diante el ensaye de muestras fonmadas en el fabonra-
tondo afin y cuando se Zenga La misma redacidn de
vacfos que el depfsito. Prrece que fa nesistgneda
a £La Licuacdifn s6fo puede sen confiablemente deter
ménada en ruestrns Lnalieradas™
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Seed et al (1975) realizaron exverimentcs en los cuales muestras
de arena se sometieron a unas cuantas sacudidas de pequeha in-
tensidad, los resultados indicaron que el efecto de la historia
sismica es incrementar ceonsiderablenente la resistencia a la ii
cuacidn. En otras palabras para un nfmero de ciclos las rnuestras
de arena sometidas a sactudidas gue inducen esfuerzos o deforma-
ciones de bajc nivel requieren una relacién de esfuverzos bara
provocar la licuacibn 45% mayor gue aguellas ruestras gque no

tenian historia previa (ver fig 11).

Dehbe de notarse que las caracteristicas seilaladas por los Glti-
mos tres factores se alteran durante el muestreo y que por 1o
tanto, el ensaye de muestras "f{nalieradas” no reflejard clara- -

mente =u influencia.

A.4.3 TRA3IAJOS EXPLDRIMENTALES

Desde el punto de vista experimental, el fenfmeno de licuacidn
_ha sido estudiado por varios investigadores utilizando diverses
aparatos (triaxial, triaxial c¢iclica, corte simple ciclico, tor

5ifin ciclica 'y mesa vibradora).

Et eoncepio de refacifn de vaclos caftica

La evidencia experimental ha demostrado que las arenas "suelias”
disminuyen su volumen bajo la accién de esfuerzos cortantes ¥y

que, por el contrario las arenas "densas!' lo aumentan.
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Tomando -en cuenta lo anterior, A. Casagrande llegs a la conclu ',
sidn de gue el decremento de volumen de una arena suelta y el
incremento de volumen de upa arena densa tencerian & la misma
relacién de vacios, en la cual la arena puede deformarse sin

canbio de volumen, a la cual denomind "relaclén de vaclos crl

tica™.

Dibujando los resultades de varies ensayes se obtiene una cur-
va de relacifén de vaclos critica, esta curva que divide el com
portamiento dilatante (bajo la curva) y contractivo (arriba de
la curva), Casagrande la nropuso como una medida para investi-

gar la susceptibilidad de licuacién de una arena.

Posteriormente Casagrande al analizar la falla de la presa de
Fort Peck se dio cuenta gue la curva de relacifn de vacios crf
tica no dividia realmente el comportamiento contractivo y dila

tante da las arenas.

Castro (1%69) modifichd ei concento de relacifén de vacfos criti
ca y obtuvo, a partir de resultados de pruebas triaxiales con-
solidedas=-no drenadas con nedicifin de prasiﬁn de poro (pruehas
cu), la curva de estado critico. En la fig 12 se muestran las

lineas e: de estado critico para varlas arenas.

T

Ensaye taiaxial eiclica

Seed y Lee (1966) fueron los prineros en utilizar cimara tria-
xial cfclica, con objeto de rewroducir la condicibn de esfuer-

zZOs a gue se nava sujete un elemento de suelo durante un tem-
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blor {atribuyendo el estado de deformaciones del suelo a la

propagacisn de ondas de cortante).

Para un dep&sito de suelo con superficie horizontal, antes del
temblor, el estade de esfuerzos puede ser idealizado como sa
muestra en la fiqg 13.a . Duraﬁte el sismo los esfuerzos cor-
tantes generadoz superpuestos a los esfuerzos normales se mues
trag en la fig 13:b . -

La cAimara triaxial cifclica trata de simular las condicicnes
idealizadas descritas. Un espécimen saturado de forms cilin-
drica se consolida a un esfuesrzo EE y posteriormente con el
drenaje cerradc se somete a un esfuerzo axial ciclico de mag-
nitud + Bo ({fig 14), este procedimiento proporciona esfuerzos

cortantes ciclicos Ty ©0 Un plano a 45°.

Son varias las limitaciones de la c&mara triaxial ciclica ¥
&stas se mencionan en la literatura, siendo una de las princi-
pales la falta de entendimiento de la condicidn de campo gue

representa.

El comportamiento de las muestras de arena suelta, sometidas
al ensaye con cdmara triaxial ciclica, se caracteriza por un
aumento gradual de lalpresiﬁn de pc&o sin que haya deformacidn
axial apreciable, hasta que se produce el incremento gue gleva
la presisn de poro hasta el wvalor de lazpresién confinante, mg
mento a partir del cual la muestra se deforma sbitamente mas
del 20%., Las arenaé en estado compacte exhiben un comporta-

miento similar al de las arenas sueltas, perc al llegar a la
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PLicuacidn indcial” no se presenta una deformacidn grande en
. ) . -1
forma slbita, sino que la deformacidn se incrementa gradual-

mente.

Segfin el concepto de Seed y Lee (1966}, cualquier espécimen de
arena es susceptible de licuarse no importando su compacidag

relativa, Los parametros mds importantes segfin estos Investi
gadores son: el nmerc de ciclos de esfuerzo {Ha]t para alcan
zar la condicifin u = ?3 » la relacitn entre el esfuerzo cor-

)

tante m&ximo vy el esfuerzo confinante, (—2) y la relacién de

2ac .

vaclos.

Castro (1969) al realizar sus ensayes en cémara triaxial cfeli
ca cbservt éue durante la prueba se desarrollan heterogeneida-
des en las muestras, de manera especial en la 2ona supearior.

A?rihuye a estas heferﬂgeneidades, inducidas por el ensaye, el

que especimenes densos alcancen la condicifén u = 03

Ensaye de corle simple cicfico

La prueba de corte simple ciclico se desarrolls con la idea de
conseguir mayor aproximacifn a las condiciones de campo que la

legrada con cimara triaxial.

Unc de los primeros aparatos de corte simple fue el desarrolla

do por Sweddish and Noawegian Geolechnical Insfifufes (Kjellman,

1951). 5in embargo, este abaratﬂ tenia el inconveniente de utj

lizar muestras cilindricas (los esfuerzos cortantes €n una sec-

"gién horizontal no pueden ser uniformes).
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En la Universidad de California, en Berkeley, Peacoci y Seed
{1962) desarrollaron un aparato @de corte simple, gue utiliza-
ron para examinay la tendencia a licuarse de una muestra de are
na sometida a este tipo de esfuerzo. Tambifén en la Universidad
de British Columbia, Pickering y Finn (1969), Finn et al {1970
y 1971) hap utilizado corte ciclico simple para el estudio de

licuacisn.

En la figura 15 se ilustran los resultados obtenidos por Peacock

f Seed.

Ensaye de Mesa Vibradoxa

Este tipc de ensayes generalmente consiste en colocar un reci-
piente o caia con arena saturada, scobre una mesa vibradora vy

medir la aceleracifin de la emsa a la ¢ual ocurre la licuacidn.

Whitﬁan (157G) menciona lds factores que afectan los resultados
¥ su influencia en la interpretacién'de-ins mismos:

1. Frecuencia de viﬁraciﬁn

2. Duracién de vihracién

3. Tamaho y geometria del recipiente

4. Caracterfsticas de deformacifSn del recipiente

5, M&todo de colocacién de la muestra

6. Control del drenaije

7. Aparatos de medicién de-deformacicnes

B. Presifin confinante

Finn, Emery y Gupta (1971) mencionan las ventajas de usar gran-

des muestras y mesa vibradora.
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Tal vez la principal objecifn al uso de recipientes rigidos so-
"bre mesa vibradora.es gque no representan las condicieones de

campo.

Con objeto de superar esta dificultad DIaz, Weckmann e Iturhe
(1973} proponen cumbinar.la utilidad de las condiciones de cor-
te simple y la ventaja de utilizar muestras grandes (30 x 60 x
90 cm) en un recilpiente de paredes mbviles para ensayar arena

saturada en mesa vibradora.

METODOS PARA EVALUAR LA SUSCEPTIBILIDAD
A LA LICUACICN DE LOS SUELOS

En relacién a la bfediccidn de la susceptibilidad a la licua-
cifn de depSsitos de suelos granulares saturados una considera-
ble cantidad de.investigacifn se ha dirigido-hacia el desarro-

l1lo de mejores métodos de prediccifn y técnicas de ensaye.
Los m&todos se pueden clasificar en tres categorias:

1. Métodos empiricos, basados en la ceomparacién de las condi-

clones de los sitios en donde ocurrid o no licuacifin <on

las condiciones del sitio que se desea analizar.

Dentro de esta categorfa se clasifican los siguientes cua-

tro métodos:

Criterio de)l WES (Waterways Experimental Station)

Este criterio fue desarrollado para analizar la estabilidad de

terraplenes a 1o largo del Rio Mississipi, en el gque se produ-
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cen flujos de materlal producidos por el incremento de la pre-

sién de poro originada por los cambios del nivel del rfo.

Criterio de Florin e Ivanov

Este criterio desarrollade en Rusia, en 1973, permite estimar
la susceptibilidad a la licuaciSn de suelos por medic de prue-
bas de campo. Se¢ investigan los 10 m supericres de suelo ha-
ciendo explotar sucesivamente tres cargas de dinamita de 5 Kg.
colocadas a una profundidad media de 4.5 m y determinando des-
pués de cada explosibn, el asentamientc promedio de la superfi-
cie dentro de un radio de 4.5 m. La cantidad y profundida& a
la que se coloca el explosivo se eligen de forma gue no haya
expulsifén de suelo durante la explosién. Si el asentamiento
promedio as menor de 8 a 10 cm y la relacifn de asentamientos
entre explosiones s5uCesivas es menor gque 0.6 se puede afirmar

que ese suclo no es susceptible a licwnacidnm.

Criteric de Kishida

Este criterio estS basado en el an&lisis de las condiciones
del suelo de 3 sitios en los que ocurrié licuacidn, (Kishida,
1969)., Bajo sismos de iguai magnitud, puede ocurrir licuacidn
sl el nivel fredtico estd cerca ' de la superficie, si las ca-
racteristicas granulomé&tricas satisfacen las relaciones:
mm > Dgg > 074 mm; C < 10 ¥

ademis si se cumplen las siguientes condiciones:

- El espesor del estrato de suelo no licuable, arriba del

estrato, licuable s menor gquae E m.

- La relagi6tn de los espesores del estrato no licuable al



licuakle es menor que 1.

Kishida tambi&n concluye que los suelos no son susceptibles a
la licuacifn si:
- La presifn efectiva de confinamiento es superior a 2
Kgg’cm2 o,

- La compacidad relativa es superior a 75%.

Criterio de Oshaki

Este criterio {Oshaki, 1969) establece que los suelos con nivel
fredtico cercano a la superficie pueden licuarse si se presen-
tan las siguientes caracterfsticas granulométricas:

2mm > Dgg > 0.2 mm; Dyp < 0.1 mm

Adicionalmente, establece gue estos suelos tendr&n poca proba-

bilidad de licunarse si el nfimerc de golpes N_  en prueba de pe-

P
netracién estdndar es mayor que 2z, en gue z es la profundidad

en metro.

. 2. MEtodos SimPlificadDB. Consisten haﬁica[ﬂente er cnmpﬂrar la

resistencia obtenida en pruebas de laborateric, con los es-
fuerzos que provocari el sismo, calculados en forma simpli-

ficada.

En esta categorfla-se clasifican los m&tcodos propuestos por

Seel e Idriss (1370) y por Casagrandé (1976).

Método de Seed e Idrisgs -

Este m&todo consiste en comparar los esfuerzos inducidos por
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el sismo en los estratos licuables con les que puede resistir
el suelo sin que ocurra licuwacién. Para determinar los esfuer-
zos Inducides in situ, debe contarse con ¢l acelerograma del
sismo de disefio, 1a_estratigrafia ¥ las propledades Indice ¥y
mecinicas de los,suelﬁs. Seed e Idriss prnpoﬁen un procedi-
miento simplificado para estimar la magnitud de los esfucrzos
que origina el sismo. La magnitud de los esfuerzos que pueden
provocar licuacisdn en el suelo se obtiene a partir de pruebas
de laboratorio, tanto triaxiales como de corte simple, con es-
fuerzos repetidos o bilen se estima con grificas de diseno obte-
nidas por Seed e Idriss. La comparacién de los esfuerzos indu-
ciéos por el sismo con los gue provocan licuacifin del suelo
peémite juzga? la susceptibilidad de un suelo a sufrir este fe-

nbmena,

El esfuerzo cortante maximo tTmax} a una profundidad z, concci-
da la aceleracifn méxima (amax] en la superficle del terrenco, ¥y
_suponiendo gue la masa de suelo se comporta como un cuerpo ri-

gido, se calcula mediante la expresidn:
= JZ
*max g fmax

aceleracién mixima en la superficie del terreno

max
Yz opresifn vertical total a la profundidad z
g aceleracidn de la gravedad
T4y ©5fuerzo cortante miximo a la profundidad z

Como el terreno es deformable, en general se tendrd gue:
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'B-—-a

"max T g “méx Ta
siendo rq un factor de correccidn, menor gque 1.

Fl andlisis de varios sismos en sitios que presentan un estrato
de arena en los 15 m superiores ha mostrado gque r; cae dentro

del intervalo de valores de la fig. 14.

Seed e Idriss proponen calcular el esfuerzo cortante promedio
EP que, para un nGmero determinado de ciclos, produce el mismo
efecto que el sismo con la expresidn:

¥Z
'I.'P 0.65 ?amax I‘d

Por su parte, el nGmero de ciclos significativos en el comporta
miento del material dependerd de la duracién del sismo. Para

fines practicos se puede usar la siguiente tabla:

Magnitud del sismo | N® de ciclos significativos, N
7 ‘ 10
7 1/2 20
’ 8 ' 30

Previamente a la realizacitin de pruebas de laboratorio, es pre
cliso conocer la compacidad relativa del material in-situ. Para
ello se utilizan los resultades de las investigacicones hechas
por Holtz y Gibbs. En la fig 17 se presenta una grafica modi-
ficada por Seed e Idriss (19 )} que perﬁite conocér la compaci

dad relativa.
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Los esfﬁerzos gque provocardn la licuacidn en ﬁn suelo a una com
pacidad relativa dada, se pueden deducir en forma aproximada de
los experimentos llevados a cabo peor diversos investigadores,
tanto en cimaras triaxiales comﬂden aparatos de corte simple,

A partir de pruebas en caAmaras triaxiales se han obtenido grafi
cas que permiten estimar si ocurrird licuacifn en un suelo some
tido a un determinado nlmero de ciclas (10 o 30 usuvalmente)
para una relacifn de esfuarzos {;%E] dada y determinade tamaho
de las particulas (representado pnrcel Dggl. En las figs 18 y

19 se presentan estas grificas para una compacidad relativa de

50%.

Para determinar la relacifn de esfuerzos correspondiente a otra
compacidad relativa se usa el hecho experimental de gue la rela
cibn de esfuerzos {;gE] es aproximadamente proporcional a la
compacidad relativa {gig 18 ¥ 19). En las mismas figuras, se
observa que el material menos resistente corresponde a un

D5n. = 3,074 mn.

Tomando en cuenta que el esfuerzo mids significativoe, en la li-
cuacifn de -un- suelo bajo la accldn de un temblor, es el esfuer
zo cortante actuante en el planp horizontal; }a prueba de corte
simple es la gue mejor asemeija las condiciones de deformacidn
in-situ. Es por tanto importante correlaciconar los resultados
anterlores, cﬁtepidos en cimaras triéxiales, con los obtenidos
en pruebas de corte. Las investigaciones llevadas a cabo por

Seed e Idriss, permitieron conclulr gue, para fines pricticos:
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a

{EEI] corte simple L= I—EE} triaxial
UY o Euc

en que CO depende de la compacidad relativa (fig 20).

Comparando lcs esfuerzos producidés en el terreno por un temblor
¥ los esfuerzes que el material es capaz de soportar, es posible
determinar si el suelo presentard o no el fenfSmeno de licuacifin,

para las condiciones particulares supuestas.

Seed e Idriss presentan un procedimiento simplificadc gue permi-
te aplicar el método anterior en forma expedita mediante gr&fi-
cas de ?enetraciﬁn estindar contra la profundidad, elaboradas
para 2 profundidades tipicas del nivel freftico y para 2 acele-
raciones maximas del terreno (figs 21 y 22). En estas griaficas
se delimitan tres zonas: una, en la c¢ual no habrd licuaciéng
otra, en la que podria © no presentarse licuacién dependiendo
de las caracteristicas granulométricas del material y de la mag
nitud del temblor; y la tercera en la cual es muy probable gue
el material se licfie., Las fronteras entre las zonas anteriores
ge determinaron para uﬁa compacidad rela?iva de 50% y correspon
den a condicicnes extremas en cuanto al nfimero de ciclos sigﬁi—
ficativos producides por un tembler y a lavgranulometria déllﬁg
terial. La frontera a la izquiérﬂa de la cual se concluye gue
habrd licuacidn fue obtenida usandc el minimo ntmero de ciclos
razonable {Nsﬁ = 10} cﬂmbinada con la granulometria del mate-
rial menos susceptible a la licuacifn (Dsg = 2 mm): la frontera
a la derecha de la cual se dice no habrﬁ licuacifn se chtuvo

combinande el maximo nlmero de ciclos razonable {HEF = 30) con
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la granﬁlometria del material mds susceptible {(Dgy = .074 mm).

Método de Casagrénde

En

esencia el procedimiento consta de los siguientes pasos:
Se ejecutan pruebas triaxiales con aplicacién de carga mono-
ténica {o ciclica, dependiendo de la compacidad relativa de

la arena}, en muestras inalteradas labradas de blogues obte-

" nidos manualmente, y se determina su respuesta.. De preferen

cia las pruebas deben ejecutarse en un equipo que disponga

de extremcs lubricados y los especimenes deben estar consoli

dados con una relacisn de esfuerzos principales de 2.

Se determina la linea de estado critico, linea Crs si es gue

los resultados de las pruebas lo permiten.

3. A partir de pruebas de compresifn unidimensional, se estiman

las.combinaciones de esfuerzos efectivos y compacidad relati-
va (relacién de vacfos) susceptibles de desarrollarse en el

campo.

Se compara la posicibn de los puhﬁﬁs estimados en el paso an-
terior con la posicibn de la linea e,. Los puntes situados
arriba y a la derecha de la linea e; son susceptibles de ex-
perimentar licuacifn. Puntos situados a la izquierda de Y
sobre la linea egr DO SON SUEceptibles.de experimentar licua

cifin

En suelos no susceptibles de experimentar licuacifn por su
posicitn en relacidén con la linca €gy ©F posible estimar el

incremento de presién de poro inducldo por la aplicacitn de
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éargéé cliclicas para un ciertoc ntmero de ciclos. A. Casagran

de estima que el nfimerco de c¢iclos necesaric para inducir pre-

siones de porc superiores al 50% de la presifn de confinamien

to in situ, es.superior a Cuatrmtveces el nlmero de ciclos ob

servados en el laborateorio (valor a partir del cual la influen
cia del fenfmeno de movilidad cfclica en los resultados, es

muy importante}.

E.-Si1se requiere una estimacién de las deformaciones ipducidas
por carga ciclica en el campo, es necesario ejecutar médicio-
nes precisas de las deformaciones en el laboratorio, hasta
gue la presitn de poro alcance el 50% de la presidn de confi-
namiento, y utilizar estas mediciones como una gula de las po
sibles defnrmaéicnes in situ, teniendo en cuenta gue solo una
fracciﬁn de las deformaciones medidas en €1 laboratoric son
causadas por el mecanismo que 'controla el desarrollc de pre-

siones de poro y deformaciones an €l campo.

3. Mé&todos de andlisis basados en el calculo de la respuesta

del terreno. Un nfimero creciente de medelos nlmericos para

anfilisis de la respuesta dfinamica de suelos granulares suje
tos a cargas sismicas se encuentran actualmente {(1280) en uso.

