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V' CURS0 INTERNACIONAL DE IMGENIERIA SISMICA

SISMOLOGIA

C. LOMMNITZ

"3.¥ 4 9E JULIO DE 1579

INTRODUCCION

Desde =1 punto de vista deal ingenierc, los sismos representan un
ripssgo iﬁ?ortante que debe ser considerado en el disefic de toda es-~
trugtura. En muchas regiones el riesgo de falla de la estructura
por sismo puede llegar a dominar otras consideraciones de disefio.
Por 1o tanto, &S5 necesario conocer ciertos aspectas bisicos de sis-

moleogia para fines de estimacifin del riesgo sismico local,

Las presentes conferencias tratarin de los siguientes aspectos, yua
de ninguna maneéra agotan el tema de la sismologla;perc Se han selec-

cionado por ser relevantes en el marce de este curso,

A, Zismologia y Sismotectédnica
B, Sismolegia observacicnal
C. Prediceidn de temblores

Ante todo, es indispensable precisar gque no conocemos la causa y
el mecanismo1de generacidn de los temblores. Existen ciertas
hipStesis y se ha avanzado mucho en los Gltimos diez o quince ahosz;
perc se trata de fenfmencs muy complejos cuya naturaleza exacta

afin no 1lega a ser totalmente comprendida por la ciencia.



FI SISMCLOGIA Y SISMOTECTONICA

Observemos la discribucifn gecgrifica de los temblores en un globo

(Eig 1). Veremos que la actividad sismica va rodeando y delineando
cicrtas yrandes unidades geogr&ficas, gue sop placas de la litésfera
S5e cree gue estags placas pueden tener movimientos absolutos y rela-

tives, va gue descansan en una capa viscosa: astenfisfera. Cuando

des placas ge van alejando mutuamente, el hueco es rellenado por
materiales que suben desde la astendsfera. En cambio, cuando dos
placue se van acercandec su chogue mutuc es acomodado mediante la

subduccidn, es decir, la absorcidn de una placa {la placa oceidnica)

par debajeo de la otra {la placa continental). 5i ambas placas en
proceso de colisidn son continentales se produce una compresidn
yue pliega el borde continental y los deja come un acordebn {ejem-
plo: los Himalayas); los temblores se originan principalmente en
los bordes de placas, debido a estos procesos de tensifin o compre-

s5i8&n entre las placas

Hay tambifn sismos en el interior de las placas, ya dque &stas no
Sl homngéhega ¥, por el contrario, contienen numercsas imperfec
cafnes que son otras tantas causas de concentracidn de esfuerzos.
Algunoa de estos sismos "intra-placas™ pueden ser altamente destruc-
tives. Sin anbarge, la mayor proporcifn de la energfa sismica se

logaliza en los bordes de las placas litosféricas,

Fallas vy fracturas. Una falla es un plano de discontinuidad mecd-

~ica entre dos unidades geol®Bgicas; en cambhio, un contacto e¢s un
" ra de discontinuidad deposicional {(fig 2)., Por ejemplo, una

s wuade desplazar un contactko, perc no viceversa, El1 desplaza-

f'i'#



miento de los contactos a uno ¥ otro lado de una falla, indica 1a

actividad de 1la falla.

Pricticamente toda la superficie de la tierra ha sufridco deforma-
cidn intensa; por lo tanto, existen fallas en todas partes. La

sismclogia1estudia la configuracién de las unidades geol&gicas en

relacifn a los sismos, v la sismotect®nica estudia la deformacidn

que dichas unidades han sufrido ¥y su actividad sismica.

UUn sismo es una ruptura schre un plang, Todo sismo se produce aobre
una falla, generalmente una falla ﬁre-Existente. El largo de una
falla y su importancia raegional, indican la magnitud potencial del

sismo gue puede gehnerar.

Pero antes hay que determinar 51 la falla esactiva. Esta tarea

es de critica importancia y debe ser realizada por1un gedblogo aexpe-
rimentade., Consiste en analizar las relaciones entre la falla y las
formaciones cenczoicas, muy particularmente las del cuaternarin:
desplazamiento del curso de los rios, formacién de terrazas, ero-

sifn y depfsitos daltaicos, y otros indicios.

Hay fallas activas gue atraviesan toda la corteza terrestre (fallas
corticales), o toda la litésfera, como la Falla de San Andrés gue

es un borde de placas. Para poder determinar la importancia rela-
tiva de una placa, €5 necesario complementar la sismogeclogia re-
gional con estudics gecfisicos especificos scbre la estructura de la
corteza. Por ejemplo, si existe una fuerte anomalla gravitacienal,

v 51 los estudics sismeolfSgicos revelan espesorea diferentes da la

corteza a ambos lades de la falla, pedrd concluirsa que la falla



compromete todo el espesor da la corteza.

F

Existen sismog destructores que se han originado en fallas cortas.
La Falla de Tiscapa, gque produjo el sismo de Managua de 1972, tie-
na un large de unos 15-20 km. Sin embargo, la magnitud del sismo
tue sclamente de é an la escala de Richter. Los dallos despropor-—
cionados se debieron a la cercanfaz del epicentro y al tipe de cons-

trucciones.

Come ejemplo, veremos el andlisis sismogeocldgico y sismotectbnico

del terremcto de Tangshan {China), en 1974,

B, GSISMOLOCGIA OBSERVACIONAL

Las ondas sismicas se propagan en cualquier medio, excepto en el va-

¢fo, ¥ su deteccibn se limita Gnjicamente a la sensibilidad de los

aparatos v al ruidc sfsmico ambiente.

El sismfgrafo es un instrumento que utiliza el principic del micrb-
fono: transforma vibraciones mec&nicas en impulsos eléctricos. El
siptema inercial del siaﬁﬁmetro se compone de una masa suspendida me
diante resortas o hiloa: se mide la posicién relativa del centro de
masa con respecto al suelo, Hay una gran varjedad de tipos ¥ mode~
los de sismbmetroe, segfin la direceibfn del movimiento {(de la suspen-—

5i%n) vy el range de frecuencias.