Los modelos difieren entre si en:

a) Las hipStesis de partida
b} la representacidn dé las relacicnes esfuerzo~deformacidn
¢} la generacifin de la presifin poro

d) los mé&étodos para integrar las ecuaciones de movimiento.



Modefos desarrnolfados en £a Universddad de Californdia, Berheley

Los'modelos desarrnllados en la Universidad de California, tiene

las caracteristicas principales:

1} Establece las ecuaciones de movimiento en funcidn de esfuer-

2)

3)

zos totales
Consideran e¢) problema de desplazamientos peguenos.
El comportamiento no-lineal de las suelos se trata ya sea me

diante un procedimiento lineal equivalente o mediante un cri

" terio tipo Masing, que puede ser un Ramberg- Osgood © un Mar

4}

tin~Davidenkov.

La éeneracién de la presifn de poro se calcula a partir de
resultados de pruebas triaxiales ciclicas consolidadas-no
drenadas {Lee y Albaese, 1974}, cuyas variabies SOn:

*qa , esduenzo de consolidacibn y

l.
o
° %ap , .esfuenzo desviaden clefdico

'(ug]H , presidn de poro generada para N edlclos

° N, nimero de cicfos para provocar La Licuacddn

u
Al representar las relacicnes Nfﬂt v E$ se phiiene una
0
franja angosta de forma peculiar gue se representa mediante

N u_ |®
— =| L(1-cos -T)
HL 2 g_"
0
o e3 un paridmetro gue depende del tipo de arena y de las

condiciones de prueba. Al aplicar la expresibn para und
historia irreqular de ciclos de esfuerzos es necesario
transformar dicha historia en un nlmero de ciclos equiva-

lentes, de amplitud constante, segfin el criterioc descrito



>}

6)

7}

8)

por Seed et al 15%75,

Las ecuaciones de movimiento se integran con el mé&todo del ele
mentoe finito ya sea con el criteric del métedo lineal eguiva-

lente o bien en forma incr&ment;1. La integracidn respecto al
tiempo se lleva a cabo mediante un esquema gque utilice el domi
nic de la frecuencia; o bien unc directo, pase a paso en el do

minio del tiempo.

El amortiquamiento consideradc es el lineal -equivalente (Seed
e Idriss, 1970) o bilen el gque resulta de considerar un modelo

histerético.

La disipacfﬁh de ialpresiﬁn de poro se calcula con base en la
generacifn de la presibn de poro conocida y la Teoria de Con-

solidacifin Unidimensional.

Para problemas bidimensionales la respuesta dinamica se cuanti
fica con el método lineal equivalente, mientras que para los

problemas no lineales incrementales se considera tinicamente el

caso unidimensional.

El método exhibe las caracterfsticas de la respuesta dinimica elés

tica, como la de gque el sistema regrese a sy posicidn de eguili-

brioc y no se tengan distorsiones angulares permanentes al cesar la

excitacisn,

La solucifn exhibe marcados efectos de resopnancia cuando el pe-

riodo predominante del acelerograma corresponde con el periodo

fundamental del dep&sito.



Modelo desarncllado en fa Univensidad de Michigan, Ann Arbon

Wilie y Streeter (1%76) y Liou et al {1977) describen el procedi-

miento seguido para el desarrcllo del modelo en cuestidn, cuyas

caracteristicas principales son:

'1} Las ecuacicnes de movimiento se establecen en funci®n de los

2)

3)

1}

esfuerzos efectivos,

Considera el problema de desplazamientos peqguefios.

‘Utiliza como ecuacifén constitutiva para el esqueleto un modelo

Ramberg~0Osgood modificado con ablandamiento por deformaci6n,

de la forma siguienta:

=1 t
Tw—t |1 4a|—3% R (2.12)
ot [ et

donde
T es ef csfuenzo contante
y La deformacidn angufar g

g, el esfuerze veatical edectivo

Los valores de‘ Gy ¥ ™n corresponden al mddule de rigidez al
cortante para deformaciones infinitesimales y al esfuerzo cor-
tante asocilado, respectivamente y se calculan de acuerdo cen

la ref 23, para1el problema unidimensiconal. Los parametros del
modelo de Ramberg-Osgood en cuestidn son ¢, Cl vy R. Para de-
finir las trayectorias de carga y descarga se utiliza el crite-

rio de Masing (ref 26}.

La generacién de presidn de pore se considera al acoplar el mo

vimiento del agua. El acoplamiento se efecta al considerar



5)

6)

7)
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el flujo vertical del agua y utilizar la ley de Darcy.

Las ecuaciones de movimiento se establecen-en forma de ecuacio
nes de ondas de cortante y de compresifn. La soluci&n de lag -
ecuaciones de movimiento se abtienen con el método de las ca-

racteristicas y el acoplamiento de las ecuaciones se establece

en el proceso de solucidn.

La disipacifn de la presifn de poro se considera en forma im-

plicita al modelar el movimiento del agua.

El amortigunamiento implicito en el m@d&lc es el histeré&tico y

el provocade por el movimiento del agua.

8)

El modelo es unidimensional.

Modefo desarrclfado en £a Undiversidad de British Cofumbia,

» Vaneouvea

Este modelo tienen las siguientes caracterfgticas:

1)

2}

3}

me

Establece las ecuaciones de movimiento en funcifin de esfuerzos
efectivos. b
Considera el problema de desplazamientos peguenos.

La curva esfuerzo-deformacitn para el esqueleto es del tipo
hiperbblico. 1 ' . .
T = Gmn Y/(t + Gro Tfrmn] i
"donde
!
es el mbdulo tangente inicial miximo, y \
es el esfuerzo cortante mdximo sin provocar la falla

mo



GmD Y Too se determina segtn Hardep y Drnevich {1972).

Las trayectorias de descarga y recarga se describen mediante el cri
terio tipo-Masing (Pyke, 197%}

=T G {y~v.) G Jiy-v_}!
r _ _mn I /(14— )
2 . ) 2t
. mn
donde
Yo ¥ T, son la deformacidn cortante y esfuerzo cortante del
punto donde ocurre la inversifn de esfuerszo
Gy it son el mbdule al cortante y el afuerzo cortante res-
m mn pectivamente para el civlo N, expresados por:
' L
€va v
G = 0 1+ { 11/2
Mo mo al
[ ] Hl -+ Hz Evﬂ A0
d o'
v v
Tan ® Tmo |1 + { } 172
Hy + H, € a ﬂvn
donde
€.d es la deformacién volum&tica acumulada

Hy,H:;, H3 ¥ Hy =on constantes experimentales

o' 'y o' son los esfuerzos verticales efectives en el ciclo N

v Vo

-

e inicial respectivamente

4} La generacifn de la presi&in de poroc se calcula mediante el cam-
blo de volumen acumulado, obtenido experimentalmente. La expre-
g8i6n del incrementc del cambio de volumen es:

2
C3 20a

',r+C4 Evd

£

e g = Cy (¥ - Cy e q) +
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Cl' CE' C3 Y C4

ta el tipo de arena y la compacidad relativa.

son constantes experimentales gque toman en cuen-

En condiciones no-drenadas y completa saturacifn, el incremento
de la presidn de poro durante cada intervaloc de tiempo de inte-
gracidn se calcula madiante

du = Er &Evd

donde

g% es &l modulo de recuperacidén elistica unidemensicnal

5) Las ecuaciones de movimiento se resueiven con el método de dife-
rencias finitas y la Integracidn s5e lleva a cabo con el mé&todo
ﬁeta-de Hewmark.

¢) Ademis del amortiguamlento histerético, se puede incluir amorti-
guamiento viscoso, de acuerdc con el criterio de Rayleigh.

71 La disipacifin de la presidn de pore se calcula con base en la
Teoria de la Consclidacién Unidimensional,

8) EI modelo es unidimensicnal y las ecuaciones de movimiento y las
de disipacidn de la presidn de porc se integran en forma indepen
diente. . . .

El modelo permite realizar analisis para tres condiciones diferen--

tes de drenaje. .

a) no permitiendo redistrihuci&n de la presi&ﬁ de poro

b)) permitiendo redistribucisn pero ne permitiendo disipacidn de
la presifn de poro

¢} permitiendo disipasidn

T

Los resultados obtenidos muestran claramente la influencia de las
condiciones de drenaje spbre el desarrollc de la presifn de poro. '’

El m&tcdo permite calcular:

a. la historia de aceleraciones {x}, deformacicnes de cortante (y)
y los esfuerzos cortantes (1) en cada capa.

b} El desarrpllo de la presi&én de poro (u).
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) El inlcio de la licuacifin

Para conocer las caracteristicas de otros modelos se puede consul-
tar el artfculo de Porras, Dfaz y Cervantes (1979),

PROCEDIMIENTOS PRRA ESTABILIZAR DEPOSITOS
DE ARENA SUSCEPTIBLES DE LICUARSE

En lo anteriormente tratado se bosguejaron los métndns para cono-
cer sl un depdsito de arena €s o no susceptible de experimentar
licuacidn.

Conociendo gue el fenfmenc se puede presentar, el sigulente paso
gerd tratar de evitar su ocurrencia. De acerdo con los factores
que afectan el fendSmeno se ocurre :dos precodimientos:

1. Aumentar la compacidad relativa (C.} .» DENSIFICACICN

2. Facilitar la disipacifn de la presifin de porc =+ DRENAR
Dentro del primer grupo se pueden presentar varias alternativas
para densificar el depfsito hasta la prefundidad que indique los

cilculos (como minimeo):

VIBROFLOTACION

El principio de la densificacifn de depbsitos de arena suelta mes-
diante vibroflotacién fue aplicade primeramente en Rusia, después
en Alemania y en 1939 fue introducido eén los Estados Unidos de Nor-
teamfirica,

La vibroflotacibn es una técnica gue consiste en la aplicacifn si-
multinea de flujo de agua a presifn y vibracidn.

El equipo consiste de: un vibroflet, una gr@ia, un sistema de bom;
beo, una fuente de potencia y un cargador. frontal,

Las dimensiones aproximadas del vibraflot (componente principal del

sistema) son:



- 3B =

difmetra - 15"
longitud = 6’
pPeso £ 2 ton

fuerza centrifuga horizontal = 10 ten
Fl sistema de bombeo requiere entregar un gasto de = BOgpm a una
presifn de éﬂpsi. La velocidad aproximada de densificacifn es de
30 em/min, el &rea de infiuencia tiene un radio de 2.7m.
El proceso de vibroflotacifn es ilustrado en la fig

PILOTES DE CDMPACTACIDN-

Los pilotes de compactacidn sen hincados con el propfisito de densi-

ficar arenas sueltas mediante dos efectos:

a. Desplazamiento de material de un volumen Igual al

del pilote
b. vibracitn debida al hincado

En este procedimiento generalmente se usan tubos met&licos llenos
de material granular compacto que tienen una etapa falsa en la pun
ta que permite su extraccifn una wvez gue se alcanza la profundidad
deseada.

El efecto de la densificacidn se extiende de 3 a 4 diametros, late-
ralmente yv de 2 a 3 di&metrog en la punta.

En el segundo grupo el objetivo es facilitar la disipacifn de la
presibn de poro generada mediante un sistema de drenaje eficiente.

DRENES VERTICALES DE GRAVA

Como se dijo anteriormeﬁte, si la presifn de pcrd generada por car
ga ciclica puede ser disipada, tan rapidamente como es generada,
entonces el peligro de licuacidn puede ser evitado.

Por tantge, un procedimiento para estabilizar un depbsito suscebti-
ble de licuarse es instalar un sistema de.drenes de grava comg ¢l
mostrado en la fig

El disefio y andlisis de tal sistema se puede hacer mediante alguno
de los programas de computadera gue hay para tal efecto come por
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ejemplo, el LARF ([L{guefacticon analysis fonr radial §Low) desarrolla
do por Seed y Booker (1976).
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TEQRIA DE PROBARILIDADES", PQR 0. A, RASCON, PUBLICADO POR LA

DIVISION DE ESTUDIQS DE PQSGRADO, FACULTAD DE INGENIERIA, UNAM

SE RUEGA A IOS ASISTENTES AL CURSO QUE ESTUDIEN HASTA LA PAGI-

NA 17, INCLUSIVE, ANTES DE LA CLASE DEL DIA 17 DE JULTO.






SIMBOLOS DE PESIGUALTADES

UN

< menor que

1A

menor o igual gue

> mayor gue

1w

mayor o igual gue

7 diferente de -

TEORTIA DE CONJUNTOS

CONJUNTG ES UNA COLECCION BIEMN DEFINIDA DE OBJETOS.

NOTACTION: LOS CONJUNTOS SE DENOTAN USUALMENTE CON LETRAS MAYUSCU-

3 | - *

LAS, Y SUS ELEMENTOS SE ANOTAN DENTRO DE UN PAR DE LLAVES O{QRﬂﬂﬂTS.

EJEMPLOS

A)

B)

C)

D}

E)

+ F)

EL, CONJUNTO DE NUMERDé RNDTﬁDbE EN UN DADG ES

s = {1, 2, 3; 4, 5, 61

EL CONJUNTO DE LOS NUMEROS ENTERCS MENGCGRES QUE 5 ES

S = {-=,.,..,~3, =2, -1, 0, 1, 2, 3, 4}

S = {x: x ES ENTERD Y x<4} ‘

EL CONJUNTO DE LOS NUMERCS ENTEROS POSITIVOS MENORES QUE 5 ES
E= (0, 2, 2, 3, 4} ‘ .

E = {x: E5 ENTERO Y 0<x<4}

EL CONJUNTO DE LOS CONTINENTES ES

€ ={ASIA, EUROPA, AMERICA, AFRICA, OCEANIA}
EL CONJUNTO DE MARCAS QUE TIENE UNA MONEDA ES
M = {CARA, CRUZ}

EL CONJUNTO DE NUMEROS MAYQRES DE 5 PERO MENORES G IGUALES

QUE 10

Sl o {x: 5<x<10}



FINITOS - CUANDO TIENEN UN NUMERD FINITO

DE ELEMENTOS
CONJUNTOS y
TMFINITQS - CUANDO TIENEN UN NUMERO INFINITO

DE ELEMENTCS

SUECONIUNTOS
PARA EXPRESAR {JUE UN ELEMENTOQ PERTENECE A UN CONJUNTO SE USA EL

SIMBOLO e. PARA EXPRESAR QUE NG PERTENECE SE USA EL SIMBOLO ¢.

EJEMPLO
' ST 8, = {X:5¢X£103}, ENTONCES - o
N - » i

3:’51 ;5;’51:8551:1ﬂ551

PARA EXPRESAR QUE UN CONJUNTO ESTA CONTENIDQ EN OTRO SE USA EL

SIMBOLO C: SI ND ESTA CONTENIDY SE USA EL SIMBOLO .

PARA QUE UN CONJUNTC. ESTE CONTENIDRO EN OTRO SE REQUIERE QUE TOPOS
5US ELEMENTOS5 LO ESTEN, ES DECIR, QUE TCODOS 5US ELEMENTOS PERTE-

NEZCAN A AMBOS CONJUNTOS,

EJEMPLO

SEAN E={3,5}; F={3,8}; G={(7,9}. E¢s, ; F¢S; ; GCS,

SI UM CONJUNTO, B, ESTA CONTENIDO EN OTRC, S, SE DICE QUE B

ES SUBCONMJUNTU DE S.

EJEMPLO
- (

-

B = {X:3:<X<8}" Y 8,={K: 3<X<10}
N ESTE CASO:
GCS »G ES SUBCONJUNTO DE sl.

BEE_.L-}E NO ES SUBCONJUNTO DE 51



SE DICE QUE DOS CONJUNTOS SON IGUALES CUANDQ CONTIENEN LOS

MISMOS ELEMENTOS (NC IMPORTA EL ORDEN EN QUE ESTOS SE ESCRIBAN)

EJEMPLO
SEAN A={1,3,5,7}, B={7,5,1,3} ¥ (=(7,5,1}

EN TAL CAS0, A = B¥C
CONTUNTO VACTO

DE LA MISMA MANERA QUE EXISTE EL CERQ EN LOS NUMEROS, EN LA

TEORIA DE CONJUNTOS EXISTE EL CONJUNTO VACTO, EL CUALNC TIENE

ELEMENTOS., USUALMENTE SE DENQTA f.

EJEMPLC
¢CUAL ES EL CONJUNTO DE ELEMENTCS, X, TALES QUE 2X=7 Y X ES
ENTERO?

SOLUCION - ES EL: CONJUNTO VACID, 4.

A § SE LE CONSIDERA COMO SUBCONJUNTO DE CUALQUIER CONJUNTO. ASI,
POR EJEM, TODOS LOS SUBRCONJUNTOS LDEL CONJUNTO

5 ={2,5,10} sOM: {2};{S5};{10Q}:{2,5} ;{2,10};(5,10}:{2,5,1¢c} ¥ f.

I ESPACTQ DE EVENTDS. | ) . : 1"

ASOCIARO A UN EXPERIMENTO SIEMPRE HAY UN CONJUNTO DE RESULTADOS

POSIBLES; A DICHO CONJUNTO SE LE LLAMA CSPACIC DE TVENTOS,

EJEMPLOS
EL ESPACIC DE EVENTOS ASQCIADO AL EXPERIMENTS DE LANZAR UN DADO Y
ANOTAR LA CARA QUE NUEDA HACIA ARRIBA ES

s =(1,2,3,4,5,6)
EL, ESPACIO DE EVENTOS CDRBESPDNDIENTE AL EXPERIMENTO DE LANZAR

DOS DADOS ¥ ANOTAR LOS MUMEROS QUE QUEDAN HACIA ARRIBA E&



(1,1),(1,2),(1,3),(1,4),(1,5),(1,6)
(2,1),(2,2),12,3),1(2,4),(2,5),(2,6)
(3,1),13,2),(3,3),03,4),(3,5),1(3,6)
T (4,1),(4,2),(4,3),(4,4),(4,5), (4,6) |

(5,1),(5,2),(5,3),(5,4},{5,5),(5,86)

] (6,1Y,(6,2),(6,3},{(6,4),(6,5),(6,6) ]
SI EN ESTE EXPERIMENTO LA OBSERVACION DE INTERES FUESE LA SUMA
DE LOS DOS NUMERQS OBSERVADOS, ENTONCES EL ESPACIQ DE EVENTOS
DEL EXPERIMENTO SERIA

S= {2,3,4,5%,6,7,8,%,10,11,12}

A TODRO SUBCONMJUNTC DE UN_ESPACIO DE EVENTOS SE LE LLAMA FEVENTQ. A
LOS EVENTOS QUE TIENEN UN SOLO ELEMENTO DEL ESPACIQO SE LES LLAMA

EVENTOS SIMPLES.

5T AL REARLIZIAR UN EXfERIHEHTD SE OBSERVA UN ELEMENTO DEL EVENTO

A, ENTOHCES SE DICE QUE OCLURRIQ © SE VERIFICQ EL EVENTO A, POR

EJEMPLO, SI A={2,4} Y AL LANZAR UN DADO SFE OBSERVA EL 2 0 4, SE
DICE QUE OCURRIQ EL EVENTO A; SI SE OBSERVA CUALQUIER OTRO HUME-

RO, ENTONCES SE DICE QUE NO GCURRIO A,

DISCRETOS - SI SUS ELEMENTOS PUEDEN NUME-
RARSE O CONTARSE. TIENEN UN NUMERO

ESFACIOS DE FINITC O INFINITD NUMERABLE DE ELEMENTOS,

EVENTOS
' CONTINUOS= SI SUS ELEMENTOS NO PUEDEN

ENUMERARSE. TIENEN UN NUMERO INFINITO RO

NUMERABLE DE ELEMENTOS



EJEMPLO

LOS ESPACIOS DE EVENTOS §,={CARA, CRUZ); $,=11,2,3,4,5,6,);
5,={VERDE, ROJO} 50N DISCRETOS. LOS ESPACIOS DE EVENTOS
54={X: —=cX<0}; Se{Z: 2>3}; SEH{?:3EY§BD}

SON CONTINUDS.

EJEMPLO

¢QUE TIPOS DE ESPACIOS DE EVENTOS CORRESPONDEN A Lﬂé SIGUIENTES
EXPERIMENTOS? ‘
A) CONTEO DEL NUHERD'DE GRANOS DE UNA MAZORCA DE MAIZ
5=(0,1,2,3,...,=], ES DfECRETﬂ E INFINITO
B) MEDICION DE LA LONGITUD DE UNA ESPIGA DE TRIGO
S={X: 0<X<=},X EN CM, E5 CONTINUO E INFINITO
C) MEDICION DEL EFECTO DE UNA VACUNA, +EN TERMINOS DE."EXITO" ©
"PRACASO"- , ‘.
S={EXITQ, FRACASQ} ES DISCRETO Y FINITO.
D) MEDICION DEL CONTENIDD DE UN ANTIBIGTICO
EN UNA CAPSULA |

S={Y¥:0«¥<w}, ¥ en mg, ES CONTINUO E INFINITO.

COMPLEMENTO DOF I EVENTD

EL COMPLEMENTO DE UN EVENTC A ES OTRO EVENTO QUE CONTIENE TODOS LOS

ELEMENTOS DEL ESPACIO DE EVENTOS CORRESTONDIENTE QUE NG ESTAN EN A.
USUALMENTE SE DENOTA -CON UNA TILDE SOBRE EL SIMBCLO QUE CORRESPON-

DE AL EVENTQ QUE COMPLEMENTA, & .

‘EJEMELOS

8T S={1,2,3,4,5,6} ¥ A={1,3,5} ENTONCES A={2,4,6}.

S5I S={X: 0<X<58} Y A={X: 3<X< 17}, ENTONCES A=(X: OeX<3, 17<X<58}



EVENTOS MUTUAMENTE EXCLUSTVOS

CUANDO DOS © MAS EVENTOS NO PUEDEN OCURRIR SIMULTANEAMENTE AL

REALIZAR UNA SOLA VEZ UN EXPERIMENTO, SE DICE QUE ESTOS 50N

MUTUAMENTE EXCLHSIUQS; ES DECIR, DOS EVENTOS SON MUTUAMENTE EXCLU-

S5IVDS CUOANDO NO TIEWEN NI UN SOLO ELEMENTO EN COMUN.

EJEMPLO

A)

CUALQUIER EVENTO Y SU COMPLEMENTO SON MUTUAMENTE EXCLUSIVOS.

B) ¢SONM E={Y: 0<Y<25} Y A={2,50,100} MUTUAMENTE EXCLUSIVOS?
NO, PORQUE TIENEN EL ELEMENTO 2 EN COMUN.
OPERACTONES CON EVENTOS
UNON

LAa UNICN DE DOS EVENTCS ES OTRO EVENTO CUYOS ELEMENTOS SON TODOS

1.0S DE AMBOS. LA OPERACION DE UNION SE DENOTA CON EL SIMBOLO U.

£l

EJEMPLOS

A)

B}

Cl

D)

E)

SI n={2,4,5} ¥ B={1,6,12)}, ENTONCES

G=AUB ={1,4,6,12,2}

¢SON A Y B MUTUAMENTE EXCLUSIVOS? NO PORQUE TIENEN EL 6 EN COMUN.
81 D={Y: 0<¥<13} Y PB={Y¥: 20<Y<50},

ENTONCES .

DUE={Y: 0<¥<13, 20<Y¥<50}

SI FP={Y: 8<¥<20}, ENTONCES

DUF={Y; 0<¥<20}, .

SI G={Y: 3<¥<10}, ENTONCES

DUG={Y: 0<¥<13}= D; OBSERVESE QUE EN ESTE CASO GCD. EN GENERAL,

. SI ACB, ENTONCES AUB=B.

EN GENERAL, LA UNION DE VARIOS EVENTOS ES OTRO EVENTO CUYGS

ELEMENTOS SDN.TODDE LOS DE LOS EVENTDS QUE SE UNEN.



EJEMPLO

AUBUF = X = {1,2,4,6, y: B< y <20}
INTERSECCION

L2 INTERSECCION DE DOS EVENTOS ES5 EL CONJUNTO DE ELEMENTOS QUE

PERTENECEN SIMULTANEAMENTE A AMBOS. PARA DENOTAR LA OPERACION

DE INTERSECCION SE USA EL SIMBOLO I

EJEMPLOS

A} A=1{2,3,6} ¥ B = {2,6,10} ENTONCES ANB = C = {2,6)

{¥: 4<¥<5}, ENTONCES AND = @.

B D
OBRSERVESE QUE EN ESTE EJEMPLO A Y D SOM MUTUAMENTE. EXCLUSIVOS,
YA QUE N0 TIENEN NINGUN ELEMEMNTO EN COMUN. SIEMPRE QUE DOS EVENTOS

SOR MUTUAMENTE EXCLUSIVOS, SU INTERSECCION ES EL CONJUNTC VACIOC.

EN GENERAL, LA INTERSECCION DE VARIOS EVENTOS ES EL CONJUNTO DE

ELEMENTOS QUE TODOS ELLOS TIENEN EN COMUN.
EJEMPLO

sT A={2,3,6,8}; B={2,3,10,100}; c={Y; 0<¥<5} ¥ D={Y¥: 2<¥<d},
ENTONCES -

ANBACAD = B ={2,3]

AUBUCUD = F ={Y: 0<¥<5, 6,8,10,100} -

LA OCURRENCIA DE UN EVENTO Y OTRO IMPLICA LA OCURRENCIA DE _AMBOS

A LA VEZ, ES DECIR, QUE SE VERIFIQUE LA INTERSCCCION. LA QCURRENCTIA

DE UN EVENTO 0" ALGUN OTRO, IMPLICA T.A QCURRENCIA DE CUAILQUTERM

DE ELLOS, ES DRECIR DE LA UNTON.



PIAGRAMAS DE VENN

UNA MANERA DE ILUSTRAR GRAFICAMENTE LAS OPERACIONES CON CONJUNTOS

ES MEDIANTE LOS DIAGRAMAS PE VENN. EN ESTOS, CADA CONJUNTO SE

REPHESENTA POR UNA CUBVA CERBADA QUE ENCIERRA LOS ELEMENTOS

QUE LE CORRESPONDEN,

Evento 4,

AT Ay

AaMVA, = g
Punfos comunes o Ag y Ajlinterseccidn,dg 1 4,)

Evento .dgs:\ SEMMQ Ay

Eventos muivamente exclusivos (Interseceisn nuia)

Evento Ay Evento 4,

Unidn de dg y 4, {Ag U4)

L

Diagramas de Venn (unicn e interseecidn de avenias)

EVENTOS COLECTIVAMENTE EXHAUSTIVOS

SE DICE QUE LOS EVENTOS By, Bz, ...,B, SON COLECTIVAMENTE EXHAUSTI-
VOS CUANDO LA UNION DE TODOS ELLOS ES IGUAL AL ESPACIO DE EVENTOS,

ES DECIR, S5I
B,UB;D...UB,_ = 5



TEORIA DE_PROBABILIDADES

AL LANZAR UNA MONEDA NO PODEMOS PREDECIR CON CERTEZA CUARL CARA QUE-
DARA HACIA ARRIEA. LO UNICO QUE SE PUEDE ASEGURAR, 5I LA MONEDA

NG ESTA CARGARDA, ES QUE AMBAS CARAS TIENEN LA MISMA QOPORTUNIDAD DE

SALIR, ES DECIR, QUE LOS EVENTOS SIMPLES {CARA) Y (CRUZ} TIENEN LA

MISMA PROBABILIDAD DE OCURRIR.

COMO YA SE DIJO, LA PROBABILIDAD DE QUE OCURRA UN EVENTO ES UNA

MEDIDA DEL GRADO DE CONFIANZA QUE SE TIENE DE QUE ESTE QCURRA AL

REAT.TZAR EL EXPERIMIENTO CORRESPONDIENTE.

AATOMARS DE LA TEQRTA DE FROEBABILIDADES

LAS PROBABILIDADES QUE SE ASIGNAN A LOS DIFERENTES EVENTOS RELACLO
NADPOS CON UN FENOMENO ALEATORIO DEBEN CUMPLIR CON LOS SIGUIENTES

TRES AXIOMAS:

RXTIOMA 1: LA PROBABILIDAD DE QCURRENCIA DE UN EVENTO A ES UN NUME

MERC, P(A}, QUE SE LE ASIGNA A DICHOC EVERTO, CUYQ VALOH

QUEDA EN EL INTERVALC

0< PlA} =<1
AXIOMA 2: SI S ES UN ESPACIO DE EVENTOS, ENTONCES
P{s) =1
AXICMA 3: LA PROBABILIDAD, PB(C), DE LA UNION, C, DE DOS EVENTOS
MUTUAMENTE- EXCLUSIVOS, A ¥ B, ES IGUAL A LA SUMA DE LAS

PROBABRILIDADES DE ESTOS, ES DECIR,

P(AUB} P(C} = P(A) + PI(B]



LEY GENERAL DE LA ADICION

SI TODOS LOS EVENTOS Ei 50N MUTUAMENTE EXCLUSIVOS ENTRE 51,

EL AXIOMA 3 SE GENERALIZA A:
P[ElUEzLI...UEk} = P{El] + P{Ezl + ... + P{Ek]

ASIGNACION DE PROBABILIDADES

EXISTEN POR LO MENCS CUATRC MANERAS DE ASIGNARLE UNA PROBABI-

LIDAD A UN EVENTO:

1. APLICANDO LA DEFINICION CLASICA DE PROBABILIDADES.

2. EN TERMINOS DE LOS RESULTADOS DE REPETIR VARIAS VECES UN
EXPERIMENTC (METODO FRECUENCIAL}.

3. CON BASE EN UN MODELO MATEMATICO (PROBABILISTICO) DEL FENO
HMENG DE QUE SE TRATE.

4, MADIANTE UN ANALISIS SUBJETIVO DEL PROBLEMA,



oy

PEFINICION CLASTCA DE PROBARTLIDADES

SI M({A) ES EL NUMERQ DE MANERAS EUALHENTE FROBABIES 1N QUE PURDE

QCURRIR EL EVENTO A ¥ M E5 EL NUMERC TOTRL DE ELEMENTOS DEL ES5PA-

CI0 DE EVENTOS CORRESPONDIENTE, ENTONCES LA PROBABILIDAD DE A ES

EJEMPLOS

A) SI EN UnA URNA SE TIEMEN 5 BOLAS BLANCAS Y 153 NEGRAS, Y SE VA
A SELECCIONMAR UNA AL AZAR, sCUAL ES LA PROBABILIDAD DE QUE

SEA BLANCAA={BLANCA}Y?:

M= 5+15%20; M(A)=53P(A)=5d= =

B) SI SE LANZAN DOS DADOS, ¢CUAL ES LA PROPABILIDAD DE QUE
1. SBALGA UN 2 ¥ UN % (EVENTD B)?
2. LA SUMA SEA 7 (EVENTO A)

PARA EL INCISO 1 EL ESPACIO DE EVENTOS ES:

— -

(1,1) (1,2)(1,3) (1;4) {1,5) (1,6)
(2.1) (2,2)(2,3) (2,4) (2,5) (2,6)
(3,1} (3,2)(3,3) (3,4} (3,5) (3,6)
(4,1) (4,2)(4,3) (4,4) (4,5) (4,6)
{5,1) (5,2)(5,3) (5,4) (5,5} {5,&)
(6,1) (6,2) (6,3} (6,4) (6,5) (5,6)

SI EL DADO NO ESTA CARGADO, CADA FPAREJA DE NUMEROS ES IGUALMINTE

PROBABLE. EN TAL CASO, M=36 y M(B)=2 { APARECE {2,53) O (5,2)]

=> P(B1=2/36=1/18.

PARAE EIL INCISD 2 EL ESPACIO DE EVENTOSE ES
s,=12,3,4,5,6,7,8,9,10,11,12}

PERO NC TODOS LOS BLEMENTOS (EVENTOS SIMPLES) SON IGUALMENTE PRODBA-
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BLES, YA QUE, POR EJEMPLO, EL 2 S0LO APARECERA SI S5E OBSERVA LA
PAREJA (1,1}, EN CAMBIO EL 3 APARECERA SI OCURREN LAS PAREJAS -
{1,2) © (2,1}, ES DECIR, EL 3 TIENE FL DOBLE DE PROBABILIDAD QUE
EL 2. POR ESTC, PARA CALCULAR LA PROBABILIDAD DE QUE LA SUMA -
SEA 7 ES NECESARIO TRABAJAR CON EL ESPFACIO S Y CONTAR LAS MANE-
RAS POSIBLES DE QUE LA SUMA SEA 7, LO CUAL QOCURRE SI SE OBSERVA
CUALQUIERA DE LAS PAREJAS (&,1), (5,2), (4,3}, (3,4}, (2,%) o -
(1,6}, ES DECIR, HAY 6 MANERAS ICUALMENTE PROBABLES DE QUE OCU~

RRA EL EVENTO A, POR LO TANTO

PROCEDIENDO DE ESTA MANERA SE PUEDEN CALCULAR LAS PROBABILIDA-—

DES DE QUE L& SUMA SEA 2,3,4, ETC. LOS5 RESULTADOS SON:

oy

PU21 = oy wP((3)) = 43 P((4)) = g3 P((5)) = 3g
DISTRIBUCION
P(6)) = 52; P({7}) = 3¢i PU(8}) = 525 P({9}) = ggip DB
PROBABILIDAOES
PI{10}) = 537 P((11}) = 32 ¥ P({12}) = 43

. 12
OBSERVESE QUE [ P{{1}) = 1.
i=2



METODO FRECUENCIAL

5I N{a) ES EL NUMERO DE VECES QUE SE OBSERVA EL EVENTO A (LA

FRECUENCIA DE A) AL REALIZAR N VECES UN EXPERIMENTO, LA FRECUEW

CIA RELATIVA DE A, DEFINIDA OM) N{A) AN, SE (DNSIDERA COMD ESTIMACION
DE LA PROBABILIDAD DE A, ES DECIR:

Py = A

YA QUE, EN EL LIMITE, P(A) = ;ff H&&-

EJEMPLO

DE UNA URNA QUE CONTIENE BOLAS ROJAS, BLANCAS Y AZULES, SE SACO
UNA BOLA, SE ANOTO SU COLOR Y SE REGRESO A LA URNA. SI ESTE EX-
PERIMENTO SE REPITE 20 VECES Y LOS RESULTADOS SON |
b,b,a,r,r,r,a,b,xr,a,b,b,a,r,b,r,r,a,r,a, DONDE

r = ROJA, b = BLANCA, a = AZUL.

(QUE PROBABILIDADES LE ASIGNARIA 4 LOS EVENTOS B=:{b},a = {al, y

R = {r), DE ACUERDO CON EL METODO FRECUENCIAL?

EN ESTA MUESTRA SE TIENE QUE N(B)=6, N{A})=6, N(R]=H, N-20

POR LO QUE P(B) = Eg = I%’ P(A) = f% = T%’ F(R} = ig - T% )

NOTESE QUE LOS EVENTOS B, A Y R GOW MUTUAHENTE EXCLUSIVOSL, YA QUI

500 EVENTOS SIMPLES, Y QUE

R, 1

P{B) + P(A} + P{R)] = 0t 1o

+ =1 = P(S5)

ol

EN.DONDE S = {r.,b,a,}.
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EJEMPLO

EN UN LABORATORIO SE PROBARON 100 VIGAS DE CONCRETO REFORZADC NOMI
NALMENTE IDENTICAS, Y SE ANOTARON LAS CARGAS CON LAS CUALES FALLO
CADA UNA, DE ESTA SUCESION DE EXPERIMENTOS SE ASIGNARON, EN TER
MINOS DE LAS FRECUENCIAS RELATIVAS CORRESPONDIENTES, LAS SIGUIENTES

PROBABILIDADES, CON N({A) = 17, N{B} = 24, N{C) = 27, N(D) = 13, N(E} = 11,
N(F} = &, ¥ N = 100:
SI A = {X: 0<X<20 ton}; P (A}

H

0,17 (17/100)

§I B = {X:20<X<40 ton}; P {(B]

1l

0,24 {24/100)

I C = {X:40<X<60 ton}: P {C} = 0,27 (27/100)}

SI D = {X:60<X<80}; P (D} = 0,13 {13,100}

SI E = {X:80<X<1QQ}; P {(E) = 0,11 {11/100}

SI F = {X:106<X}; P (F} = 0.08 ( 8/100)
rP(.] =1.00

SI SE REALIZA UNA VEZ MAS EL EXPERIMENTO, CALCULEMOS LAS SIGUIENTES

PROBABILIDADES ;

A} QUE LA RESISTENCIA SEA MENOR O IGUAL QUE 80 TON. PUESTC QUE

G = [X: 0<X<80 ton} SE TIENE QUE G= AUBUCUD, POR LO QUE
BP{G}) = P{A) + P(B} + P{C) + P{D) = 0,17 + 0.24 + 0.27 + 0.13 =
= Q.81 '

B) LA PROBABILIDAD QUE RESISTA MAS DE 60 TONS. PUESTO QUE

H = {X: 60<X<»} 0 H={X: X>60} SE TIENE QUE H = DUEUF,

POR LO QUE P(H) = P{D) + P(E} + F(F) = 0.13 + €¢.11 + Q.08 =0.32



16

C) LA PROBARILIDAD QUE RESISTA MAS DE 40 TON, PERO CUANDO MUCHQ
100 TON.
PUESTO QUE I = {X: 40«<X<100 SE TIENE QUE I = CUDUE

POR LO QUE P(I} = P(C) + P(D} + P(E} = 0.27 + 0,13 + 0,11 = 0,51

ASTGNACTION DE PROBABILITVADES MEPDTANTE UN MODELD MATEMATICO

MEDIANTE ESTE METODO LAS PROBABILIDADES SE ASIGNAN A PARTIR DL UN
MODELDO MATEMATICO QUE INVOLUCRE TCDOS LOS FACTDRES POSIBLES QUE -
INTERVIENEN EN LA ALEATORIEDAD DEL FENOMENOQ,

ASIGNACTON DE PROBABILIDADES MEDIANTE UN ANALTISTS SUBJETIVO PEL

PROBLEMA.

EN ESTE CAS0 LAS PROBABILIDADES SE ASIGNAN DE MANERA SUBJETIVA,
CON BASE EN LA EXPERIENCIA QUE S5E TENGA SORBRE UH PROBLEMA SEME-
JANTE, PROPIA Q AJENA, DE CARACTER TEORICO O EXPERIMENTAL.

TEOREMAS

DOS TEOREMAS IMPORTANTES QUE SE DEDUCEN A.PARTIR DE LOS AXIOMAS

SON:

TEQREMA 1.

€T A ES UN EVENTO DEL ESPACIO S, ENTONCES P(A} = 1-P(A)

DEMOSTRACION

PUESTO QUE A Y A SOMN MUTUAMIMTE EXCLUSIVOS
Y ADEMAS AUA= 5, ENTONCES P(S) = P(A) + P(A) = 1

3 P(A) = 1-P(A)

CAS0 PARTICULAR: PURSTO QUE P({S)=1-P({SI=0 Y S=f, SE TIEKE {QUE

P(g}y = 0.



TEOREMA 2.