TIPCS DE STSMOMETROS

{n} Frecuencia:

AcolerGgrafos 2 = 20 H2

Sigmdmetros de pericdo corto 1 Hz

Sismémetros de periodeo largo 0.01 - 0.1 iz



——

{b) Tipoc de suspansitn:

Vertical

Horizontal

Las caracterfsticag de amplificacidn de un aismdmetrc pueden regulaz
Ee eléctricamepte, es decir, variandﬂ_la impedancia dael circulte de

salida y las caracterfisticas del equipc de registro. En principio

es posible obtener amplificaciones miximas del crdan de 198 en t&ml
nos de desplazamiento a frecuencias de l1Hz (la amplificaﬁiﬁn g& re-
fiere al factor de escala en el sismograma). En la prictica, el rul
do sismicc ambiente reduce la amplificacién Gtil a una fracclsn de 1a
sensibilidad del equipo. La mayoria de las buenas estaciones operan

2 una amplificacitn del orden de 50,000 a frecuencias de 1Hz.

Ondas sismicas. En sismologla,las ondas compresicnales {scnido), se

denaminan "Ondas P"iy las transversales (rotacicnales o de cizalle),
se dencminan "Ondag 8". Las velccidades de e3tas ondas son muy di-

ferentes entre si y varfan de un material a ctro. Si p es la densi-
dad del material ¥ i,p son los nimercs de Lamé {parfmetros elfpticsi!

las velocidades de P ¥y 8§ B& expresan como sigue:

v, = Y {h + 2 ul/p
vy F i /o

Ademds de las ondas P y §, que se denominan "ondas de cuerpo®, auie-
ten las ondas superficiales gue se dan solamente en la Iinterfase en-
tre des medics diferentes. Las amplitudes de las ondaé gsuperficiajix-
decaen rapidamente desde la superficie hacia el interior dzl medic.

Existen ondas Rayleigh (en {as que cada partfcula de la superficie

L]



6.

gigue una elipge retrfigrada en el plano vertical); y ondas Love

{en que la trayectoria de la particula transversal a la direccidn
de propagacibn y estd en el planc de la interfase). Las ondas su-
perficiales son dispersivas y sus componentes de alta frecuencia se
anprtiguan ripidamente. Suelen adguirir amplitudes mucho mayores
para las ondas de cuerpo, y desempenan un papel importante desde el

punto de vista del dano sismico.

Prediccibn. A partir de 1966 se inicid en China un programa oficial

de prediccifén de temblores. Por ser el primer programa de este gé-

nere en el mundo merece un anflisis detallado.
El sistema chino de prediccifn se basa en las siguientes premisas:

1l. Las causas directas de los sismog se desconocen.

2. La interaccifn de estas causas <on la estructura gegclbgica da

margen a un cuadro nmuy complejo de sintomas y efectos.

3. En una regidén dada la configuracién general de estos sintomas ¥

efectos es estable ¥ tiende a repetirse.

1. Para predecir temhlores es necesaric dispcner de una informa~
cidn muy amplia y detallada, gue permita al sismSloge abstraer
el cuadrc general de fenfmenos premonitores y analizar su sig-

nificado.

5. Esto significa que es necesarie cubrir la regi6n, y especialmen
te la posible zona epicentral, con una densa red de estaciones

de ohservaciOn.

i . chinos enfogan la lucha contra les sismos como un programa de

alta prioridad, en todo similar a una campaha militar. Han movili-



zado a c<ientos de miles de voluntarios que cohsftruyeron aparatos
sengillos en sus lugares de trabajo y los controlan diariamente.
En consecuencia, ya las brigadas ¥ los burSs sismoldgicos provin-
cizles han aprendido a interpretar las caracteristicas de Sus res-
pEctivas'regianE, que las ayudan a diagncstibar las ancmallas al
momanto de presentarse'y a lmplementar medidas que Ya han salvadoe

muchos miles de vidas.

v

Las mediciones que actualmente se hacen en China para detectar efec
tos premonitores de los sismos akarcan mis de diez diferentes fend-
menos, en su mayoria relacionados con variaciones en el campo de

egfuerzos de la tisrra: ,

ohservaciones geodésicas
desplazamientos en fallas gecl&gicas
inclinacifn del suelo

cambios de resistiéidad en rocas
corrientes tellricas

geomagrnetismo

campa gravitacional

mediciones geocquimicas

fluctuacisdn del nivel de agua en pozo®
efecto piezoeléotrico en sondecs
cambios de velocidad sismica en rocas
cambios en la ovurrencia de sismos menores
cambios en el caudal de los manantiales

cambios en el comportamientoc animal



Lo nmayorfia de estos efectos son cuantilitativos e instrumentales;
unos cuantos son cualitatives y dependen de observadores humanos.
Txisten cuatro etapas de prediceifn, ¥ cada etapa utiliza otras ¢la-

sag de Fendmenos predictores.

A. Predicclén a largo plazo
E. Prediccién a mediano plazo
C. Predicclfén a corto plazo

D. Predicoidn inmediata

Para la prediccifén inmediata se untilizan los cambics en el campo
gsecmagnético, en la resistividad de las rocas, en el nivel de los
pozoes, ¢n la inclinaci®n del suelo, en el comportamiente animal y,
sobre tode, la ocurrencia de sismos premonitores, La prediccidn in
mediata es la mds delicada ya gue depende generalmente de la efi-
ciencia y decisién de un pegueno grupo leocal, muchas veces de gia-

inGlogos voluntarios.

Sin embargo, los &xitos reportados por el programa son Ilmpresionan-—
tes. Se presentard un estudio de caso para aclarar el mEtodo uti-

lizado,

Siblioyrafia

¢. Lomnitz, Global Tectonics and Earthgquake Risk (Elsevier, 1974).
. Pross y R. Siever, Earth (W.H. Freeman, 1976)

¥. Rosenblueth, Prediccifn en Ingenierfa Sfsmica en China, Soc. Mex
Ing. STsmica, Diciembre 1976.

iz

¥ Le Pichon, J3. Franchetean y J. Bonnia, Plate Tectonics
Jelaevier, 1973).



111 CURSC INTERNACIONAL DE INGENIERIA
SISMICA

SEIBLIOGRAFIA

0.

Newmark, N. ¥ Rosenblueth, L., "Fundamentals of Earthquuke
Engineeving', Prentice-Hall o "Fundamentos de Ingenierfa
Sismica"™ (en espaficl) Limusa-Wiley {M&xico)

Clough, R.W. y Penzien, J., "Dynamics pf structures",
McGraw-Hill.

"Elements of Earthquake Engineering", J.Krishna y A.R.
Chandrasekaran, editores. Edit. Sarita Prakashan, Mecrut,
India.

Esteva, L. "Geology and Probability in the Assessment of
Seismic Risk", Informe E13 (enero, 1975) del Institute de
Ingenieria, UNAM.

Facecioli, E., "Site-Dependent Probability Distributions for
Peak Ground motion Parameters in Strong Earthquakes', Informe
L24 (feb, 1977) del Institute de Ingenieria, UNAM.

"Seismic Risk", C.Lomnitz ¥ E. Rosenblueth, editores,
Elsevier Co.

0.Rascbn, M.Chivez, L.Alonso y V.Palencia, "Registros y Es-
pectros de Temblores en las ciudades de México y Acapulco,
1961-1968", Informe 385 {feb, 1577), Institute de Ingenieria,
UNAM.

D.Rascﬁn;.”MDdeln estocistice para simular registros de Lem-
blores en terreno duro", Informe 169 (abril, 19688), Instituto
de Ingenieria, UNAM.

F.Rosenblucth, "Predic¢cidén e Ingenierfa Sismicas en Chinpg’,
Sociedad Mexicana de Ingenieria S¥smica (dic, 1878)

"El cupitulo de Disefio por Sismo de la Propuesta del Nuevo
Reglamento para las Construcciones del Distrito Federal™,
Revista Ingenieria Sismica, MNo. 15 (mayo-agoesto, 1970}
Soc. Mex. de Ing. Sismica, Méxice.

REVISTAS E INFORMES

Bulletin of the Seismological Soc. of America

Journals of the American Society of Civil Engineers



LT

Memorius de los congresos mundiazles de Ingenierfa Sismica y de
los congresos nacionales de México, India, Buropa, Japdn, etc.

Reportes de las upniversidades, Berkely, M.I.T., Stanfard,
Caltec, utc,

Journal of the Earthquake Research Institute, Japfbn.

Earthguake Engrg. and Structural Dynamics. The Journal of the
International Assoc. of Barthyg. Engrg. {editada por J.Wiley)



centro de educacion continua

divisidn de saatudios, sBuperiores
facultad ., do ingenleria, unam

V CURSO INTERNACIONAL DFE INGENIERIA SISMICA

SISMOLOGIA Y SISMICIDAD

EARTHQUAKESs

5. K. SIAGH

JULYO, 1979

Palacis &g Minerie Calle'ds Tacubo 3, primer piig. Mibzical, D £,






Confals

l. Cﬂt{ﬂ&v\i-ﬂ‘;l d,"-.«“-/ Ita Spf‘e&ﬁuﬂa a,.;\.c:l, 1__3’3
I{}QA:E I}_.-.st}.i‘, R_@Iw;n o _I)-egjz,..,{Ja;lL
Fﬁhjm La Dr’ei} % #E'Ed&.w.-) &n Pf;{: fectomi
ba, Drleh'ueaf "'MJ wn urfilion ‘é *ﬂfb’lf-‘ﬂf L&}-\Inn,u

2 Eﬂ;.-’ﬂa}hhjl& fredidion | Saigmee a,.l:f} r'grﬂ_,d’ 39. 5%

bgw fress .

Seismi A & Sk Lo S4-5%
%, fLimie Wavey , Tr.ﬁ.-' %mﬂf (:,LJ vt b 53‘

P b S velodty w ot carkt .

| f . 59- 63
A 1&@«;:% sC

5. }"M\jni *'-1015» p(_&-—fu . ML) Mj’} mbj ﬁ{“J .|n’1|,|_j 64' ?2_
f:,.. Sohﬂ-t f’q(dﬁﬁ.tﬁj i ﬂajtr. f.t,l;yd.q“_‘l ,11\@3)

{-D:.J mg)'\au{.im/ Seifc mﬂm&d—/ frr.ﬁf-'ir% et
OMA fu_ai.:fl - '
2 Nesve ﬁM eawml """“_t,:hv,; Brunes modal 95-44
g . !‘rﬂ,e-.qu,,{w g5-3f
q. Sevim uil‘j ] R Earkt g¥-1>

10, 5!;!\“#6{41”\&} Mﬂ'l;um_&..}i n:h:.{h
ol ot subive and domi






_Ee j&mjw

A Ccﬂﬁn&»fs-l _Df?.Ff' awd T2 Tecdunics

.H' Tﬁikﬁuul\lj S .U.H-f:l« ;Md Hl kﬁﬁﬂ.huﬂ: y iq’é?‘! ﬂ?M ;_.LLc.uj o
.Eﬂ.frr* y Freem g y Cﬁ‘b]lh & Cc,‘irfﬁ.r:j

A, Cox , 473, Plte Tetmio o '@:n‘majﬁt; Reversals J W H. frerman
Cl,c\r-[)mjl 1
Y. le PiJum/JJ. Fv{.‘md\déﬂ‘v} and T Poonnin 5 f‘???:'_, PLAT Tedlania

S Eleavitr

Seis ma(»ju],-
—

¢ F. Richter 1953, gfmg.}ﬁ.g Smmtaﬁ; WA feoman Co.

Yyuce . A EuEi'/ 197¢ Emﬂmh& , A T";.’mﬂr} W H. Frerman Co .