SI A Y B SON DOS EVENTOS CUALOQUIERA DE 5, ENTONCES

P{AUB)=P(A}+P{B)-P{ANB)

DEMOSTRACTION

SEA EL DIAGRAMA DE VENU:

] =
- DEE

AUB= (ANBIU(ANB)U (BNA). PUESTO QUE ANB, ANB Y BNA SON MUTUAMENTE

EXCLUSIVOS, SE TIENE QUE P{AUB)=P(ANB)}+RANB)+P (BNR),
SUMANDO Y RESTANDO P(AAR) Y AGRUPANDO TERMINOS SE OBTIENE
P{AUB) = [P{AHB}+P}hnE}]+[P{Aﬂ5}+P{Bﬂi]]—P(ﬁﬂﬂ}

PERO A= (ANB)U(ANB)=>F (ANB)+P (ANB) =P (A)

bl

¥ B=(ANB)U(BNA)=>P{ANB)}+P(BAR)=P(B}, POR LO QUE FINALMENTE

P(AUB) =F (A)+P (B) ~P {ANB),



44

TEOREMA DE LA PROBABILIDAD TOTAL

SE DICE QUE UM GRUPQ DE EVENTOS ES COLECTIVAMENTE EXHAUSTIVO 81 LA

UNION DE TODOS ELLOS ES EL ESPACIO DE EVENTOS CORRESPONDIENTE.

A /Espucio de eventos

EN UN GRUPO DE EVENTOS COLECTIVAMENTE EXHAUSTIVOS ¥ MUTUAMENTE

EXCLUSIVOS, By, By,...,B , 5T A ES UN EVENTO CUALQUIERA DEFINIDO
EN EL MISMO ESPACIO, ENTONCES, APLICANDO EL AXIOMA 3, RESULTA
) ien
P{A) = P{Anﬁll + P{AnBEJ +...+ P(ARB )} = I P{AnBij

i=1

YA QUE LOS EVENTOS ANB; SON MUTUAMENTE EXCLUSIVOS y(Ans,)U{(ANBz1U..

TOMANDC LN CUOENTA OUE P{APLE-:L} = P{Bi}P{A|Ei} » SE OBTIENT FINAL-
MENTE L& ECUACICH

i=l’1 .
P{a) = i; P(B I (A|B,)
CON LA .CUAL SE DEFINE BL LLAMADD TEOREMA DE LA PROBABTLIDAD TGTAE:
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- TEQREMA D BAVES

CONSIDERANDO QUE P(B_NA)=P(ANB,), S5E TIENE QUE

1 J
Pta1nA1 P{hnﬂj}
PIBJIN) = 5r— = 51w
DE DONDE
P(B,)P(A|B.)
= j j 1
P{leh} =

151 P{Bi]Pihlﬁi]

ESTE RESULTADO SE CONOCE COMO TEQREMA DE BAYES. A LAS PROBABILIDADES

P(B_.} QUE SE ASIGNAN A LOS EVENTOS B, ANTES DE OBSERVAR EL EVENTO

3 3
A, S5E LES DENOMINA A PRIORT 0 PREVIAS; A LAS PROBABILIDADES Ptajlm QUE

SE OBTIENEN DESPUES DE OBSERVAR EL EVENTO A, SE LES LLAMA A POSTE-

RIORT O POSTERIORES.
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EJEMPLD

EN UNA FABRICA SE RECIBEN REGULADORES DE VOLTAJE DE DOS PROVEEDCRES,

B, Y B,,

UN REGULADOR TOMADC AL AZAR PROVENGA DEL PROVEEDOR Bl ES P{Bll=3f4,

EN PROPORCICN LE 3 & 1; ES DECIR, LA PROBABILIDAD DE QUE

Y DEL BZ ES P(le=1f4.
SUPONGAMOS ADEMAS QUE EL CONTROL DE CALIDAD DEL PROVEEDOR Bl ES

MEJOR QUE EL DE B DE MANERL QUE EL 95% DE LOS REGULADORES DE By

2!
TRABAJAN BIEN, Y SOLO EL 80% DE LOS DE E2 FUNCIONAN CORRECTAMENTE.
CALCULEMOS LA PROBABILIDAD DE QUE UN REGULADOR TOMADO AL AZAR FUN-

CIONE BIEN {EVENTO A}:
P{A|Bll = 0.95; P[A|B2} = 0,80

DEL TEOREMA DE LA PROBARILIDAD TOTAL:
P{Ap) = P{AlBl]P{El}+P{A|B2}P{Bz}

= 0.95 x 3 + 0.80 x 7 = 0.9125
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SUPONGAMOS AHORZ QUE LA PREGUNTA DEL PROBLEMA SE CAMBIA A: ¢CUAL

ES LA PROBABILIDAD DE QUE UN REGULADOR TOMADO AL AZAR PROVENGA

DEL PROVEEDCOR B;, SI 5E HIZQ UNA PRUEBA DEL REGULADOR Y SE OBSERVD

QUE FUNCIONA CORRECTAMENTE?

APLICANDO EL TEOREMA DE BAYEG:

| P(B,] Pua|311
P(B, |A] = BB, TP(E[ELT * P{B,} =
1 P[Bl}P(MBlHP >1 P(ATE, ! 1
% x 0,95 ) 8s

3 95 + 1 = 355 _ 0-78

Ex a. +'a"x D.E{)
LDEMAS

1
P(B,) P(A|B,) 7 % 0.80

P(B,|a] = 3.65 = yE5— ~ 022

4 - ]

OBSERVESE QUE

P(8,|a} + B(B,[a} = 0,78 + 0.22 = 1.00

] Lz

F

P (B

5]

4
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EJEMPLO

SUPONGASE QUE UNA PRUEBA PARA DETECTAR DIABETES 'TIENE UNA EFICIENCIA
DEL %5%, ES DECIR, SQLO EN EL 95% DE LOS CAS0OS SE DETECTA CON ELLA
LA DIRBETES EN UNA PERSONA QUE LA PBADECE, SUPONGASE TAMBIEN QUE EL
2% DE LAS PRUEBAS QUE RESULTAN POSITIVAS SON DE GENTE SANA, ¥ QUE EL

3 & DE LA POBLACION DE UNA REGION DE MEXICC PADECE ESTA ERFERMEDAD.

al <¢CUAL ES LA PROBABILIDAD DE QUE -UNA PERSONA SELECCIONADA AL -
AZAR FPUEDA SER DECLARADA DIABETICA PCR LA PRUEBA?

b} S5I LA PRUEBA DICE QUE ST ES DIABETICA, (CUAL ES LA PROBABILIDAD
DE QUE REALMENTE LO SEA?

SOLUCION
B,= {TIENE DIABETES}: B, = {NQ TIENE DIABETES}; S ={El,32}
E = {LA PRUEBA DETECTA DIABRETES!

P{BII = 0,43, P[le = (1,97

p{E{B;) = 0,95, P(E|B,) = €.02

al  P(E) = P(E[B,IP(D;) + P(E[B,IP(B,)
= 0,95 x 0,03 + 0,02 x 0.97 = 0.0479

P{Bllptﬂlall

bl P8R = -pig YPTRIE, VTP (B, 1P(E[E,T
1 F Bl 1 +F 52 FPILE EE

_ 0,03 x 0.95 - 0.59
T 0,03 x 0.%5 + 0,97 x 0.02 )
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EJEMPLO

TRES MAQUINAS A, B ¥ C PRODUCEN EL 50, 20 ¥ 30 %, RESPECTIVA-
MENTE, DEL TOTAL DE ARTICULOS QUE PRODUCE UNA FABRICA. LOS
PORCENTAJES DE DEFECTUOS0OS QUE CADA MAQUINA ELABORA SON 1, 3
Y 5, RESPECTIVAMENTE. SI SE SELECCIONG UN ARTICULOS AL AZAR

Y RESULTO DEFECTUOS0, CALCULAR LAaS PROBABILIDADES DE QUE HA-
YA 5ID0O PRODUCIDO POR CADA UNA DE LAS MAQUINAS.

Solucidn

Sea D= {ARTICULCS DEFECTUQS(QS}: ENTONCES

P(A) P(D|A)}
P{A}) P(D|A) + P(B) PI(D|B) + P{C} P(D|C)

P(A|D)=

CON P(A}= 0.5, P(B)= 0.2, P{C)= ¢.3, P{Dla}= 0.01,
P{D{Bl= D.D3 ¥ P{D|C)= 0.05

SE OBTIENE

0.5 x 0.01 L 0.005 _ .4
0.5 x 0.01 + 0.2 x 0.03 + 0.3 x 0.05 0.026

P(A|D)=

ANALOGAMENTE,
piB|pys 0:2 % 0.03 _ 0.006 _ 4 5y
0.026 0.026
p(c|pys Q=3 X 0.05 _ 0.015 _ 4 54
0.026 0.026

OBSERVESE QUE

P{A|D} + P(B|D) + P(C|D}= 0.1% + 0.23 + 0.58 = 1.00



VARTABLES ALEATORIAS

CLASIFICACION NE VARIABLES

FERENTES

VARIABLE:

TODA CARACTERISTICA QUE |
PUEDE ASUMIR VALORES DI

VARIABLES ESCALARES:

SON LAS VARIABLES QUE SOLO
ASUMEN VALORES NUMERICOS

VARIABLES MHOMINALES:

50N LAS VARIABLES QUE SO0LO
ASUMEN VALORES WOMINALES

l

VARIABLES CONTINUAS;

50N AQUELLAS QUE PUEDEN
TOMAR UN NUMERO INFINITO
NO NUMERABLE DE VALORES

(NOMBRES, ADJETIVOS, ETC)

VARTABLES DISCRETAL:

SON AQUELLAS NMUE PUEDEN AST]-
MIE UN NUMERO FINITO O UNO
INFINITO NUMERABLE DE VALO-
LES DISTINTOS

UNA VARTABLE ALFATORIA ES UNA VARIABLE TAL QUE NO ‘PUEDE PREDECIRST

CON CERTEZA EL VALOR QUEF ASUMIRA

AL REALIZAR UN EXPERIMENTO.

POR EJEMPLO, LA RESISTENCIA O CARGA DE FALLA DE UDNAS VIGAS ES UNR

+ VARIABLE ARLEATORIA, YA QUE ANTES DE ROMPER UNA VIGA TOMADA AL ALAR

NO SE PUEDE PRECISAR CUAL SERA SU RESISTENCIA. EN LA SIGUIENTE

TABLA SE PRESENTAN LOS5S RESULTAPOS EXPERIMENTALES CON 15 VIGAS DE

CONCRETO REFORZADO, OBSERVANDOSE QUE ESTOS VARIAN DE UNAS A OTRAS

DE MAMNERA ALEATORIA.
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PRUEBAS DE VIGAS DE CONCRET(O REFORZADO

Nimero de |Carga de agrieta- Carg;a de falla,
la viga miento, en kg, X en kg, Y
| 4700 4 700
2 3840 4220
3 3270 4 360
4 2310 4 680
5 2950 4270
6 » 4810 4 B10
7 2720 4 590
g 2720 4 490
Ed 4310 4310
10 2950 4 620
il 4220 4220
12 2720 4 340
13 27 4 340
14 2630 47710
13 2950 4 630

A TODO EXPERIMENTO SE LE PUEDE ASOCIAR AL MENOS UNA VARIABLE ALEA-
TORIA, DEPENDIENDOQ ESTA DEL PROBLEMA QUE SE TENGA PLANTEADO. POR
EJEMPLO, EN EL CAS0 DE LA RESISTENCIA DE LAS VIGAS DE VARIABLE

~

ALEATORIA PUEDE SER DIRECTAMENTE CICHA RESISTENCIA, EN CUYO

CAS0 SD ESPACIO DE EVENTOS SERIA
51 = {X: D«X<w=}
LA VARIABLE TAMBIEN PUDC HABER SIDO UNA CUYD ESPACIO DE EVENTOS

FUERA
52 = {EXITO, FRACASO}
EN DDﬁDE EL EXITOC QCURRIRIA 51 L& VIGA RESISTIERA MAS DE CIERTA

CANTIDAD, POR EJEMPLO 4600 KG, Y EL FRACASO OCURRIRIA SI RESISTIERA

MENOS, ES DECIR:
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EXITO: SI X>4600 KG

FRACAS0: BT X<4600 KG

LEYES DE PROBABILIDADES

EL COMPORTAMIENTG DE UNA VARIABLE HLEATDRIA SE DESCRIBE MEDIARTR
SU LEY OF FROBABILIPAPES , LA CUAL PUEDE ESPECIFICARSE DE DIFERENTES
FORMAS. LA MAWNERA MAS COMUN DE HACERLC ES MEDIANTE Sp _DIiSTRIBU-

_CION 0 DENSTDAD DE PROBABILIDADES,

A FIN DE EVITAR COMFUSICH , S5E EMPLEARA UNA LETRA MAYUSCULA PARA DEHOTAR
UNA VARIABLE ALEATORIA, Y LA MINUSCULA CORRESPONDIENTE PARA LOS5S

VALORES QUE PUEDE ASUMIR, SI LA VARIAELE ALEATORIA X ES DISCRETA

¥ PUEDE ASUMIR LOS5S VALORES X;, SU DENSIDAD DEF PROBABILIDADES,

E, (¢) SERA EL CONJUNTO DE LAS PROBABILIDADES
Pxixi} = P} = x1} i=1,2,...,n

LA CUAL SE LEE "PROBABILIDAD DE QUE X = xi". ESTO E&

fx{x] = [Px{xi']} i=1,2,...n

PARA QUE UNA DENSIDAD DE PROBABILIDADES SATISFAGA LOS TRES AXIOMAS
DE LA TEORIA DE PROBABILIDADES, SE DEREN CUI‘;IPLIR LOS S51GUILNTFES
REQUISITOS

A} UEPX{xi‘.i <1 FARA TODA X

n
B) £ Py{x.) = 1, DONDE n ES EL NUMERO TOTAL DE VALORES QUE
i1
PUEDE ASUMIR ¥
i=r
C) Plx, = Xsx, ) = iI Pylxgd @ MZT, DONDE LAS x, ESTAN
. - ,

ORDENADAS EN FORMA CRECIENTE, ES DECIR,

X,= Xzﬂ x3€ TS 4

i n
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3_ﬂISTRIEUCIﬂH VE PRﬂEAﬁILIPAﬂES ACUMULADAS O FUNCTON DE DISTRIBUCION

OTRA FORMA DE ESPECIFICAR LA LEY DE PRCEABILIDADES DE UNA VARIA-

BLE ALEATORIA ES MEDIANTE LA DISTRIBUCION DE PROBABILIDADES ACU-
MULADAS, Fx{x}, QUE S5E DEFINE COMC EL CONJUNTO DE LAS SUMAS PAR-
CIALES DE LAS PROBABILIDADES, Px[xi), CORRESPONDIENTES A TODOS

LOS VALORES DE X MENCRES O IGUALES QUE Xi. POR LO TANTO, ESTA

FUNCION DA LAS PROBABILIDADES DE (UE LA VARIABLE ALEATORIA TOME

VALORES MENORES 0 IGUALES QUE x  PARA CUALQUIER m, ES DECIR

Fx[x} = {Fxlxm]} ; m=1,2,...,n
EXN DONDE
i=m ’
Fx{xm] = I Pxixi} = P{xjxm}; m=1,2,....,0

iel

Y
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EJEMPLO

SEA X LA VARIABLE ALEATORIA DISCRETA "NUMERO TOTAL DII CARROS QUB S¥
DETIENEN EN UNA ESQUINA DEBIDO A LA LUZ ROJA DE UM SEMAFORO". SI
LAS PROBABILIDADES ASOCIADAS R CADA VALOR, DETERMINADAS POR EL

METODO FRECUENCIAL, SOM

0.1 SI =x =10
0,2 81 x =1
0.3 SI x = 2
px{x1=1ﬂ.2 SI x =3
0.1 SI x = 4
5.1 SI x = 5

0 5T x 6

1%

LA DISTRIBUCION DE PROBABILIDADES Y LA DE PROBABILIDADES ACUMULADAS

CORRESPONDIENTES SERAN

x | £y () | By (x) , |
<0 | 0 —»0 D, SI x < 0
D 0.1470.1_ 0,1,5T 0 < x < 1
1 '0.247&3 0.3,5T 1 = ¥ < 2
2 G.B-f:?-ﬂ.ﬁ O SEA  Fu(x%) =£0.6,S5I 2 ¢ X < 3
3 0.24570.3 0,8 81 3 < X < 4
4 n.1470.9 0,9, SI 4 < X< 5
s | 0.1451.0 1,0,SI 5 < X
" "
»6 | 0 -44-1.1:: '

LAS GRAFICAS DE ESTAS DISTRIBUCIONLS SE PRESENTAN EN LA FIGURA

DE LA SIGUIENTE HOJA.

x



D[ l l L 2 -

o 1 2 3 4 5 & 1 8B
a) Distribucion de probabilidades

%FX(:)
1L.O+ i_

= R

0.8

|
I
|
06 | [—’ ;

]
f
!
N

o2l |

{

o)
r
L
N -
LA
. )
-
-]

b)  Funcidn de distribucidn
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EJEMPLO

SEA LA VARIABLE ALEATORIA X DEFINIDA PCR LA SUMA DE LOS DOS NUMEROS
QUE NUEDEN HACIA ARRIBA AL LANZAR DOS DADGS., EN ESTE CASO EL ES-~
FACIQ DE EVENTQOS ES .

S‘ - {2;3r4p5fﬁf?fErg;lurllflz}
¥ LA DENMSIDAD DE PROBABILIDADES ES

2‘_3[_55_5 2

txlp{ =2 2, a8 4 3 _2
36% 367 36" 367 Jo' Te'.36° 36’ 36" 3In"T

}

Lt
b

=12

= 1 = —2 = _J"
Y £442) = g £,03) = 35,05, (12) = 53

EN ESTE CASO X,=2, X,=3,

ESTAS PROBABILIDADES FUERON CALCULADAS EN UN EJEMPLO PREVIO SOBRE

PROBABILIDADES DE EVENTOS .

COM ESTAS PROBABILIDADES SE PUEDE OBTENER LA FUNCIOW DE DISTRIBUCION

O DE PROBABILIDADES ACUMULADAS, DE LA SIGUIENTE MANERA:

x £} FAx) Fo(x)
4
<2 | o_. 0
2| 1/36 1/36 2*;3; “““““““““““““““““““““““““““
__________ S S
3| 2/36 3/36 et R RN
-4 3/36 6/36 3/36l———————ye- --:-._lr_ e i -
s | 4/36 10/36 2 /36— -ttt {-— -
6 | 5/16 15/36 ”“'"l“] 'I“ 1t T
7 6/36 21738 01 234 56 78 9310nNI12 X
8 | 5/26 26/36 Fylx)
9 4/36 30/36 3B IO e = —— ——— — —mm ==
10 | 3736 | 33736 154 I B
11 | 2/34 35/36 e8/ 38l oo e e . l:
' !
12 | 1736 36/36=1 R ) |
»12 | © 1 P |
----------- 1
£=1 18734 ) I |
o |
10/ 86}————— v = == = : ; i
e D
viv e s S I IR IR -
% 45 L] 1

et
[+

1 ¥ 3 4 T 112
¢ X
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EW EL CAS0 DE UNA VARIABLE ALEATORIA CONTINUA, X, L& PROBABILIDAD

DE QUE ESTA TOME UN VALOR COMPRENDIDO ENTRE x Y x + dx ESTA DADA

POR fx{x]dx, DONDE fxix}'ES LA DENSIDAD DE PROBABILIDADES DE X. POR

LO TANTO, LA FROBABILIDAD DE QUE X ASUMA VALORES COMPRENDIDOS EN

thxixl
EL INTERVALO x,<XiX, ES
P{x,<Xs<X,} ‘4‘1"
Xy. .
PlrysXsXy) = 7 "¢ 1) dx N
Xy X * = % & +X
1 2 =x+dx

LA INTERPRETACION GRAFTICA DE ESTA PRCBAEILIDAD ES QUE CORRESPONDE

AL AREA BAJO LA CURVA DE £, (x) COMPRENDIDA ENTRE X, ¥ Xy

PUESTO QUE F, (x) = P(X¢x) = P{~=<X<x), ¥ EN VIRTUD DE LA ECUACION

ANTERIQR SE TIENE QUE LA FUNCION DE DISTRIBUCION ES:

EXIXJ

P{X<x}
« =

Fplx) = f__ £ (0)dU

| . »X

DONDE U ES S50LO UNA VARIABLE MUDA DE INTEGRACION., EL VALOR DE ESTA

INTEGRAL ES IGUAL AL AREA BAJO La CURVA DE Fx[x} 4 LA IZQUIERDA

DE x. DE ESTA ECUACION SE CONCLUYE QUE

dFK{x] L g ®
—— © @ (F_ fX[U}dU} - fx{x}

ALGUNAS PROPIEDADES DE Fx{x} S50N:

ek b
Fy{-=) =0
Fyel=) =1

Fx{x + Eing{x], SI ex>D

*



Fx“‘z} -~ Fo{x) = P{x, s X<X,)
PARA SATISFACER LOS AXIOMAS DE LA TEORIA DE PROBABILIDADES SE
NECESITA QUE

N

fxtx] > 0 PARA TODA x

o

f fx{x] dx = 1

63
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EJEMPLO
UN INGENIERO ESTA INTERESADC EN DISERAR [NA TORRE QUE RESISTA LAS
CARGAS DEBIDAS AL VIENTO. DE UNA SERIE D'E OBSERVACIONES DE LA
MAXTIMA VELOCIDAD ANUAL DEL VIENTO CERCA DEL SITIO DE INTERES, SE
ENCUENTR2Z QUE EL HISTOGRAMA PUEDE AJUSTARSE RAZOMNABLEMEMNTE, DESDE

UN PUNTOQ DE VISTA ESTADISTICQ, MEDIANTE UNA PISTRIBUCTON DE PROEA-

BILYPADES EXPONENCIAL DE LA FORMA

Sry=KeM; x50 ¥ f (%) =0; x <0

DONDE ¥ ES LA MAXIMA VELOCIDAD DEL VIENTO,A ES UNA CONSTANTE ¥ K
ES OTRA CONSTANTE TAL QUE CBLIGA A QUE EL AREA BAJO LA CURVA DE

£,(X) SEA TGUAL A UNO. POR TANTO,

f Ke* ¥ dx =

o K
[(e*] = — =1
0 °e__*

o m e t————— eprm . 1 M R m

DE DOWDE
K = A

POR TANTO
fo(X) =A™ x>0

L FONCION DE DISTRIBUCION SERA

x X
Fy) = f fx W) du =f MMl m (=M = | — M x B
. 0 a 0

EL VALOR DE X SE PUEDE TOMAR, POR EJEMPLO, DE MANERA QUE F}{ {x)

SE AJUSTE PARA QUE 'COINCIDA CON UN VALOR EMPIRICO. ASI, S5I LA

FRECUENCIA RELATIVA DEL EVENTO A = {X<70 KM/Hl ES 0.9, ENTONCES

P(O¢X<70) = Fu(70) = 0.9

DE DONDE

0.9 =1 _e 102

POR LO CUAL X = 0.033,



0.033

Area= P35 X<70] = 0.216

- ﬂrEﬂ=F[I4D EX] = 0.0099
o e T T DS |
0 3% 70 140 210 280 350

Mdxima velocidag onuat del viento,en km/hr
a) Densidad de probabilidades de X
+FkﬁX)

1.0

Fo (70) =0.90

F_{353) = 0.685
0.5

| i ! ! !
0 35 TO 140 210 280 350
' Mdxima velocidad anual del viento,en km/hr

b) Funcion de distribucidin de X

-

Ley de probubilidades correspondiente al ejemplo de la mdxima
velocidad anual del viento

| - P{35-< ¥ = 70) = 0.90-0.685 =

67

0.215

SI SE DESEA CALCULAR, POR EJEMPLO, LA PROBABILIDAD DE QUE LA VELO-

CIDAD MAXTIMA DETL YIENTO EN UN ARD DADD ESTE EMTERE 325 Y 70 KMfH,
SE TENDRA: '
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£ 0,033e
35

P{354X470)

ng~04033x70_

=-0.0%9% + 0,315 = 0,2

E-U.D33x35

=0.033%g, _ [.,~0.033%

}

16

70
35

EN TERMINOS DE FX{KI ESTA PROBABILIDAD (UEDA DADA POR

P(35sX<70) = F, (70)-F, (35)=0.90-(1-¢

0.215

~-1,155

1=0.90-0.685

,~2.31,,-1.155 _

68
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FUNCION DE DISTRIBUCION COMPLEMENTARIA

EL COMPLEMENT(, GK{X}, DE LA DISTRIBUCION DE PROBABILIDADES
ACUMULADAS SU UTILIZA CUANDO LAS DECISICNES SE TOMAN CON BAGSE
EN PROBABILIDADES DE QUE SE EXCEDA UN VALOR DADO DE L& VARIABLE,

LA TUNCTON DE DISTRIBUCION COMPLEMENTARIA SE DEFINE COMO

G . (x} =P {X>x] = 1 - FX(XI

EJEMPLO
PARA EL PROBLEMA ANTERIOR DE LA VELOCIDAD MAXIMA ANUAL DEL VIENTQ,

CALCULEMOS LA FPROBABILIDAD DE dUE ESTA SEA MAYOR DE 140 KM/H:

~0.033%

-G, (140} = P(x>140] = ;7 0,33 dx = 0,0099
140
3, ALTERNATIVAMENTE
- -4,62
P(X2140) = 1-P, (140} = G, (140)= 1-(1-e 0 +073%140yo79:52_ 4 9099
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- ESPERANZAS

LA ESPERANIA DE UNA FUNCION g (X}, DE UNA VARIABLE ALEATORIA DISCRETA,

X, ES, POR DEFINICION

{g(X}) 0 { {x,)
E g X = L glx P {x
{1 S S |

O PARA UNA VARIABLE CONTINUA

E({X)) = / gix}f (x)dx

EJEMPLDS

CONSTANTE = ¢

1. SI gix}
Ee) = ¢ [ fylxldx » ¢

2, SI g(X)

X

E[ x] =57 x§,(x)dx

3. SI g{X) = a + bx ’ X ' '

Efarbx]= a 7 {yleldob [ xfyixbde = a+bE{X]

- -]

4. S8I g(X)= glix} + gE{X}

o o

I gltxlﬁx{xldx + f gz{xlﬁx[x}dx

= —

! E[gy (X) + g,(X)]

E{g, (x)] + E(g,(0)]

2
ax

B, SI g(¥X)

E{asz = afmxzfx{XIdx = 3 E{le

Lol ]
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EJEMPLO

SI X ES UNA VARIABLE ALEATORIA CON DENSIDAD DE PROBABILIDADES

EXPONENCTAL, CALCULAR L2 ESPERANZA DE LA FUNCION

EN ESTF CAS0C SE TIENWE QUE

=X
£ lx) = Ae % pSL OgX<e , ¥ £ {x) = 0, 5L X<

POR LO QUE

exX)=E[g(x)]= 5_ glxlfylxldx = 2 7 x'e Y dx

2 -hx @ = =

_.f-k"e 23 -k x =2 -hx _ 2
—:'s[—~;,‘—|‘j AR, e Thdx 55 [e {1+1x:|]n~—2
A A
EN GEMERAL, A LA ESPERANZA DE X° SE LE DENOMINA UVALOR MEDTO CUADRATICO.
t £y ix) EN EI, CASO DE LA VELOC.
A ANUAL MAXIMA DEL VIENTO
E{K2}= ———3—-a5 = 1836.55 (%?JZ
_ o % (0:033)
e
0
HMOMENTOS DE OREDEN n
a) RESPECTO AL ORIGEN, CUANDO g(X) = X"
Ex™ = E[gx) =_s"x" £ (x)ax

EJLMPLO: E{XEJ= MOMENTO DE 2° ORDEN RESPECTO AL ORIGEN
b) RESPECTO A LA MEDIR, cuando g{(X) .= [x - E{x)]"
Efx - Bo]® =" [% - E0]™ £ (0ax

EJEMPLD; Elx - E{x‘:]2 = MOMENTO DE 2° ORDEN BRESPECTO A LA MEDIA.
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MEDIDAS DE TENDENCIA CENTRAL

LA _MEDIA O ESPERANIA , E[X]|, DE UNA VARIABLE ALEATORIA, X, SE CALCULA
CON LAS ECUACIQNES ANTERIORES PARA EL CAS0 EN QUE g{X)=X. DE ESTA

MANERA, SI Ln VARIABLE ES DISCRETA, SU ESPERANZA (UEDA DADA POR

1=n

E{X) =L, x; Py lxil

DONDE n E5 EL TOTAL DE VALORES QUE X FUEDE ASUMIR,

PARA EL CASC DE UNA VARIABLE ALEATORIA CONTINUA, LA MEDIA ES

Leid

B =M, = E(X) = x§ylx]dx

-

OTRAS MEDIDAS USUALES DE TENDENCIA CENTRAL DE UNA VARIABLE ALEATO-
RIA SON LA MEDIANA Y EL MOD0. LA PRIMERA SE DEFINE COMO EL VALOR

DE LA VARIABLE AL CUAL CORRESPONDE UNA PROBABILIDAD ACUMULADRA DE

50%, Y LA SEGUNDA, COMO EL VALOR DE LA VARIABLE AL CUAL CORRESPON-

DE LA MAYOR PROBABILIDAD © EI, MAXIMO DE LA DENSIDAD DE PROBARILI-

DADES, SEGUN SE TRATE DE UNA VARIABLE DISCRETA O DE UNA COHTINUA,

RESPECTIVAMENTE.
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EJEMPLO

SI LA DENSIDAD .DE PRDﬁABILIDRDES OE L# VARIABLE ALEATORIA X CORRESPON
DIENIE A LOS ERRORES EN UNA NIVELACION, ES LA DE LA SEGUNDA COLUMNA

DE LA SIGUIENTE TABLA, LA MEDIA DE DICHA VARIABLE RESULTA SER 4 147
LA MEDIANA 4000 Y EL MODO 4000 MICRAS. LOS CALCULOS CORRESPOHDIEN-

TES SE LOCALIZAN EW LA TERCERA COLUMHA.

x., EN MICRAS PX"‘,{] x{.lexii, EN MICRAS Fx“ﬂ
0 6/60 0 §/60
1 000 2/60 2 000/60 B/&0
2 000 4/60 8 000/60 12/60
3 000 8/60 24 000/60 20/60

4 000 13/60 52 000/60 33/60:0.5

5 000 12/60 60 000/60 45/60
6 000 7/60 42 000/60 52/60
7 000 4/60 28 000/60 56/60
8 000 2/60 16 000/60 SB/60
3 000 2/60 18 000/60 60/60
TOTAL: E[X} = 250 000/60=4 167 MICRAS

LA MAXIMA PROBABILIDAD ES 13/60, POR LO QUE EL MODO VALE 4000 MICRAS.
POR QTEA PARTE L& PROBARILIDAD ACUMULADA DBEL 50 POR CIENTD SE EXCLEDE

Ll X; 0= 4600, POR LO QUL LA ifEDIANA VALE TAMBIEN 4001 MICRAS,
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EJEMPLO
CALCULAR LA ESPERANZA DE UNA VARIABLE ALEATORIA CUYA DENSIDAD DE

PROBABILIDADES ES5 TRIANGULAR DADA FOR

£, Y)Y = % y + %- SI -2<y<?
F ly) = T3y + 5 SI Dey<d ‘
f ly) = 0 51 yz-2°'0 y24

- 4

. - 1 X+ La
E(Y) S yE vy = _{2 yiE + Jlay + [y yigh + PW

L

3 20 i 2
Y_ LY -2
X5 + £E|-2+ I+ 5], = 3
EL, MAXIMO DE ESTA DENSIDAD DE PROBABILIDADES SE FPRESENTA XN Y = o,
FOR LO THE
HODO = 0
POR OTRA PARTE EL 50 POR CIENTO DE PROBABILIDAD ACUMULADA SE COMPLE
TA EN EL VALOR GQE Y QUE CUMPLE CON

2
- I ¥

Pely) # 0.5 = 5 - 35+ L
RESOLVIENDD ESTA ECUACION DE SEGUHDD GRADO SF EHCUENTRA -

MEDIARA

0.536
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EJEMEPLO

CALCULAR LA ESPERANZA DE UNA VARIABLE ALEATORIA CON DENSIDAD DE

PROBABILIDADES EXFPONENCIAL

-AX
£ (x) = e
o - - . e AX @
B = /7 xf adx= 2 Txe™Max = A [ —anx)] =3
- o A
r 3
£ 00
A
j
— o
o ||
E{X) = 1/

MODO

MEDIARA = 0.693/A

EL MAXIMOQ DE fx[x} ES5TA EN x=0, POR LO QUE
MODO = O

EL 50 POR CIENTO DE L& PROBABILIDAD ACUMULADA SE COMPLETA EN EL

VALOR DE X QUE CUMPLE CON Fx{xl = 0,5=1 = E_lx
DE DONDE
MEDIANA = —2M 0.5 . 0.693

A A

DONDE in E5 LOGARITMO NATURAL.
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MEDIDAS DE DISPERSION

[WNA MEDIDA MIY CCMIN DE 1A DISPERSICN O VARTABILIDAD DE LOS VALORES QUE
PUEDE ASUMIR UNA VARIABLE ALEATORIA ES LA VARTANCIA, LA CUAL SE

DENOTA COMO 02[}{} O vaR (X), LA CUAL SE DEFINE COMO LA ESPERANZA

DE LA FUNCION g{X) = [x—E{xJ]z. ARSI, PARA UNA VARTABLE ALEATORIA
_DISCRETA
2 t=n 2
0 {X) = VAR(X)} = I (x; - E{X) Py txy)
i-—:1
Y PARA UNA CONTINUA
2 ® 2
o (XY = VAR(X) = L. ix - B{(X) fxix}dx

DESARROLLANDO EL INTEGRANDO DE ES5TA ULTIMA ECUACION:

f{xP-2xEx) + B (0, (x) dx

I

uzixl

(=] - [2-]

= 7 xPE, (x)dx - 2ZE(X)f %f, (x)GX4E° ()] Fytx)dx = E[x°]-2%{x]

—r

ES DECIR, LA VARIANCIA SE PUEDE CALCULAR COMO LA DIFERENCIA DEL

VALOR MEDIO CUADRATICO Y FL CUADRADO DE LA MEDIA DE X.

OTRAS MEDIDAS DE DISPERSION DE LA VARIABLE ALEATORIA X SON LA

PESVIACTON ESTANDAR, o (X),LA CUAL ES IGUAL A LA RAIZ CUADRADA DE I._ah

VARIANCIA, Y FL COEFICTENTE DE VARIACION QUE SE DEFINE COMO'

u[}{:l=c{_}(},-"'E'[X]l , BI E(X}#0



EJTEMPLO

a0

EN LA SIGUIENTE TABLA SE CALCULA LA VARIANCIA DE LA VARIABLE ALEATORIA

CUYA DENSIDAD DE PROBABILIBDADES SE PRESENTO EN EL ETEMPLO

ANTERIOR (E(x) = 4167 MICRAS)

X; ~E(X) : (x, -E(.xJJ2 Pylx;) (x; -E(K}JZFX[xi},
EN MICRAS |  MICRAS® EN MICRAS
-4 167 | 17 363 889 6/60 1 736 388
T -3167 | 10 029 889 2/60 334 320
-2 167 4 695 889 4/60 313 058
-1 167 1 361 889 8 /60 181 585
- 167 27 889 13/60 6 042

833 593 889 12/60 138 777
1 833 3 350 889 7/60 391 987
2 833 8 025 889 /60 535 058
3833 | 14 691 8829 2/60 489 729
4 833 | 23-357 B89 2/60 778 596

TOTAL:

4 405 551 MICRASZ= o? (X)

LA DESVIACION ESTANIMK Y EL COEFICIENTE DE VARIACION DE ESTA VARIABLE

ALEATORIA SOM, RESPECT TVAMENTE ,

2215

g(X) = & 405 551 = 2 215 MICRAS, ¥ v(¥X)= o(0)/E(X) = = 0.531

T A 187
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EJEMPLO
51 ¥ ES UNA VARIABLE ALEATORIA CON DISTRIBRUCIOW DE PROBABILIDADES
EXPONENCIAL, CALCULAR SU VARIANCIA, DESVIACION ESTANDAR Y COE-

FICIENTE DE VARIACION:

02 (x)

EIKFE[K]]E = ‘rw{x'E[}{]}z:’*E_lxdx = X ."ml'.xz—sz[X1+E2[X]]e_']‘xdx
0

=2 "x%eMax —2e[x1rs"xe M *ax + E2[x] sTe T ¥ax
0 i) Q

1 1
+ =
LA

=
s L

2

= -2
32

2 2

YA QUE E(X} = 1/x ¥ E[x%]=e 2/x°,

USANDO LA PORMULA o2 (X) = E[KE] - Ez[xl, Y TOMANDO EN CUENTA QUE

E[xzj = 22?2 sE oBriENE:
sf iy = 2/2% - 1N = 1’

EN CONSECUENCIA, LA DESVIACION ESTANDAR ES

n{Xy = flflz = 1/

Y EL COEFICIEMNTE DE VARIACION

wiM) = o(X)/E(X)

li

= |-1>-||-‘
1
1__..
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EJEMPLO

SEA Y UNA VARTABLE ALEATORIA CON DENSIDAD DE PROBABILIDADES

TRIANGULAR DADA POR

1 1l
fY{Y] =Y + 3 SI -2<y<0
-1 1
fY{Y} =0 5T v<-2 0 y>4

CALCULAR LA VARIANCIA, LA DESVIACION ESTANDAR Y EL COEFICIENTE DE

YARIACICN.

CALCULAREMOS PRIMERC EL VALOR MEDIC CUADRATICO PARA LUEGC APLICAR

LA ECUACION uzty} = E{Yzl - EZ{Y}

1 1 o ! o '4 )
E[v?] = ;%27 ¥+ Jdy + !y (-r3 + Py =l¥g + &1, "%_' %"

02 (¥)

2-12/3) %=14/9
oY) = 1.25 ( /Td79 )

v (¥) 1.25/(2/3) = 1,88

H

EJEMELD
5T SE HACE LA TRANSFORMACION Y= ax, (CUANTC VALE LA VARIANCIA

BE Y EN TERMINOS DE LA DE X?

b

QElx) Y E(¥2)= a’m(x?)

I

DE LO VISTQ ANTERIORMENTE, E(Y)

o (1) = E(v?)- EX(v) = 2’ mix?) ~a?Blix) =2 [B(x Y e 2 (xifa e (k)
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DISTRIBUCTONES PARTTCULARES
VARTABLES ALCATORIAS DISCRETAS

DISTRIBUCTON RINOMIAL O DE BERNQULLI

LA DISTRIBUCION BINOMIAL 0 DE BERRKROULLI SE EMPLEA COMO DENSIDAD
DE PROBABILIDADES DE VARIABLES ALEATORIAS DISCRETAS ASOCIADOS

A EXPERIMENTOS EM LOS QUE SOLO HAY (O S0LO IMPORTAN) DOS RESUL-

TADOS POSIBLES, UNO DE LOS CUALES USUALMENTE SE DENOMINA "EXITO"

¥, EL OTRC, "FRACASO". (S = [EXITO, FRACASO}).

SEAN p= PROBABILIDAD DE CBSERVAR "EXITO" AL REALIZAR UNA VEZ
EL EXPERIMENTO
g= PROBABILIDAD DE "FRACASO" = l-p
X= VARIABLE ALEATORIA "NUMERO DE EXITOS OBSERVADROS AL REPETIR

n VECES EL EXPERIMENTO "CON REEMPLAZO"

LA DISTRIBUCIOW DE PROBABILIDADES BINOMIAL ES

fix) = ETTEfETTIqun-x : x =0, 1,...,n

SE PUEDE DEMGSTRAR QUE LOS PRREHETRGS DE E5TA DISTRIBUCION S0OH

E{X) = np , cztx} = npg

REFERENCIA: W. BEYER, "HANDBOOK OF TABLES FOR PROBABILITY AND

STATISTICS", THE CHEMICAL RUBBER, CO. (1966).