K.E-Ewulw ; Mf"l} 1’%»1» In'{‘*ﬁi*{ll:m fp Al-e ;{.‘I;ELB # 52{11:-.-:,{033,}
Cm[m’éjxae. L{htf&n.? PrES-'

.hJ. M. Ewiﬂaj W, 5. Jards -z'ua,/ ond F- Pres , [4s 5?'/ £ luski
otz A Lajful"'gaﬂl

Mﬂ %th\j.|qﬁ7) mfjﬁ-ﬂmaﬁ;j pDrDele, -53 Iﬂ{.{md{ygf} E{J'{W'l}‘"t

S%UIW" 5;' e Ear’ﬂ _
" H. Jz.]lj(aad , Tﬁ_‘{q} The E.nﬂﬁ) fﬂ,.imcla_g L{h;h’ﬁf:% P.fﬂj'
B, Gufﬁnl‘.l@l,a#/‘!qsqu Phgsics G s kg IH-Ie,;uﬁ Academi.

f’rmi .

F. D S,t;..\@a) |4 5::1; PkJﬁu‘ CLI'IL{ Eﬁﬁﬁ\/ J_E[\n wulf? &Sﬂn—ﬂ




b, __P_ (& ;.:f,ét.tqlm o d —-gf&il_l‘“_“;kﬂ

T, Ellhi'ﬁ"wl@i) H?@'- —‘Ij fm‘l’kqwbu Prfc{ﬂrc,{ﬁ_‘fh‘ﬂ , F lsevity _

C. Lm.-.'r%, Gnd] S.Krf)ﬁ?f\('l"??@} y fmuﬁtfuabm Gnd, Earthaiche
f;g‘[,-fdilm y /f:-"‘r" C. Lm"r"-nlifé,- vt E E/bf'-gm[;emgﬁ; ({dJ‘FMJ;
of S'&{Jmfol Pk and Eha/;h.ﬂf’fl-nﬁ" Doy m.ij} S lcenaer

Pl 015, Gotipucks Tradichon, Sgpitific Bnericonm
E ) Aﬂahuflr:l—w |
. ](hh&?u(']cr—-} (a 64 } ﬁ'&lﬂ | Dovs G‘ﬁyl‘j < ) vo k '2.) 6257,

F. Né.{.v’ -ﬁeﬁiM

5'} ¢ cﬂfﬁ\afmk‘a ,_S:{\’hﬂéka
Q,nﬁghmum (fc{f'{“”)j
v Sleier

T N ?,}/u'ﬁ‘E; 14 7.5;_ Tia PLJ:,RS

T c,Lmng sl E.
y - o
“ Seidwic Q&J\L | Erj;n{cviraf Deciry o



Cﬂh'*':ﬂe{j_;i- j)n;‘;t) e ooy SFM'{J&A&_ﬂ H{Jﬁﬁ TF-FE}'I{M

| P NTRE d;u&t/ " preposest Ba, w';J,e_m-,f i chad

10 wae el acegited b?’ }mT,L,J;:qﬂs AL
..QO'JB, lagos . Thl all Ar cobnads  weve mee (phait
2 0o wolbion e ans ogo) ﬁ{}oﬁ.u. i a Aand wAJJJL,;fg.'LL
gty called Pomgen | omd e My, daflid o
D“‘“‘fé}’ y X" ,Pnzu.it ,};,as{?b:crm 5 ~+}:-cwal. [JLOMLJJ’.},,
ol -}Pas.r]b«(zi Tha ovwwuu[na/- Ouid e a—F 3;.71‘};;9{
A&ﬂ- A l4éo s )'ﬁﬂwﬂrﬂﬂ Cifmr ,yEwnrfﬂl ot
WEJMJJ‘ ’E\a'pmd Wca.‘.. ﬂlﬁzﬁ“‘o%/‘ W@y A
TV Land q} Aha Sijth T A 3-@’&“ A :’etmw(‘
ba— J)iaib/ ad Befder ", e {‘u«‘fﬂaufnj, m]’”.'fx' 1’3{.

DMLB/ o~ Pl T}d]\«u gomdls LJ J@mi I
fla EUD'&kt;ﬂ\ AN Andes oonld /J-{.{p.u g
vesder  how e et o Mo Tadlenio

’{m z«mﬁvﬁo{; Ord.  dors ¥ ,g_,xrfm'n.s T th ag,

. 3/50&34(.&/ 0..,,aL a.zur[ig-aiai dila







. 892 o

THE BREAKUP OF PANGAEA

by Rebert 5. Dieiz aml Johin C, J lotden

SCIENTIFIC
AMERICAN

COCTORER |27

VoL, 21 KO (LT

- -
-- PUBLISHED BY W. H. FREEMAN AND COMPANY 660 MARAET STREET, SAN FRANCISCO, CALIFORNIA 44104

Topyr gt O 1HT0 by Seaperihe AN Bricwn, inc. AN rpha s esareid, Fomimd in the U5, &, NO pact 01 this gifgring miy b repeoe uead 9y wog fiiRie s 3, RO UFRpRa 07 @ el i i Slwbe. o
Mt e T RGO e AN g, M TR 0] B Earar in B PATE phl oy EIT, LEAAEA I D OF O] aswip GO Q) @il @7 presaie oo IR g s an g Ee i an ol dha b ued s,






- THE BREAKUP OF PANGAEA

Pangaea 15 the singlﬂ land mass that s believed to have given

rise o the present continents. Its outline has now been plotted

and 1ts further clismpliun has Leen projectc{l into the future

- history of science is replete

I with sutragesus hypotheses, They

-3 are maostly forgoilen, as best they
should be, bot from Lime Lo time one of
them Lurtis gu to la true, So it way with
the concept that the éurth i3 a splere
spinning in space, supported by nething
at all. Now ir alsa seems 13 be with the
theoty of continenal drift, which in iy
extreme Form holds 1hat all the ocosti-
n#uts were once jained in a single great
Lind mass. Mamed Pangaea, this uni-
versul continent was somehow disrupt-
e, sod s fragments—he continents of
today—eventually drifted to their pres-
ent locationa.