84

DEMOSTRACION

85I n=2, ENTONCES X PUEhE ASUMIR LOS WALORES 0, 1 ¥ 2, ES DECIR

E={D,l,2}. EL ESPACIO DE EVENTOS DEL EXPERIMENTC ES

= { {FRACAS0O, FRACASQ), {(EXITO, FRACASO), (FRACASC,EXITO),
LY rl [ - ri N, -

Sy

1-

X =0 X =1 X =1

JEXITO, EXITO)}

TN

X =12

£, (x) ={f, (o), £ (1),f,(2))
OBSERVESE QUE x=0 OCURRE DE UNA MANERA, x=1, DE DOS, ¥ x=2, DE
UNA, ESTOS RESULTADOS SE PUEDEN OBTENER PERMUTANDG DOS GRUPOS,
ONG CON x ¥ EL OTRO COW n-x ELEMENTOS:

1 f
2 1 : P({0}})=qx a=q = pa

yi
=]
¥
o
=
L
L
[
I

=1 oFy 1~ T = 2 i PUL1Y) = 2pq
_ 2! _ . B _ L2 _ 2.0
=2 EPE;G E‘TJ{—DT =1 i P[{z}} = BXpP = P = bp'q
2
EP({i}) = c12+2pq+132 = {p+q12 =1
i=(

{GESER?ESE QUE LOS ELEMENTOS DE Sl NG SON IGUALMENWTE PROBABLES, A

MENOS QUE p= g = 1/2.}



ST n =3, 8 =1{0,1,2,3], e = EXITO Y f = FRACASO, ENTONCES

5.= {{f,f,f}, {Erfrf}p {f,e,f]l, Efrfre:’r {Efelf}l' {Erfje}r

(f,e.e}, {e,e,e)}

3! k!
x = [0; 3Pn13=m- = 1 : P{{D]‘l =1 p{]qa =g
3! 2
a! : 2
X = 2: 3P2,12?T§TT =3 ; P{{2}) = 3p'q
x = 3"3P3,n=§%§ﬁT =1 ; E{{3}1=lp3qD=P3
I P{{1})=(p+q) =1
i=0

PASANDO AL CASO GENERAL DE CUALQUIER VALOR DE n, LA PROBABILIDAD

DE QUE OCURRAN x EXITOS ¥ n-x FRACASOS EN UN ORDEN DETERMINADO ES

P(X=x) = piq" ~

EN VIRTUD DE LA LEY GENERAL DE MULTIPLICACION.

UN ORDEN POSIBLE SERIA, POR EJEMPLO,

EX1TO, EXITO,..., EXITO, FRACASO,..., FRACASO
- F | > -
X n—x

"
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AHORA HIEN, LOS x EXITOS PUOEDEN GCURRIR EN HPK n__xDRDENES DISTINTOS,

¥

CADA UNO CON PROBABILIDAD p g’ , FPOR LO TANTO, EN VIRTUD DE LA
LEY GENWERAIL, DE ADICION, LA DISTRIBUCIOEI DE PROBABILIDADES DE X

RESULTA SER

n X n-x
D g

)= ST

H }C=U,1p..-rn

LA CUAL SE CONOCE CON EL NOMBRE DE__ BINOMTAL O DE BERNOULLT.




LA ESPERANZA DE LA DISTRIBUCION DE BERNOULLI ES

n

n! % nex 0 n! ®_nN-¥
E{(X] = I X—=+——Pbp = E X - P g
%=0 x!{n-x)! =1l ®x () !

_ n (n-1) ! x-1_n-x _ n-1

= np L (x- T {n-x7T P 9 = np{p+q) = np
¥=1 " " o,
N e

{P+an 1

LA VARIANCIA DE LA DISTRIBUCION BINOMIAL ES

s2(X) = E[ (X-E(x)}%] = E{(X-np)?]

PERG E[{K-np]2]=E[X2—2npx + nzpzl = E[X + X(X-1) - 2npX + nzpzl

=E{{1—2nplk] + E[K{X—l]]+ E{nzpzl

_ i 2.2 o n. X _Nn-x _
=({l-2npinp + n'p° + E )T P d xix-1)
x=0
=np—n2p2 +
=

in-2)! .2 ¥x=2 n-x

ol

inp-nzp? + nin—l]p2 L
. ‘\_x=2

NnrpQ

in-2}! -2 n-x
x-2yfin—xjr P 9

=np-n’p? + nin-1)p°(pta)""? = np-npZ=np(l-pi=npq

EN RESUMEN, PARA LA DISTRIBUCION BINOMIAL,

E{X) = np i czixl = npq ; g (X} = +vnpg

86
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EJEMPLD

S1I CON BASE EW LA EXPERIENCIA DE MUCHQ TIEMPQO SE SABE QUE UNA
MAQUIKRA IMPRIME COLORES DEFECTUQSOS EN UN 5 POR CIENTO DE LAS
VECES, CALCULAR LA PROBABILIDAD DE QUE pE 10 IMPRESIONES SE
OBTENGH:

a. NINGUNA DEFECTUOSA
b. UNA DEFECTUOSA _
c. MAS DE UNA DEFECTUOSA

ASIMISMO, CALCULAR LA MEDIA Y LA DESVIACION ESTANDAR DEL NUME
RO DE DEFECTUOSAS.

Solucifin

SEA EXITO = TMPRESION DEFETUIOSA
EN TAL CASO p = 0.05 Y g = 1-0.05 = 0.95

a. NINGUNA DEFECTUOQSA ES5 LO MISMO

QUE X = 0; ENTONCES n=x= 10-0=10 ¥:
' .
P(x=0)= £_(0)= —0> = 10 - (0.05)%(0.95) *°
x x! (n-x)! 0! (10-Q)°

106.
10!

t0.95y 1%0.509 = 59.90%

b. (A DEFECTUOSA ES LO MISMO
{JUE &% = }; ENTONCES n-x = 10-1 = 9 ¥:

Pix = 1) (0.05) L 0.95)°

10",
1: 9-

fxil} =
= 20 % 9° 14.05){0.6302) = 0.315
9!
c. MAS DE UNaA DEFECTUOSAR ES LO MISMO
OunL x » 1

1-P(X £ 1) = 1-[P{x = 0)4p{x = 1)]

pix > 1}

1-{0.599+0.315) = 0.086



E{x) = np = 10x0.05 = 0.5

o®{x}= npy = 10 x 0.05 x 0.95 = 0,0475

gix) = /" 0.0375 = 0.2179

EJEMPLD

RESOLVER AHORA EL IMNCISO L., DEL EJEMPLO ANTERIOR,

EN QUE p = 0.1

10°

96

FARA EL CASQO

Pix = 1) = 29 _ (0.10)2(0.90) *=0.3874=138. 74%

10 9!

USANDO LAS TABLAS DE LA DISTRIBUCION BINOMINAL:

{f = x} 0 {X £ x-1} = {¥X £ x}

POR LO TANTC P{X = x} + P{X < x-1} =

Y P{X =x}= P{X =z x}) - p{X < x-1}
EN ESTE EJEMPLO x = 1 y x-1=0, POR LO QUE
Pix=1} = P(Xg1) — P({X & 0}
= 0.7361 - 0.3487 = 0,3874

P{X 2z x}
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" DISTRIBUCION DE POISSON

UNA DISTRIBUCION DE PROBABILIDADES PARA UNA VARIABLE ALEATORIA DIS-

CRETA, X, DE LA FORMA
f:-( (x) =

SE LLAMA DISTRIBUCION DE POISSON; EN ESTA ECUACION X ES UNA CONSTAN

TE. SE PUEDE DEMOSTRAR QUE LA MEDIA Y LA VARIANCIA PARA ESTA DIS-

TRIBUCION QUEDAN DADAS POR

B = LBy xgr— =
-
2 A%
ca2ix)= LEy (-t S or— = A

UNA VEZ CONOCIDA A, CON ESTA DIéTRIBUCION SE PUEDEN CALCULAR LAS5 PRO
BABILIDADES DE QUE UN.EVENTO OCURREA x VECES.

ES POSIBLE DEMOSTRAR QUE LA DISTRIBUCZION DE POISS0N PUEDE EMPLEARSE

COMO UNA PROXIMACION DE LA DE BERNOQULLI, TOMANDO A = np, CUANDO n

ES GRANDE ¥ o} PEQUEN&, PERC DE TAL MANERA QUE npg » 1. AL RESPECTO,
ST n=20 ¥y p=0.0%, ENTONCES EL ERROR QUE SE TIENE AL USAR DICHA APRQ
XIMACION ES MENOR DE 3 POR CIENTC PARA VALORES DE X ﬂENURES CE 3;

PARA X=4 y X=5 LOS ERRORES RESPECTIVOS SON 15 Y 41 POR CIENTO, DEBI
DO A QUE NO SE CUMPLE CON LA CDNDICIDN.DE QUE npg SEA MAYOR DE UMNG,

YA QUE npg = 20x0.05x0.95 = 0.95
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EJEMPLO
H
5T LA PROBABILIDAD DE QUE FALLE UNA VARILLA DE ACERD AL APLTCARLE

t
UNA DETERMIMADA FUERZA DE TERSIOW ES5 DE 0,001, ¢CUAL ES LA PROBA-
{

BILIDAD DE NUE DE 2000 VARILLAS PROBADAS FALLEN A} TRES, B) MAS

DE DOS57Z

-

CON A = 2000 x 0.001= 2 Y CONSIDERANDO QUE npq = 19>1,SE PUEDE
}

USAR LA DISTRIBUCION DE POISSON COMO APROXIMACION DE L& BINCMIAL:

k] =k

4
a) PAX = 3] =—
25 e"l

T 0.18

PIX = 3] =

{
CON LAS TABLAS: P [X=3] =0.857-0.677=0.18
EN ES5TE CAS0 LA DISTRIBUCION BIMOMIAL DA COMO RESULTADO

2000! 1597

31 x1957" =0.184

p(x=3] = (0.001) > (0.999)

b) ﬂX>M=1~PW¢H-1m&wh1~FHnﬂ+

2“ E-: mn E-’! ai e—i
+PLX=‘3+PL¥'2Q=I' o T TE T
12 2 5
Sl e Lo =023

CON LAS TABLAS: P [X »2] =1-0.677=0.323
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EJEMPLQ

UNA COMPARTA ASEGURADORA DESPUES DE -MUCHOS AROS DE EXPERIENCIAlHA
HaA ESTIMADO QUE EL 0.064% DE L& FOBLACION FALLECE ANULAMENTE POR AC-
CIDENTE AUTDMOVILISTIC&. SI ESTA COMPARIA TIENE 40,000 ASEGURADOCS,

{CUAL ES5 LA PROBABILIDAD DE QUE 2 DE ELLOS HUERAN EN UN ARO POR ESTE

TIPO DE ACCIDENTE?

SEA X EL NUMERCO DE PERSONWAS QUE MUEREN ANUALMENTE DE ENTRE LOS5 ASE-

GURADOS, POR ACCIDENTE, LA MEDIA DE X ES
E[(x] = 0.00004 x 40,000 = 1.6 =»

ADEMAS , TOMAMDO EM CUENTA QUE npg*l, SE PUEDE USAR SIN GRAN ERROR

LA DISTRIBUCION DE POISSON:

b | x -1.6
p[x=x] = - lx? _ {l.ﬁile : x=0, 1, 2,
POR LO QUE
] ' 2 -1.6
P [x=2] = [1.5}2? _ 0.2019 x 2.56_ _ o 26

+

LA DISTRIBUCION DE PROBABILIDADES PARA ESTA VARIABLE ALEATORIA ES:

X 0 1 2 3 4 g 6
fx[x} 0,202 0.323 0,258 0,138 0.055 n.018 . 0.005 ' -

$£,(x)

0.3

a.2 !
0.
1l
2 3 4 5

4 1
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EJEHPLO
EN LA AMPLIACION DEL CARRIL PARA DAR VUELTA A LA IZQUIERDA EN UNA
AVENIDA, SOLO HAY CAPACIDAD PARA 3 AUTOS CUMQ MAXIMO ESPERANDO

LA FLECHA LUMINOSA DEL SEMATORO, EN UN ESTUDIO ESTADISTICO DEL
TRANSITO EN ESE LUGAR SE ENCOMNTRO QUE EN CADA CICLO DE LUCES DEL
SEMAFORO HAY EN PROMEDIO 6 AUTOS QUE VAN A DAR VUELTA. (CUAL ES
La PROBABILIDAD DE GUE EN UN CICLY REL SEMAFORQO, TUMHDd AL AZAR,

SE CONGESTICONE EL TRANSITC POR EXCEDERSE LA CAPACIDAD DEL CARRIL?

G(3)= P[x>3] = ?

SI A={X»>3}, A ={X<3)

P{AY = 1-P(A) O P{A)= 1-P(A}. CON i=6,
- ¥e=3l ®=3 e—ﬁsx
P(R) = P[X<3] = £.(x) =1 S——
- - w!
x=a0 x=[} .
2 3 .

PR =e 5(1 + 6 + g_ + g_} = 61e”% = 0.151
Pp[a] = P[x>3]) = 1-0,151 = 0.849

AL
1%

P [x >3}= 1-P[X<3]= 1-0.151=0.B49

DE LAS TABLAS:
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PROCESQ ESTOCASTICO DE POISSON

CON BAGE EN LA DISTRIBUCION DE FOISSON SE PUEDE DEDUCIR QUE LA DISTRI-
BUCION DE PROBABILIDADES DEIL NUMERD DE OCURRENCIAS DE UN EVENTO

DURANTE UN PERIODO t QUEDA DADA POR

£,(x) = P[X = x EN UN LAPSO t]

“it
(e} ™ e
Ey(x) X7

DOYDBE

4 = NUMERO MEDIQ DE OCURRENCIAS POR UNIDAOD DE TIEMPO,

LA ESPERANZA Y LA VARIANCIA DE ESTE PROCESO, PARA UN LAPSO t, SON

E{X) = it

02 (X} = it

PARA QUE ESTA DISTRIBUCION SE APLIQUE SE REQUIERE QUE EL EVENTO

OCURRA CADA VEZ DE MANERA INDEPENDIENTE DE LAS OCURRENCIAS PREVIAS,

Y QUE % SEA CONSTANTE. A A SE LE CONOCE COMO INTENSIDAD DEL PROCESO;

A 5U RECIPROCO, i,";\ SE LE DENOMINA ' PERIODO DE RECURRENCIA,

ti = tiempo de ocurrencia de i&simp evento

e e 3 Tiempo, horas
t t )

X # 7 8

5 -

4

3

Z

1

» Ticmpo, horas -
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__EJEMPLO
EN UNA CENTRAL DE COMUNICACIONES SE TIENE UNa IDE!-'LFLNDPL MEDIA DEL
SERVICIO DE B LLAMADARS CADA MINOTO. CALCULAR LAS PRORBABILIDADES
OE NUE EN 2 MINUTOS MO SE SOLICITE EL SERVICIO, DE QUE S5E SOLICITE

S0LO DNA VEZ, Y MAS DE URA VEZ.

Bx2

0 - _
£ (0) = plx=0] = 2E 2 - &71% = o.00004
1 -16
16 e -
£,41) = 188 0.00064

P[xhl] = 1 -~ {(0.00004 + 0.00064) = 0.99932
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EJEMPLO

MEDIANTE UN ESTUDICO ESTADISTICO SOBRE LA OCURRENC1IA DE MAREMOTOS

EN LA COSTA MEXICANAR DEL OCEANO PACIFICC SE ESTIMO QUE UNA QLA

DE 4m DE ALTURA O MAYQOR SOBRE EL NIVEL DE LA MAREA TIENE UM PERIO-
DO DE RECURRENCIA DE 1Ub ANOS., CALCULAR LAS PROBABILIDADES DE QUE
EN LOS PROXIMOS 10, 50 y 100 A0S WO OCURRA NINGUN MAREMOTC EN DICHA
REGION CUYA OLA MAXIMA EXCEDE DE 4m, SUPONIENDO QUE LA OCURRENCIA

DE LOS MAREMOTOS SE PUEDE MODELAR MEDIANTE UN PROCESO ESTOCASTICO

DE POISSON.
LA DISTRIBUCION DE PROBABILIDADES DE LA VARIABLE ALEATORIA X=NUMERO
DE MAREMOTOS CUYA QLA MAXIMA ES MAYOR DE 4m, CON x=1/100=0.01 ES

_ag¥eT?t _(0.01e o—0.01¢
- x! B x!

fxix}

POR LO TANTO, PARA t=10, 50 Y 100 ANOS, SE TIENE, RESPECTIVAMENTE,

QUE:
| 0_-0.01x10
a) £.(0) = 10.01%10) e _ o1 _ g gps
x Di‘
_ 0,-0.01x50  _
6!
0_-0.01x100 _, °
c) £,(0) (D'UIX1G31 g - &1 = 0.368

PARA ESTE MISMO PROBLEMA, LAS PROBABILIDADES DE QUE OCURRA AL MENOS

UN MAREMOTO CON OLA MAXIMA MAYOR DE 4m SCN, RESPECTIVAMENTE,
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al P[x21] = 1-£,(0} = 1-0.905 = 0.095
b} P[X>1] = 1-0.607 = 0.393
c) P[X»1] = 1-0,368'= 0,632
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EJEMPLD

5E SABE QUE UNA HMAQUINA QUL PRODUCE PAPEL PARA DIBUJO, LO HACE
CON UN DEFECTO POR CADA 100 M FABRICADDS

a. (CUAL ES LA PROBABILIDAD DE TENER CERO DEFECTOS
EN UN PLIEGC DE.ZD Mz

A= 1/100 = 0.01 PEFECTOS /METRO

0 it ' 0.-0.01x20
Pi(x = ) = (At)e - _{ﬂ.ﬂlxﬂﬂ)ﬁe _
x! 0!
¢ _p.2
0.2)e - 0,820

o!

{EN ESTE CASO t = LONGITUD]

k. ¢CUAL ES LA PROBABILIDAD DE TENER UN DEFECTO EN 20m?

4 _
-0,2 -
{0.2)e = 0.164
11! ‘

P{Xx = 1)

¢, 2CUAL ES LA PROBABILINDAD DE TENER UNQ Q@ CERQ DEFEC~
TOS5?

PO £ x £1) =P(X=0) + P(X =1} = 03820 + 0,164=0 984

d. ¢CUAL ES LA PEDBAEILIDHh DE TEHNER MAS DE UN DEFECTO?

P(X » 1) =1 - P(X<1) =1 -70.984 = 0.016



113

EJEMPLG

SE SABE QUE EN CIERTA ZONA GEOGRAFICA SE LOCALIZA UNA ESPECIE
ANIMAL RARA A RAZON pPE 2 EJEMPLARES POR 100 KME. 51 S5E TOMA
UNA FOTOGRAFIA AEREA QUE ABARQUE 120 KME, {CUAL ES LA PRORA-

BILIDAD DE LOCALIZAR 5 ANIMALES?

COMN A= _2_ = .02 M‘IIMALES}KH2
100
5 .t 3 _0.02 x 120
X! 51
5 ~2.4°
2.4 o 19626 _ oo

5! 120 X 10.943

{EN ESTE CAS0 t= AREA)

aéUﬂL ES LA PROBABILIDAD DE LOCALIZAR UM ANIMAL?

1-2.4
P(x = 1) = =28 " . 0.219

1

¢CUAL ES LR PROBABILIDAD DE NO TLOCALTZAR NINGINO?

0 -2.4
P(Xx =0) =f240e "~ _ 409

0!
¢CUAL ES LA PROBABILIDAD DE LOCALIZAR MAS DE UNO?