Ohver the past three wears geologists
and geophlysicists have been forced to
wlandea the old dugroa that the ceust
of the earth is essentially fized and to
accept the new heresy that it is quite
mebile. The notion: 1hat continents can
drift thousands of kilumeters in & few
lwiridred million years s now generully
uccepted. Geology therelore finds itself
in much the wame position that astron-
winy was in &t the time of Copernicus
and Caliles. Textlwoks are being roe
written L minbrace (he oew mobilistic
vigwpoint.

Although the theary of continental
drilt has triumphed, muny of its detnils
tenain uneerlain. Advorates of drift are
¢hallenged to say exactly how the pres-
ot continents fitted together te form
Panpaea, or allematively (o reconstruct
e vwo later suparcontinenis Laorasia
wel Gondwana, which some theotists
prefor 1o a single all-enbracing land
mass. The original concept of Pangaea
('l tands™) was propased in the 19207
liy Alfred Wegener. Muost sliempls Lo
imrove on his 1econstruelion have been
rather peneralized skeiches showing
how the continents might have been
foined. A few workecs Lave made jigsaw

by Nobert 5. Dretz wnd fohn C, Holden

fits with consideralle cate but without
taking advantage of the latest copcepts
in geatectonics. Recently British theo-
rists huve presented detailed reconstroe-
tons showing huw bhuel masses were
justapased before the apendug of either
the Allantic ar the Indian Ogean, but
their solutions show only Lhe relative
mations of the masses hvalved.

I this article we Jresent a reconsleuc-
tion of Pangaea in which the continents
are pssembled with wantographic pre-
cisizn, For the first thne Pangoea is po-
sitioned on the globa in aluolute coordi-
nates, This reconstruction is  swocom-
panied by four maps that show the
breakup and subsequent dispersion of
tho continents by 1le end of the four
major geatogic porinds coveriag the past
180 milllon yeurs: the Triassic, the Jo-
rassic, the Cretaceous and the Cenoroic.

rF]m guiding rationale far our recon-
struction is the drift mechaosm as-
sociated with plals tectonies and sea-
Beor spreading [1ee dlusiration on page
4 |. According to this concept the earth
has a steong lithasphere, or outer shell
of rack, about 100 kiluineters thick. Pre-
sumably in responie to Farees Fenerated
in the sathenosphere, the weak upper
rmanlle of rock undEII}-'Ing the lithp®
sphere, the shel] Was broken up into o
uumber of separale plates, There are
ngw wme 10 major plates, plus numer-
ous adduiona) subplates. The continents
reshing on these plates were raltend vcrass
the surfuce of the glabwe,

The mechanism of plate movement is
rot yet clear. The plates may be pushed,
carried by convection cells in the man-
tle, driven by gravititional furces or
pulbed, We prefor a mudel based on putl-
ing; we suspect that plates are colder
and heavier at one boundary than else-
where and thos dive duwn into the

ewith’s mantle along “subductivn” zones.
These zones usually show themaelves as
deep venches, which are disposed prin-
cipully around the periphery of 1he Pa.
cific, As & result o tear, or nfy, widens
wlong the pppsite boawnlery of the
plata; this vift is flled by u solid Bow of
viscous mantle rock and by dikes of
molten tholeiitc usalt o dillersntioled
partis] melt ol the mumile), Because the
mantle rock and its basaltic derivative
are both heavier than the graniwid rock
of the conlinents they assqme a level
aligut Tor kiknneters below sea lewek
Conserquently such a pu]ladmpurt re-
gion always becomes new ocean floor.
As two adjacent plates comtinus to pull
apact, basaltic +ikes continue o pour
ity the subwcminic cift, which remaioy
midway between the two plates, Thiy

- highly symmetrical process, which cre-

ales new ooean basins or mnlmuuusly
repuves old ocean Hoors, is lermed sen-
Boor spreading. The rate of spreading,
mersured from the mid-ocean rilt o ei-
ther plite, is from one cenlimeter per
year (10 kilsinelers per million years) ta
severnl times that figure, This iv remark-
ably mapd Ly geologicw| standards,
being many times fasies than makslaias
are elevated by tectonism or leveled by
erosion. For exanple, the North Anuer-
ieun plate i mwving  westward  the
fength of one’s body in a lletme,

The discovery of a mid eovan ndge
system some 40,000 klometers Jong,
winding thragh all the veesn basing,
wus an imporlunt prelude to Lhe sea-
Hour-spreading hypatbesis. It wis soon
recogmized that the vidge has a fossa, o
asial depression, inte which dikes of
Lasalt wre continuausty leing jojecied.
This linear depsession in the ridge woacks
the location of the nft. The wrm “nrid.
occan,”  altheugh appropials dor the
part of the ridge systen i the Atantic

{a



FRICONTINENT OF INUDIA, origioally wtwached to whet iv oaw picture, 1sken ot go sltitude of 450 kilometers Trom Gemini XJ in
Ancarcvics, zande Lhe locgpa migranjon of il tha Zrifiing land kmr!ﬂhr, 1964, shows al] of 1he sobeaptinent. The Himalavan
inasen: approsloarely 9,000 bilomatars In 380 million yesrs. This meunlainn 3,700 hliomatery awey, are joai rlsibles on the horizan.,

[



THEORY O 'LATE TECTONICS provides n meeanism e cone
thaetual drifi, The process begins 11) when o apresding rift dovel-
wpn wnder & ¢continent (color) that v resling on & single crorsl
plete. Molten Lasall from the asthenurphere spills 2ut. The serpnd
wiiltanesay reiquiremenl For continendal drify i3 the formorivn of
¥ nune of gubduetlan, or tremebs, into w hich oceands cruast of tha now
morlng plaje 1.4) is pulierd sl “runeumed™ 12} As the pew con-