P(X > 1) =1 - P{X < 1) = 1 - (0.219 + 0.091) = 0.630
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5E FUEDE DEMOSTRAR QUE+ }

CUANDGO UN EVENTO OCURRE SIYIGUIENDOD UN PROCESO DE POISSON, LA VA-
RIABLE ALEATORIA "TIEMPO ENTRE UNA OCURRENCIA CUALQUIERA Y L&
SIGUIENTE" TIENE UNA DISTRIBUCION DE PROBABILIDADES EXPONENCIAL,

EJEMEL{D

SI LO5S MAREMOTOS QUE 5E REGISTRAN EN UN PUNTO DE LA COSTA ME-
XICANA DEL CCEANQ PACIFICO DCURREﬁ SIGUIENDD UN PROCESD DE POI-
S50N CON A = 0.01, CALCULAR LA PROBABILIDAD DE QUE ENTRE UN
MAREMOTO ¥ EL S5IGUIENTE TRANSCURRA UN TIEMPO

a. MAYOR DE 100 ARGS
b. ENTRE 50 Y 1G0 AROS

m -+
a. P(t > 100) = ‘f Aettar e o0 00 X 100 =1 Sl o4
100 '
100
b. P(50 < t < 100) = M[ 0.01 e 9% ®4¢ = F(100) - F(50)
50
— L1 I ""--5
(1 - 70401 x 100 o 0.01 x 5@, _ ~0.5_ rl_

0.6065 - 0.3679 = 0,2386 ' .
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VARTABLES ALEATORTAS CONTINUAS

PISTRIBUCION UNTFORHE

SE DICE NUE UNA VARIABLE ALEATORIA CONTINUA, X, TIENE DISTRIBUCION

UNTFORME ENTRE X = a ¥ X = b(k=a} 5I

fx (x) = CONSTANTE =

=L
1A
k.
1A

-

E - a

LO QUE SIGNIFICA QUE LA PROBABILIDAD DE OBTENER UN VALOR ENTRE
® ¥ % + dx ES LA MISMA PARA CUALQUIER x COMPRENDIDA ENTRE a ¥ b.

LA GRAFICA DE DICHA DISTRIBUCION ES

£lx7 §

1
k~a

R R T Y

x

s
7

o - - b
adx

=i\

Dlstnibucdfn uniforme de una variable aleatorin continua

LA ESPERANZA Y LA VARIANCIA DE LA DISTRIBUCION UNIFORME SE CALCUTAN

DE LA SIGUTENTE MANERA:

b ] xt b bt &
) — d - — e e—— b
AR Sl brr) Ml s R

b b 2 R 1 2
ElX
UE{X} = f {XhEEX]}Z E%H dx = [ E%a'dx + f l—%:%l" dx -
a a a
P 2xE(x
- 2xE{x}
- ; a-b  9X

b ,' 1 ;
- [soslt (P95 L - [5= L
b - a | B (b — o)

= ——m—— + (E[X]P — EIX) (B + @) =
T b WD - ELX) =
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La DISTPIBUCION DE PROBABILIDADES ACUMULADAS ES

M
Fxtx}= f fx{u}du= f

«
1 _ X-a
b-a 9% % boa

a

LA GRAFICA DE ESTA FUNCION ES UNA LINEA RECTA DE a A b:

L

inx}

| g

EJEMPLO

JCUANTO VALE LA
ES UNA VARIABLE

TERVALO 0-17

PARA a =

PROBABILIDAD DE QUE X SEA MENOR QUE 1/3, 51
ALEATORIA CON DISTRIBUCION UNIFORME EN EL IN-

i-a
x—a=3
L - a b - a
0 Y = 1 NOS QUEDA
1
1-0
3 _ 1
1 -0 3
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DISTRIBUCTON NORMAL

UNA DE LAS DISTRIBUCIONES DE VARIABLES ALEATORIAS CONTINUAS MAS

UTIL ES LA TPISTRIBUCTION NORMAL © DE GAUSS, DEFINIDA POR LA ECUACION

, T £ () AREA .= 50%
2

fxfx} - _l_____ E_{x”u) /2a (

a/2r

= X
L
DOWDE uw ES5 LA MEDIA Y o L& DESVIACION ESTANDAR DE X.

51 S5E BACE LA TRANSFORMACION

2 = (X-w)/o (E(Z)= E{x ;

F4
u ]=E[x‘,iﬂ-u = 0: 0?(2) ug(xl = 1)

ENTONCES LA ECUACION ANTERIOR SE REDUCE A LA LLAMADA FORMA ESTANDAR,

COYA ECUACIOM ES

2 2
£, (z) = 1 ;22 gy = fF L 7T/2 g,
LT z s /7

EN ESTE CAS50C LA VARIABLE ALEATORIA Z TIENE DISTRIBUCION NORMAL CON

MEDRIA TGUAL A CERD ¥ VARTANCIA TGUAL A UNG.

EXISTEN TABLAS PARA CALCULAR LAS PROBABILIDADES DE UNA YARIABLE AGO-
CIADA A UNA DISTRIBUCION NORMAL ESTANDAR., EN LA SIGUIENTE FIGURA

SE MUESTRA LA FORMA DE CAMPANA DE ESTA DISTRIBUCION, OBSERVALDOSE

LA SIMETRIA RESPECTO A Z2=E{Z}=0 ¥ QUE E5 ASINTOTICA AL EJE 2.
fz {2z}

Arep=68.27 %

Areg= 13,55 %
brea=2.14 %

o7

Areg=9%_45 "
Area=93. T3 %

-3 -2 =t ] } 2 3
"

[t
.

DLsinibicidn normak de una vandabfe afeatoria continua
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LA UTILIDAD DE LA DISTRIBUCION NORMAL ESTANDAR RADICA EN QUE

e M

2f,(z)dz
1

Plx

x
xsx,] = 74f (x)dx = p[z <2cz
X
1

1 2]

5]

DONDE
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TABLA 3 |
5 {z
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z
1w
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-3 |.0013
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5
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FUNCION DE DISTRIBUCION NORMAL ESTANDAR f>{z)}
F 1 2‘;2
F,lzy = ) e~V d
. u
s L V2
Q z
Z| "o la 2 3 4 5 4 7 8 9
O 5000 (5040 3080 5120 JSLED SIDv %2319 5279 MR 5149
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1719554 %864 9571 9SED L5SDL 9599 gE0R  SE|6 9625 9673
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EJEMPLG

COMZ RESULTADD DE UNA LARGAE SERIE DE EXPERIMENTOS PROBAWDCO A COM-
PRESION SIMPLE CILINDRCS DE CONCRETO, SE HA ESTIMADO QUE LA ESPERAN-
ZA DE LA RESISTENCIA ES DE 240 KGXCHz Y L&A DESVIACION ESTANDAR DE

30 KGICMZ.

&) (CUAL ES5 LA PROBABRILIDAD DE QUE QOTROD CIL&NDRD TOMADO AL AZAR

RESISTA MEMOS DE 240 KGXCME?

B. ¢CUAL ES LA PROBABILIDAD DE QUE RESISTA MAS DE 330 KGECHE?

C} CUAL ES5 LA PROBABILIDAD DE QUE SU RESISTENCIA ESTE EN EL INTER-

VALO DE 210 A 240 KG/CM%?

SUPONGASE QUE LA DISTRIBUCION DE PROBABILIDADES ES NORMAL.
SOLUCTAN,
A) PARA EMPLEAR LAS TABLAS DE DISTRIBUCION NORMAL ES NECESARIOQ

ESTANDARIZAR LA VARIABLE ¥, EMPLEANDO u=240 Y o=30, CON xl=24ﬂ:

_ 240 - 240
S 30 =0

RECURRIENDO A LA TABLA DE LA DISTRIBUCION NORMAL SE ORTIENE

PiXx<240] = pl[z<0} = 0.5

0 SEA, LA PROBABILIDAD QUE CORRESPONDE AL AREA SOMBREADA DE LA SI-~
) i
GUIENTE FILNRA:

‘ingzf

Il=ﬂ

Distribucidn normal correspondiente al inciso ¢ del ejernplo
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B) EL VALOR ESTANDARIZADO DE LA VARIABLE, PARA X,=330 KG/cMZ, ES

, = 330 - 240 _ 4 ,
1 30

POR LC QUE )

P{X > 330] = Pp[Z>3] = 1-0.9987 = 0.0013

QUE ES EL AREA SOMBREADA DE LA S5IGUIENTE FIGURA:

* fzi"f}
I 0,0013
- F
F—30—

Distribuicién normal correspondienie al inciso b del efemplo

C) LOS VALORES ESTANDARIZADOS DE LA VARIABLE, PARA xlFZID Y
x2=24D SON +
_ 210 - 240 _ '
Z1 30
, - 240 - 240 _ .
2 30

POR LO QUE

P{210 <X <240) = P[- 1cZ<0] = 0.3413

L]

V-4

Z=-1 2,20

Disiribucién normal correspondiente al iniciso ¢ del ejemplo
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EJEMFPLO

SE HA ENCONTRADO QUE LA WARIABLE ALEATORIA "ERROR EN LA MEDI-
CION DE LAS DISTANCIAS ENTRE DOS5S PUNTOS" TIENE DISTRIRUCIOHN
NORMAL CON MEDIA CERO. S8I SE SABE QUE EIL, TAMARO VERDADERO DE
UNA LINEA ES DE 2 M Y QUE LA VARIANCIA DE SUMEDICIQON ES BCHE,
CALCULAR LA PROBABILIDAD DE QUE EH UNA MEDICION LA LONGITUD
QUE 3E REGISTRE SEA

a. MENOR DE 1925 CM
b. MAYOR DE 203 CM
‘¢. COMPRENDIDO ENTRE 198 Y 202 CM.

a. P(X <1953) = ? CON pu = 200 CHM Y o = v 9 = 3 CM

7 = 195-210 e B -1.67

P(X <195)= P(2<<1.67)=0.0475=4.75%

& |

b. , _ _203 - 200 _ ,

3

BIX > 203) = 1 - P{} £203)= 1-P{2<1) = 1-0.8413=0.1587=15.87%
c. P(198 < X ¢ 202} = ?

2= 128 = 200 . 567, 5 = 202 200 - g.67

1 3 3

P{198B< X <202) = P{-0.67< 2 <0.67)=2x0.2486=0,4972=42,72 %

{z)

0,24865
0.2486
0.2514

-0.67—* 0 Lo.67
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TEQREMA CENTRAL DEL LIMITE

SEAN LAS VARIABLES ALEATORIAS X CON DENSIDADES DE

1% Ry
PRDBEBILIDRDES_ARBITRHRIES,CUYA SUMA SE DEMOTARA COMD W, ES DECIR

W-}['Fx +..-+x

1 2 k

ES POSIBLE DEMOSTRAR EL TEOREMA DENOMINADO TEOREMA CENTRAL DEL LIMITE,

CUYO ENUNCIADC INDICA QUE_CONFQORME AUMENTA EL NUMERC DE_VARIABLES.

INVOLUCRADAS EN LA SUMA ANTERIOR (AL AUMENTAR k), LA DENSIDAD DE

PROBABILIDADES DE W TIENDE A SER LA DISTRIBUCION NORMAL. ADEMAS

24 e Hk TIENEHN

DISTRIBUCION WORMAL, ENTONCES, RIGUROSAMENTE, W _TAMBIEM LA _TIEME,

S5E FUEDE DEMOSTRAR QUE ST TODAS LAS VARIABLES Xl;k

INDEPENDIENTEMENTE DEL NUMERO DE VARIABLES QUE APAREZCAN EN LA SUMA,

A PARTIR DEL TECREMA DEL LIMITE CEMNTRAL SE DEMUESTRA QUE LA DISTRI-

BUCTON DE BERNOULLI S5E PUEDE APROXIMAR MEDTIANTE LA NORMAL CUANDG. EL

MUMERO DE REPETICIQNES DEL EXPERIMENTO ES GRANDE (30 O MAS), CON
L0 CUAL SE LOGR&" UN AHORRQ CONSIDERABLE DE LABOR NUMERICA EN LA
SOLUCION DE ALGUNOS FROBLEMAS. PARA MEJORAR ESTA APROXIMACION,

CONVIENE EFECTUAR UNA CORRECCION POR CONTINUIDAD, LA CUAL SE JgS-

TIFICA POrR USAR UNA DISTRIBUCION CONTINUA EN VEZ DE UNA DISCRETA,

SUMANDO O RESTANDO, SEGUN SEA EL CASO, 0.5 AL VALOR DE X QUE SE

USE. POR EJEMPLO, 5I SE DESEA CUANTIFICAR LA PROBABILIDAD DE QUE
DE 2000 EHMSAYES SE LOGREN DE 3 A & EXITOS, LOS LIMITES RERLﬁS QUE

SE DEBEN USAR AL APLICAR LA DISTRIBUCION CONTINUA SON xl=2.5 Y

x2=6.5. -
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RESUMEN

Se presenta un criteric para la evaluacifn probabilistica de riesgo sismico
cuando se cuenta con informacifn geotecténica y sismolfigica. Los procedi-
mientos sugeridos se basan en el emplec de la evidencia geoldgica para la
formilacidn de un conjunto de hipbtesis alternativas sobre los modelos anali-
ticos de s$ismicidad. Se asigna una distribucifn de probahilidades a dicho
conjunto y se i.ntmduce. 1a evidencia estadfstica para juzgar la validez de,

cada hipdtesis y modificar la probebilidad asipnada inicialmente a ella,

ABSTRACT

A criterion is presented for the probabilistic evaluation of seismic risk
when geotectonic and seismological information is available. The procedures
suggested relylﬂh use of geological evidence for the formulation of a set
of ﬂteﬁate hypotheses concemning snalytical models of seismicity, A
Probability distribution is assigned to thatrset and statistical evidence:

is introduced in order to assess the probable validity of each hypothesis

and to modify the initial probability initially assigned to it.






1. INTRODUCTION

Rational formulation of engineering decisions in seismic areas requires
probabilistic assessment of the maximum intensities that may occur at a site
in given time intervals. Unlike variables that are relevant in many other
decision problems, where probabilities are eSt.'i.mated--almDst exclusively an
the basis of relative frequencies of the outcomes of -repetitinns of a given
experiment, seismic risk estimates should make use of infnfmticr; stemming
from sources of different nature, some of which, while belng the cbject of
probabilistic evaluations, can not be interpreted in terms of relative
frequcn-cies. Thus, geolcgists talk of the maximm magnitude that may be
generated in a given area, by looking at the dimensions of the gological
accidents .and by extrapolating the absm;:rvaticns of other regions which
available evidence allows to brand as similar to the ome of interest.
Following nearly parallel lines, -sme geophysicists estimate the eénergy

that can be 1liberated by a single shock in a given area by making quantitative



assumptions about source dimensions, dislocation amplitude and stress drop,
consistent with tectonic models of the region and, again, with comparisons

with areas of similar tectonic characteristics, Statisticians, on the

L
-

other hand, are prone to base their predictians.éf the future excluéiVEly

on the basis of observations on a sample, however scanty that sample may be.

None of these aﬁprmaches, by itself, suffices to provide a éatisfactarf
answer to the requirements of decision makers: purely statistical analysis
is unacceptable because it neglects a wealth of relevant information, and

it is not clear that bounds can always be assignedrta magnit;des in given'
areas, or that, when this is feasible, those bounds are sufficiently lng
tha} designing for them is economiczlly sound, even if they are not very
likely to occur in the near future, In fact, some studies relating source
dimensions, stress drop and magnitude show that, considering not unusually
high stress drops, it does not take very large source dimensions to get mag-

‘nitudes 8.0 and greater,

A criterien for combining the above approaches in the probabilistic assess-
ment of seismic risk is presented in this paper. Its philosophy consists

in using the geological, gecphysical or any Gth?f pnn~statistic§1 evidence
fbr,p}oducing a set of alternate assumptions concerning a mathematical
(stuchqstié process) mxdel of seismicity in a given sourve area, An iﬁitial,
or prior, probability is assigned to each hypothesis, and the statistical
information is then used for improving that pruéability assigrment, The
criterion is based on application of Bayes theorem, also called the theorem

of the probabilities of the hypotheses. A previous formulation (1) has



eévolved through the interaction of multidisciplinary groups in the develop-
ment of seismic risk studies performed in the last few years in Mexico (2-4).
Since Estlmates of risk depend on conceptual models of the geophysical
process LnVQIVEd and these are little known at present, more questicns are

raised here than sclutions given,

2. MEASURES OF SEISMIC RISK

Let y be a measure qf garthquake intensity. According to the preblem at
hand, ¥ may be peak ground accelerétian, velogity, spectral ordinate for a
given natural period, or, shortly, any variable that determines the response
of the system under study, This means that a relati;n can be established

" between the intensity of a given earthquake and the currESPGHding loss D(y).

A commontly applied criterion assumes that 5ei5mic risk should be measured
by the highest intensit? that can be caused at the site by the largest-
magnitude earthquake that can be generated at any.uf the potential seismic
sources in the vicinity, However, engineering Sy;tems cannot always be
designed for the worst possible cendition to be expected Instead, decisions
have to be based on cost-benefit studies, When d351gn1ng for earthguakes,

a significant cost term is made of the value of the expected actualized
cost of damage or failure, as givén by the following equaticn:

; - E [F] -f s e dt. | ()
. ! ' n . .
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Here, e’ is a campound interest actualization function, y the interest

rate aqd 6, the expected cost of damage or failure per unit time at instant
t. Itstvalue can be obtained frem Eq 2, where v (¥) (in general a fimction
of t) is the mean mmber of earthquakes per ﬁnit time whose intensity is .

greater.than y and D{y) is defined aboveX

s, = [ {—— b oy (2)
b 3y '

From Eqs 1 and 2 and the corresponding cost-benefit studies,-it is conclud-
ed that evaluation of seismic risk for engineering purposes implies the
definition of function ut(yj (henceforth called regional seismicity), This

can be done as shown in the sequel.

3. MAGNITUDES, INTENSITIES AND FREQUENCY FUNCTIONS

With the possible exception of the rare cases where the record of intensi-
ties at a site suffices for producing reliable estimates of utfy]. evaluat-

ion of seismic risk should include the following steps:

ai Identifying the potential sources of activity

b} Formulating mathematical models of local seisaicity for each source

¢} Obtaining the contribution of each source to v {y) and adding up
contributions of the various sources,

* Fga, 1 and 2 imply that every time that scme damage or failure cccursg the
system is repaired or rebuilt in such a manner that the function D{y} re-
mains unchanged. Ceorreapending expressions can be obtained for mere general
cenditions (19), In general they require no mere information about the
mathematical model of seismicity. '

Ly



This section deals with step ¢). The rest of the paper is devoted to the

more difficult problems relevant to steps a| and b).

Let A (M) (alsc a function of time, as is regional’ seismicity) be the mean
number of earthﬁuakes with magﬁitude greater than M generated per unit
volume and per unit time in a given seismic source, If a deterministic
relationship M(y, X) holds between magnitude M, intensity y.at a site, and
focal coordinates X of an earthquake, v, (y) and X (M) can be related as |

foliows:

v = [ x My av (32)
vol )
Ihless some information is available concerning systematic effects related
te a piven origin and a given site (attributable either to lecal soil or
to propagation path ﬁrﬂperties}, the influence of X is a function only of
distance R, either to the instrumental focus or to the causative fault,

Eq 3 then becomes:

vol

oy [ xR (3b)

r

A number of empirical or semi-empirical expré;siuns relating M, R and ¥
have been proposed. A summary of them is given in Ref 5. The1au1hur has
made use of infbrmatiﬁn in Refs 6-8 in order to derive expressions relating
magnitudeF hypocentral distance and various measures of intensity on firm
grbund,_such as peak ground acceleration and of velocity (respectively a,

' v, A and V) (9). These expressions are of the form-
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y=bh e R (4)

where R' = R + R;; R nust be given in kilcmeters and bl . 1::2 ’ bs and R, are
given in Table 1, which alsoc shows the mean m and the standard deviation

g of the natural logarithm of the ratio of observed to computed intensities,

TABLE 1. EXPRESSIONS RELATING HﬂiEHl.TUDE, INTENSITY AND HYPOCEWTRAL DISTANCE

Expression for: I:l h1 hs Ru m a

v (em/sec) 32 1.0 1.7 25 0.124 0.74
a (cm/sec?) ‘5 @00 | 0,8 [ 2,0.| w0 | o,04 0.64
V (co/ssc) 250 | 1.0 | 1,7 | 60 | 0,058 } O0.6u
A (cm/sec?) 69 600 | 0.8 | 2.0 | 70 | O 0.75

The significant dispersion of these expressions, imﬁlied Ly the high valpes-
of o, is due mainly to their having been obtalned from data of earthqﬁakes

. ariginating in different sources and having different mechanisms and propa-
gation paths, The form of Eq 4 gives place, moreover, to a faster variation
of.intensities with respect to magnitudes iIn the near field than ﬁhat oCcurs
in nature because the liberation of energy is distributed throughout volures
whose dimensions can be significant with reépect to the site-to-source dis-
tance. This relatively low sensitivity of y with respect to M in the near.
field has been verified in practice at least for earthquakes produced by a
strike-slip mechanism (10, 11). This effect can be répresented by expressions
as simple as Eq 4, if b, is taken, for instance, of the form b,=A + BR/(C *+ R),

,

For wide zones in the earth's crust, A(M), the average value of X (M) over

long time intervals, can be approximated as follows,



A -ﬁl'e""u for M < M,
' (5)

- - M

AR = o, © for M > M
" where B, » 'El » M, 1s a magnitude beyond which there is a higher rate of
decrease of A(M) with magnitude: continuity at M Tequires that n:.:2 equal

o, exp ((8, - 8) M.