DEFTH {#iLOrETERS)

tinent cacried by plaie A s rofied to the kelr, 2 new oecan Iiwin
created baiween 1he two land mayees, In the third sage (37 the
continent on plaie A encountars and averrides the treneh far seme
distance (X1 and evenlually reverses, or fips, it direction Irem
weal-dipping (¢ esst-dipping. Hecouwe the rontinemt on plare B
liere wrbitcarily fixed, the mid-ocepn rifl migeates to the loh, res.
muining in Lhe center ol the new scems basio, nhoss widels i+ 17
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aned 1he Indian Ocean, is 2 mistuiner far
theridge in tw Pacific, The Atbulic and
e [pdiar G ecan are rl 1 oeeans, Jormed
wlicre continenis were once split apart;
wrefore it b natera! foc the asis of
spevacling, marked Dy the ridye system,
L remadn la the center of lhese two
woans. The Facific, on the olber hand,
v not 2 riflt ncean; it is clearly the an-
vevbial accwa, aned H s lecoming siauller
as Lew oeran Basing gow, Althaugh the
Patilic als has a sidge, 1t Tuns nerth-
suuth well w the rast of the ocean's
crender,

In reah'.}' the erustal motions are con-
siderahly nwie eomplex 1than the ones
wer barve just uuthiced. Tie rrenclos and
ity upparenlly migrate, aod the op-
poting plates are also aubject 1o displace-
ments preduced by interaal sheurs, The
“megashears,” the large wones ul slip-
page wong plate baundaries, abo seem
alde 1o accommodale miner wraunts of
vitslul ealension ar vonplession, Few
bt e I‘I\.ltﬂs are "ldeal™ in thye sprse
ol heing rectilinear, of havieg a rifi
malched by ai epposing 1retwh and of
h.wing Wiead Lwo antitheteal zooes cone
nected Ty woinecashoee, The Anlareliv
|tlate, for exarnpl, has na trench ad al],
Prehaps thiv anomaly is pastly evplained
by the fact that a sphere canmot be cor-
rrowd with :I:‘t‘l.i.ng!es.

We can visualize the conlinents as
being passively rafted aver the surface
of the plobe as embediled plicaus of
sinlie {granlielke) rock resting on the
even larger and thicker crustal plates.
The coutinets have genewlly main-
ted their sice and shape since the
lireakop of Pangaes. There have been
some atcretfons with the formation of
inmintein elts, but these have lipen
aerstly condined o e sides of conli-
nenls facing the Pugific. The sides of
wonlinents facing rvilt oceaus (the Athin-
tier a] 1he |lulialn Ceean] show little
change; hence they can be ftted togeth-
1 almost as neally as piecss of 4 jigsaw
[mgale.

I cautrast, the cruslal plates can
cliange in size ar shape either by 1he
2 lelitiey ol new ocean foor illong the
vfts e by the resorplivn of oreunic
ceiat W brenches, Thus it has been pos-
silile tor the North Ameriean and Souil
American plates moving toward the Pa-
vific lo grow brger ar At wal then
siniller as they pasied wver 1he great
viick of the earith and pow converge
Wwward the central Pagcific. Aw even
nwne tootwiel bistory is reflecled i the
vanplex evelution of the Canbbean
Sia region, caught as & "gure" bt w e
the North American aud South Ameri-

WORTIVWARD DRIFT GF INDIA exemplifies ow for » lund wane can be esrried when
tecionic conditions wre (evurable. The plate carryizig the Indien Tz m@ in nearly o per
fect rectangle, whith wea sliced away from Antacctica within the primitive unireral rangl
nent of Fenguca, The plaie thit rulted Indin then migraied northward towued and subducs
¢d into the Tethyan trench, which ran enalbwesl near e Eguutur, The plaie evidently
glided freely wlong parallel “megashensy™ oo ils eastern xnd western bonndaries withoul
Ingeracting with the othet crpstal plezes of the world. Indis fizally tallided with pgd onder-
thrust the southesst margin of Asis, cresting the Himalayas, which sre thas iwo plates thirk.
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can plates, and tha Scotia Sea refion,
similarly trapped between the South
Ameriean and Antarctica plﬂ.tes. As we
shall see, iy at Jeast one case hwo plates
evidenily collided, producing a mid-
votiinent mountain range: the Hima-
layas, ,
ln making cur reconstruction of Pan-

gaea wa selected for ftting not the
present coustlines of contingnts but the
contour  lines where the oontinental
slope reaches @ depth of 1.000 lathams,
ur shout 2,000 meters [see flusirasion
belaw], This isvbath was selected be-
cause it is approximately balfway down
the continental slopn and this marks
ruuaghly Lalf the beight of 1le vertical
walls created when the continents first
rifted. On the agsumplion that these
walls subsequently shonped te a condi-
tion of stabla repuse, Lhe 1,000-Fathom
lsabath closely delineates the location of
the original brezk.

UNIVERSAL LAND MANS PANCAEA may bave laoked likr this
300 wmillivn yemrs ngo. IFantlalavse wou the ancesteal Pacitie Ocepn,
The Terthys Sen t1he uncestrat Mediterrancan} lormed a largse bay
«wparaling Alrira and Furmia. The relstive positions af the conti-
aetits, encepl for [ndia, are based on bed hts made by compuler
using the 1 tHI0-luthony isehsth W odelie continentn] Logedaries.

For joining the twy sides of the Atlan-
tie we have fullowed, with some modifi-
cation, the reconstruclion proposed by
Sir Edward Bullard, ]. E. Everett and
A. C. Smith of the Univessity of Cam-
bridge, For cluging the [ndian Ocean we
have used the best.fit computer solutions
of Walter P. Sproll, a colleague of ours
in the Marine Geology and Geophysics
Lalbwratory of the Environmeatsl Sei-
ence Services Administration, His stud-
irs provide precise Bis between Ans-
traliz and Antaretiea and betwesen Ant-
arctive and Africa, The three ooiltinents
topether constitute most of Candwana,
Fresumably India was also pari of the
Condwana complex, but where it was
nteached remaing unglear, Factunately
the pattern of fraciure zomes in the
ocean Boor provides crude but useful
dead-rechoning tracks showing how the
tontinents drifted. Using suel, tracks,
wa have placed the weat epast of India
against Antarctica rather thap against

western Australia, the At that 15 often
epused,

Auother difficalt il is presented by the
bulge of Africa and the hight of Notth
Anerica. The areas of mismatch, par-
ticularly thut cuusesl by the Floridu. Ba-
hamae platform, are sufficiently large
Jor one to reasonably argue thar Af-
rica and MNorth America were pever
joined. On this assumption instead of
Pangiea one obtiins two unconneated
superconlinents as the antecedent land
masses: Laurasia in the Northeen HHeni-
sphere and Condwana i the Sputhem.
This version of the continental-dali the-
ory has important adherenis.

We nevertheless prefer the Panpgaea
recunstructlon; in our view the areas of
mismatch can reasonubly be regarded
ar modifications thal erose after Africa
and North America began dnfiing opart.
We regard the Florida-Behanias plat
form as a sedimentary inBlling of w grall
pcesn basin that appeared when Alrica

A'hen the continents ara srrunged s shiown, the relative Incatiens
of the magnectie pulea in Mermian Wnies wre displeced to the poi-
tians marked by circles. Jdeally theso pusitions should ¢loaaer near
the peagcupbic poles. The baiched trestenis (A ond 3) ecrrve s
. medein geapraphic relerence pointe; they represent 1he Amiller
g i the Weal Tndice and Scotia grc in the exireme Soath Aqjgulic,



aned Morth America- first Legan o pull
dpart. Withoul this assumption the plat-
flurm unaccountably overlaps o krpe
Pportion of tle Lulge of Africa [ itfus-
tration on page 12).

According 1o our retunstrugtion, Pan-
guea was 8 land mass of irregular out-
line surrovnded by tw wdversa] scean
of Panthalassa: the ancestral Pacific, The
hit between North Aterice wnd Africa
priviles the principu! connection be-
Iween the Future block of northern con-
tinents and the Future graup of southern
ones. On the east the Tothys Sea, o large
Irizagular blght, separaled Euragla from
Alrica; the present Mediterranean Sca
it a remnant of the Tethys. Ciher major
ulentations b the vutline of Panguey
fudaplivg tennivology [rom Uie augon)
can be nauned Sinus Borealis, the ances-
tra] Arctie Ocean, and Sinus Australis,
woandhert by of the Tethys separutiog
Tucia from Australia. Cur fully cloged
reconstruction of the Central Amenczn

AFTER M MILLION YEARS OF DRIFT, st 1he eod of the Tris-
sit period 130 million yeurn ngo, the northarn group of toalinent,
fuuws a5 Loarasia, has wpllt gway Teoan the woathern graug, known
i Gundwana. The latter han sinzied (6 Leeak up: [ndis her Leen wet
irge by » Yshaped rift {hewey fing ia color ), which has alvo begon
b Bnclate the Alrica deuth Americs land muee lrom Antarctics.

Wi

iegion s pmb!mn.l'iml. An allemate
possibility is that the Gulf of Mexico is
the remuant of an oreanic arm extemd-
il intd the Ameriead from Punthalassa—
a Sinuee Degjdentalis,

“When measured down ta the 1,000-
fathom ispbath, the total area of Pan-
paea was 200 000 square kilomelers, or
4 percent of the earth’s surfict-equa]
to the area of the present conlinents
measured to the sane isohath, ¥When
the future continenls were still part of
Pangaed, they were generally to the
avuth and east of their prasent location,
so that the amount of land in the two
hemispheres was almost equally bal-
anced. [Today two-thirds of all the land
lies nocth of the Equator.) The Yeshaped
junction  teanecting  North Americs,
Sauth America and Alrica was located
in the South Atlantic not far from the
present position of Ascension Tslnd, 1
New York had been in exlitence at the
time, it would have been on the Equalor
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and at langitude 10 degrees sask (rather

than 74 degrees west). Spaln would alsa

have been oo the Eruator, but it would

bave bemn near it presewt longitwlde,

Japan would have been in the Arctic,

well north of its position loday. India

and Auvstrulia would have bordered the'
Antaretic, Far 11 the south of where they
ATE naw,

The great eveat that broke up Pan-
gzea and set ity fragments adrift evl
dently hggan no more than 200 million
years aga, or in the last few percent of
geolagic time. There may have been—
indecd, there probably was—"prednft
drilt” that assembled Pangrea from Lum
or more smaller land masses. The evi
denea iz still seanty, howeover, and dous
not beur direelly on this diseussion,

TW,T ¢ take the lmmediate prelude to

the hreahup of Pangeea to ba the
Eret large autpaurings of Lasaltic rock
alang the continental margins being es-

Aasiralin. The Teibynn rench Usadzhad tinus in biack), & zone of
ceustal upiake, runs from Clbralter v the geneeal azes of Bomeo.
Black Tinew und Llsck arrows denvie megarhears, zoien of ilippage
along plate bopunduerien The white arrowy indicala 1the Fecior Mo
lions of the conlinéols sines deift begsn. Coeanit arcas tinted
in colar cepresent naw pcean Moot czemied by sea-Boor spreading.

el



tablished by Hiting. The Triassic New-
ark series of basaltic Gows wlong the eust
coast of the V.S s a pood example
Measurements of radicactivity findicate
that the most ancient of these rocks are
about 200 million years old, yieldmg 2
date that ceincides with the middle of
the Triassic period. As we interpret the
evidence, two extensive rilts were ini-
tialed in Pangaea abaut 200 million
years ago, which resulted in the open-
ing of the Atlntle and the Indian
{dcean by the ond of the Trinssic period
184 mitllion years ago [vec illistration on
preceding pagel. The norhern rift split
Pangaea from east to west zlong a line
slightly to the north of the Equator and
crented Laurasia, composed of MNorth
America arg] Eurasia. The Laurasian
land mass evidently rotated clockwise
us a single plate around a peole of rota-
lion that is new in Spuin, creating a
weslern “Mediterronean™ than ultimate-
ly became part of the Gulf of Mexivs
and the Canbbean Sea. The southemn
rilt split Soulh America aed Alricz a5 a

AI‘TEH 63 MILLION YEARS OF DRIFT, st the ead of the juras.
sic period 135 million years age, the North Aduntic sad the Todipn

siagk: land mass away ligm the remain-
des of Gondwana, consisting of Aotare-
tica, Australia ;o Tndia. Soon afterwarcl
(i not simubtanecusly) India was sew-
ered From Antarctica by w emaller rift Lo
beginits rapid drlt northward.