As a result of the statistical dispersion in the expressions relating M,-

X and v,” Eq 3 has to be changed to the following:

e [ Aoy e e ®
“va ‘

where v (¥, X) is a corrective function that can be computed as described
in Ref 21,

4. ANALYTICAL MODELS OF SEISMICITY

As has been pointed out, when engineering d:ecisi_r:ms concerning construction
in seismic areas have te be made, it does not suffice to expressl local
seismicity in terms of an upper bound for magniti.;des, the probability of
whose excedance is arbitrarily assumed to be negligibly small. Instead, it
should be expressed in terms of the probability distribution of the maximum
magnitude that can be generated at given sources during given time periods.

These probabilities dei}end on the following functions: .

a) Frequency-mignitude relations for small volumes of the earth's crust
b} Statistical correlation functions of the process of earthquake gene;atiun
in time and space..



The aﬁallytiqal models of local seismicity ﬁostulated in this paper are
stochastic ﬁrncesses of the renewal t}ri:e: the time interval between occur-
tence of successive earthquakes having magnitudes greater than a given
value . are mutually independent random variahles.. Llet T be any such time

interval, Its probability density fumction will be assumed of the gamma

type:

v {ut]k-l e 0

() =

Her;e, v and k are two positive mmbers and al is the factorial function of
a, This distribution was adopte& because a wide mmber of distributicns can
be approximated b}' it, if parameters v and k are properly chosen (17). v
am.:l k are telated with the first two moments of the probability density

function of T:

B(T) - kv, V(T = 1//% (8)

where E means expectation and V ccefficient of variation.

The probability density fimctien of the wainting time T s from the origin

.. to the occurrence of the first event, differs from Eq 7, since the time

‘.elapsml between the last prier event is usually unknown, The distribution
of T, -::;c;im:ides with that of the excess life in a renewal process at an
arbitrary value of t that tends to infinity.. The corresponding probability
density fimction has been shown to be (18)

& (0 = 71&-)—:1 - E (1)) &



where F (t) is the probability distribution fimction of the time between suc

cessive events.

An important function in decisions under seismic hazard conditions is the
conditional distribution of the additional time to next event; vhen it is
known that there have been no events for a time t,. If t, is measured
from the instant just following the occurrence of an event and if

1= (T - £,)/E(T) and y = t,/E(T}, then

(10)

The Poisson process is the particular case of the gamma process for which
k= 1. In that instance, Eqs 7, % and 10 lead to

t

L= & O &, T> tn]tf_rl_'o (LI T>t)=ve™ (1)

which reflect the non-informative property of Poisson process: at any given
instant the conditional probability density function of the time to next
event does not depend on the time elapsed since the last one.

Explicit expressions for evaluation of the conditional and the unconditional
probability density functions of T and 1} for the general gamma process are

given in the appendix,

The Poisson process assumption is ordinarily adopted in probabilistic seis-
mi¢ risk studies. It is difficdlt’eitQEr to substantiate it or to Teject

it in general on the basis of statistical data alone, since these are scanty,

k
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particularly in small areas or for large magnitudes. After consideration
of the geophysicﬁl ;ﬁrucesses in play it 1s reasonable to cenclude, however,
that if strain energy stored in a region grows in a more or less systematic
manner, the risk function should grow with the time elapsed since the last

| event, Preliminary statistical analysis of the waiting times between
earthquakes with magnitudes 6.5 or 7.0 and greater in some seismic provinces
in the southern coast of Mexico shows that if shocks occurred in the same
seismic province within a few manths of each other are lumped together as
single events, t!'lrs resulting distribution of waiting times can be ap-
proximated by a gm function with k = 2, However, results have not been
wniform. Reliable evaluations of altemate assumptions concerning k will
have to rest partially on simalation of the.t process of stuﬁge and liberation

of strain energy.

According to Eqs 1 and 2, the actualized value of the expected cost of

" damage or failure is a function of v, (¥), which is a function not only of

A(M) in the neighbouring seismic sources, but a2lso of the probability 1
distribution of T/E(T). The possible significance of the value of % in the
variables that affect seismic-design decisions can be inferred from Table 2‘

' whn:h compares the m1t1al and the conditional expected values of the time

tu next event, as well as the actualized values of the expeeted cost of
-failure for the Pu1ssrm and the gamma processes, These gquantities were
computed by means of the expressions developed in the appendix. The actualized

value of the expected cost of failure was cbtained from the expression that

follows, . '
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D

= f Lt L Tt ) e dt
]
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(12)

This expression is consistent with the assumpticns that a structure fails

when a given intensity with retum -period E(T) is exceeded, that the cost

of that failure is D, and that the system is not rebuilt after failure. %

was taken as 2, and two values of yE(T) were considered: 10 and 100,

_TABLE 2. COHPARISON DF POISSON AND GAMMA PROCESSES

GAMHA PROCESS, & = 2 POISSON PROCESS

ELF)/0 E(l T ta ) E(F) /D

v, LEGITe } | Elr 1T2 ) [YE(T)=10 [YE{T)=T100 [=E(r | T2g, [ YE{T)=10 [ yE{T}=100
0 1,0 0,75 . | 0.0278 0.0004
0.1} 0.92 0.73 0.0511 0.0036
0.2-| 0.86 0.71 0,0675 0,0059
0.5| 0.75 0.67 . | 0.0973 0.0180 1
1 0.67 0.63 | 0.120 0.0132 1.0 0.6909 0.0099
2 D.60 0.58 |a.139 0.0158 -
5 0.54 0,54 0.154 0,0179
10 0.52 0.52 0.160 0.0187 ~ |,
00 0.50 0,50 0.167 0.0196 i
o

This table shows very significant differences between the expected cost of

failure for both processes. At small values of t  E(F)/D for the Poisson

process is’ greater than that for the gamma process, but as time goes on

and ne earthquakes occur, E(F)/D grows gradually for the gamma process, until

the actualized risk for the latter becomes nearly twice that for the Poisson

pmcess:. Clearly, the problem is significant when making engineering

decisions.

1
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Improved analytical models of seismicity should alse cover those observed
cases where the sources of large shocks move systematically aleng faults,
This can be done by means sf Markov ﬁrncess models; but extensive seismolo-
gical and geophysical studies are required before the range of aﬁplicahility

of those models can be established and their parameters estimated.

5. ELEMENTS IN THE ESTIMATION OF LOCAL SEISMICITY

. Only exceptionally can frequency-magnitude relations for small valumes of the
esrth's ¢rust and statistical correlation functicns of the process of earth-
quake generatien be derived exclusively from statistical analysis of recorded
shocks. In most cases this information is too limited for that purpose asd it
cften seems te contradict geological evidence, Since the latter, as well as its
connection with seismicity, is beset with wide margins of uncertainty, infor
"mation of a different nature has to be evaluated, its uncertainty analysed,
asd conclusions reached that are comsistent with all pieces of informat;an.

A probabilistic criterion that accomplishes this is presented here: on the
basis of geotectonic iﬂfbrmation and of cnnceptual medels of the physical

1 processes involved, a set of alternate assumptlons‘ssn be mads cuncernlng

the fhnct1nns in quest1cn (frequency-magnitude, time and space correlatien)
and an initial probability distribution assigned to-it; statistical informa-
“tion is used to judge about-the likelihood of esch.nssuﬁption, and a -posterior
‘probability distribution is obtained, How statistical information contributes
to the posterlor nrobabilities eof the alternate assumpt1uns depends on the
extent of that information and on the degree of uncertainty implied by the
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initial probabilities. Thus, if the geological evidence supports confidence
in a particular assumbtinn or range of assumﬁtinns; statistical information
should not greatly modify the initial probabilities, If, en the other hand,
a-lnng and telizble statistical record is available, it may ﬁracticnlly
determine the form and ﬁarameters of the mathematical model selected to re-

present local seismicity,

Analysis of geological infﬁrmatian mist consider local details as well as
general structure and evulutinn: In some areas it is clear that all poten-
tial earthquake sources can be identified by surface faults, and-their dis-
placements in recent geclogical times measured, Whén mean displacements per
"unit time can be estimated, the order of magnitude of creep and of energy
liberated by shocks and hence of the frequency-magnitude law can be establish

| ed (12, 13), the corresponding uncertéinty evaluated, and the initial proba-
bility distribution assigned, The fact that frequency-magnitude relations
are only weakly correlated with the size of recent disﬁla:ements is reflect-

ed in large uncertainties [14].I

Application of fhe criterion ﬁescribed in the foregoing paragraph may be
Iupfeasihle or inadequate in many practical prnhlaﬁs, as in areas where the
abundance of faults of different sizes, ages and activity, and the insuf-
ficiént accuracy with which focal coordinates are, determined preclude a dif-
ferentiation of all sources. Regicnal seismicity may then be evaluated
under the assumﬁtinn that at least part of the seismic activity is distri-
buted in a given volume rather than concentrated in faults of different

importance, The same situation would be faced when dezling with active
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zones where surface evidence of motions does not exist. Hence, consider-
ation of the overzll behaviour of complex genlpgicai structures is in

general more significant than the study of loczl details,

To the authors's knﬂwledge; not muéh work has been dnqe in the analysis of
the overall behaviour of larpe geological structures with respect to the
energy that can be expected to be liberated per unit volume and per unit
‘time in given portions of those structures, Impcrt;nt research and applic-
atinﬁs should he expected, however, since, ;s a result of the contribution
of éﬂdern plate tecfﬁnies theory to the inderstanding of large scale tecto-
nic processes, the mumerical values of some of the variables correlated
with energy liberation are being determined, and can be used at least to

. obtain orders of magnitude of expected activity alang‘plaﬁe boundaries,
“Far less understood are the cccurrence of shocks in apparently inactive
Lregions of continental shields and the tehaviour of complex continental

" blecks or regions of intense folding, but even thers same pregress is con-

* templated in the study of accumulation of stresses in the crust {15).

Knowledge of the geological structure can serve to formmlate initial proba-
bility distributions of seismicity even when quantitative use of geophysical
informatien seems beyond reach, Initial proh;bility distribution of local
‘seismicity paraméters a, B, NH (Eg 5) of the relatively small volumes of the
earth's crust that contribute significantly to the seiémic risk at a site can
‘be assigﬁed by comparison with the average seismicity observed in wider aveas

of similar tectonic characteristics or where the extent and completeness of
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statistical infermation warrant reliable estimates of frequency-magnitude
.Icur?es (1}. In this manner we can; for instance;.use the information

about the average distribution of the deﬁths of earthquakes of different
magnitudes throughout a seismic ﬁruvince in order 10 estimate the‘cnrrespon-
{ing distribution in an area of that'ﬁrnvince where activity has been low
during the observation interval even though there might be no apparent
geophysical reason for the difference, Likewise, the éxpected value and the
coefficient of variation of A(M) in a given area of moderate or iaw seis-
micity {iike a continental shield) can bé ahtainéd from the statistics of
the motions originated at ail the supposedly stable or aseismic regions in

thq warld (18],

Fié. } illustrates the kind of concepts that one has to consider when try-
ing to use all available information for the quantitative probabilistic
analysis of seismic risk, The southern coast of Mexico is one of the
regions of highestlactivity in the world, Large shallﬁw shocks are produced
by the interaction of the continental mass and the ocean bottom's plate
{Cocos plate) that underthrusts it, Seismmlngicnl data shows significant
gaps of activity alang the coast during the present century and ﬁnt ruch is
'-fnnwn about previous history., At points along those géps seismic risk
estimates based on observed intensities would be quite low. No significant
difference is evident in the gecloglcal structure of these regiocns with
respect to the rest of the coast, with the exception of same faults trans-
verse to the coast, that divide the continental kurmatiun into several

blocks, An analysis of the lecations of previcus large earthquakes along
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. Poitic Ocean
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Fig. 1 OGaps of selamic activify lafter Kelleher et al., Ref.-20)

the coast has led Kelleher et al. (20) to conclude that those gaps are with
high probability the locations of large magnitude shocks in the near future.'
The probabilistic evaluation of all these pices of information can be done

- as described in the next section.

. 6, SIGNIFICANCE OF STATISTICAL INFORMATION

In the proposed formulation, statistical data serve to ascertain the pro-
bable validity-of each of the alternative mﬁdels of local seismicity th;t.
caﬁ be postulated on the grounds of geological evidence. Any criterion

that intends to weight information of different nature and different de-
grees of uncertainty should permit obtaining ﬁruhahiliﬁtic conclusions con-
sistent wifh'the,degrEE of confidence attached to each source of inform-
ation., This is.accﬂmﬁlishcd through use of the-cnnceﬁtﬁ of bayesian statis-

tical analysis, as described in the sequel,
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Let HiJI i=1,..., ﬁ, be a comprehensive set -:::.f mitually exclusive as-
J sumptions concerning a given; im;-:erfectly_ known phencmenon and let A be
the ahser;fed outcome of such a phenumenon.r Suﬁmse also that before ob-
serving cufcoma A we assign an initial E:umbabilit}' P{Hi} to each hypothesis.
If P(A | Hi} is the probability of A in case hypothesis Hi is true, then

Bayes' theorem states the following (17):

: PCATH;) |

PO A= PO, \ 09
I PH) PAIHY) .
i

The first member In this equation is the (posterior) probability that as- °
sumption Hi is true, given the obhserved outcame A.

In the evaluation of seismic risk problems Bayes' theorem can be used to
improve the initial estimates of A(M), B, M , and variation of A{M) with

depth in a given area. .

Consider A(M)." If a model as given by Eq 7 is adopted, we start by as-

- suming for each M and initial probability fungtion for the actual, but

" unknown, value of A(M). If the possible assmmtit_:ns concerning the values
of A(M]) for a given M constitute a continuous interval, fhe initial
-i:raﬂabilities of the altermative _hyﬁntheses can be expressed in terms
sunption is made concerning the form of this probability ﬁensity function,
aonly the initial wvalues of E{A{(M}) and V(A(M)) have to be assumed. It is

advantageous to assign to v = k/E(T) a gamma distribution.. Then, if p and p
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_ ‘are the parameters of this initial-distributim of v, if k is assumed to be
Jnown, and if the.obsewed gutcome is expressed as the time t elaﬁsed be- -
tween n + 1 consecutive events (earthq\uaJcEE with magnitude = I‘-{jl.j ai:nplicatim
of Eq 13 leads to the conclusian that the ﬁosteriur probability finction of
v is also ganma, now with parameters p + nk and U + t . The initial and
the posterior Ex;'mcted values of v are resf:-ectively equal to pfﬁ, and to

(p + nk]f{ﬁ + t_j. When -initial ungcertainty about v is smail p and y wi.ll
be relatively large and the initial and the pasterior expected values of v
will not differ greatly. On the other hzimi, if only statistical inform-
ation were deemed significaﬁt, p and u should be given very small values in
the initial distribution, and E(v}, and hence A(M), would be practically
defined by n, k and t . This means that the initial estimates of geologists
should not only include expected or most probable values of the different

‘ parameters, but also statements about ranges of possible values and degreeé

of confidence attached to each.

In the case studied zbove ouly a portion of the statistical information was
used. In most cases, especially if seismic activity has been low during

the observation interval, significant information is pmvided‘ by the dur-
| gtions of the intervals elapsed -frm the :'.nitiatiun of uhsenratic_ms to the
first nf the n + 1 events. considered and from the last of those events 1.mt11
the end of the ubservatmn period. Here, applicaticn of Eq 13 leads ta ex-
pTESSiOIIS slightly more complicated than those c¢btained when only inform-

atien about t is used, .

The particular case when the statistical record reports no events during time

ttn comes up frequeﬁtly in ﬁractical problems, Expressions applicable to
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that situation are presented in the appendix. Here, consider their ap-
plication to cne eof the seismic gaﬁs in Fig 1. An initial set of assump-
tiens and corresponding ﬁruﬁabilities was adopted as described in the fol-
lowing. From previous studies referring to all the southern coast of Méxicn,
local seismicity in the gaﬁ area {measured in terms of A for M » 6.5) was
Tepresented by a gamma process wiéh k = 2, An initial probability density
function for v was adnpted in such a manner that the expected value af
x(6.5) for the region cu1nc1ded with its average throughout the complete
seismic province. Two values of p were considered: 2 and 10, which corres-
pond to coefficients of variation of 0.7% and 0,32, respectively. The

. values in Table 3 were obtained for the ratio of the final to the initial
expected values of v, in tems of u , the ratio of the length of the chserva-

tion interval to the initial expected value of the return perior, E{T).

TABLE 3. BAYESEAN ESTIMATES OF SEISMILITY IN OME SEISHIC GAP

E"(V)/E (V) BT, > t)

u, = tnfE(T] p= 2 p =10 p =2 p = 30
o 1.0 1.0 0.75 0. 75

0.1 0.95 | 0.99 0.76 0,74

0.5 0.75 0.94 . 0.91 0.7

1 0.56 0.87 1.14 0.73

5 0,20 0.54 3,11 1,05

10 " p.11 0,36 5,47 1.55

20 0.06 0.22 10:50 2,48

The last two colums of the table contain the ratios of the computed values

of ECTI) and E(T) when'w is taken equal respectively to its initial or to its
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posterior expected value. This table shows that, for p = 10, that is, when
uncertainty attached to the geologically based assum@ticns is low, the
Exﬁected value of the time to next event keeps decreasing, in accordance
with the conclusiens of Ref 20, However, as time goes on and no evénts
occur the statistical evidence leads to a reduction in the estimated risk,
which shows in the increased conditional expected values of t,, For p = 2
the geological évidence is less significant and risk estimates decrease at

a faster rate.

Bayesian estimation.of 6tﬁer parameters would run along the same lines,
The most important problems emerging in practical applications are related

to the bayesian analysis of jointly distributed variables {21)],

7.  CONCLUDING REMARKS

A common difficulty encountered in the sclution of problems by interdisci-
plinary groups is the need to establish z clear formilation of the objec-
tives and a framework that permits umified analysis of all viewpeints. 1In
seismi¢ risk evaluation different especialists have in their minds differ-

ent models of seismicity. However, the objetive must be the samz: estimatien
of probabilities that given intensities are exceeded at a site in given time
intervals. As suggested in this paper, those ﬁrﬂhahilities are estimated from
stochastic process models of the generatiocn of earthquakes in different seis-
mic 5nur:e5; Since neither present geophysical knowledgs nor statistical data

warrant adnﬁtinn of a sﬁecific analytical model, decisions are based on the
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consideration of a set of alternate hypotheses concemning that model, and
a probability distribution attached to that set, Estaﬁlishment of this
distribution can be done by application of bavesian statisticai theory to
the processing of all relevant pieces of information, |

The analytical models presented here serve only to illustrate the possibi-
lities, More general models should be studied as they are suégested by

considerations about the physical processes involved (21}.
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