During the Jurassic period, from 150
19 125 million yewrs ago, the direction of
theeft establishod by the Triustic rifts
wntinied, further ppening up the At
bintic and the Indian Ocean [see i#hi-
tration below]. As North Ameriea drift-
el Lo the northwast, the Atlastic beoume
ptore than 1000 kilometers wide wnd
prubably remained fully connected to
the Pacific. The eayt coast of the present
LY ran aliost east and west at a latis
tude of about 23 dewrees noeth, so that
caral reels were able to grow all wlong
the edge of the Athanlic continental shelf
19 the present Crand Banks, of Nova
Seatia,

During the 45-million-yuar |urussie
purlod the Atlantie rift extended north.
ward, blocking out the Labrador coast-
line and possibly inftiating the opening

up of the Laliador Sea belween North
Amnerica and Creenland. The interagion
lietween the African and Eurnsian plites
iowved the region of Spain 1o rotate
vonnterclockwise 33 degrees, opening
up the Bay of Hiscav. The Tethys Sea,
furerunner of the Meditcrranean, cun-
tued 1o close at its castern end. The
Tethys way nat ooly o 2one ul crustal
subduction, or trench. bul alse o zooe of
shear aglong which Eurasiz shid wesnivard
with respect to Africa. The compresaon
assuoiated with the Tetlips trencly raisal
bordering maunlains compored of degp-
wiiter secdiments.

At the close of The Jurassic zn -
cipient rift began aplitting South Amer-
ienaway Frine Afric, enteding frum tha
south and werking only us far north as
where Migerin s 10day, The 1ectomic
situztion frst resembled the one now
found io the rift zwne akmg the buck-
e of high Alrica (lhe region L
Elhiupia ty Tunzania} and then gradu.
ally opened fariher to lomn a body of
witer resemnbling e Red Sea of today,

plare ju phoat to puss over & thermal cemer 1eclored degh that will
aoon ponur vl Lasall re form e Decoun plateau. Lates the hod s pe

will vreats Lhe ChagosLeccadive ridye tn the Indian Ueean. 3imi
larly. iz the Seoth Audsnus the Walsls thermal eenter (ealored
dot) will ereme the Walvin and Rio «iraode “throsd ridge.”

Ouenn have opedied considernbdy, Tha birth of e Sawhs Atlani,
har heen tnitimted by a cifto The rotation of the Fursins: land mass
nas tegun 1o ciose the vaatern end ol the Tethys s, The lndian



AL fiest Fresliwuler sedimeds created
thick deposlts in poclets opened |y
faults; these sediments were overlain by
ileposits of sule.

} v b end of the Crelaceous period,
some 70 million vears later (and 65
million years age). the rupure of South
Americ and Africa was complete, aimd
M South Atantic lud widened rapidly
t at least 3,000 kilometers [sce ilfustra-
fion befowe], Meanwhile the rift in the
North Atdustic bad switched From the
west side of Coreetdend o 1w east side,
bloching gut it eastern mimbgis {w‘lth
out, lawever, penetrating 10 the Arclic
fhean) Afdea had drifbed northward
abwinl 10 legrees wad contiomed its coun-
levchakwise rolation as the Eoragdun
plate ratated slowly clockwise. Thess
two opposed mativns nearly closed tha
eastern end of the Tethyy Sea. The slow
wesbwied  rotaticn of Annuclica cune
tinued. Al the wontinents were now
blotked oot except for the remaidp.
i wwanection between Cicenland and

AFTEXR 115 MULLION YEANS OF DRIFT, 65 millivn years sga 2
the end of 1he Uretaccous period, the Soutk Atlanzic has widened
win 4 maiur wenat A bew rift bas cqrved Madagascar away from
Africa, The el in the Morth grlentic hae gwitched frum the west
sindn Lo 1ae emyl plde of Greetdwpnd. Tha Madingrranzan Ses {s elear)y

nerthern Byrope and between Ausalia
and Anlarclica-

Althaugh it is not shown on our maps,
an extensive north-soih trench svstem
raust linve existed] in the ancicnt Pacific
to consume by sulwuction the pid
westward dndt of the two plates carmy-
g Narth and South Ameriva. North
America presumalbly encountend s
tressch [ the |nte_]u: assio and t.'.ill.l'r Cle-
taceous, with the result that the Fran-
ciigan fold belt, the predecessor of the

Laldoriia Ceast Ranges, was accreted

Lo thie westeru naangcin of e csatuent.
It appeurs (that the irench was eventual-
Iy overridden and "wiBed” by Norh
America’s continued westward  drift.
Such trenclies have the capacity W re-
sorh weean crast Lot not the lighter
Erantic crist of continents.

At alwaul the same time, or soon alter-
ward, South Amerfes Rest encountered

“he Awlean tench and began oo dis-

plave the weacl wealward, without ever
overtiding it. The carly Andean Fabd belt
resulted from this eancgunter. 1t seems

Lkely that the trench originally dipped
toward the west but was Sipped over to
15 present eastward dip.

I the Cenuesie perivd {from 85 mil.
lioe yeurs age Lo the presenl} the conti-
nents dofted to the positions we observe
today, The mid-Alkntie rifl propagated
inta the Arclic basin, fnally detaching
Creculand ftom Barupe {aee top st
tion on aext teo pages]. There were
three other mnzjor developments during
the Cretaccous: (1] the two Americas
were rejoined by the [sthmus of Panu-
i, croaled by veleanisi and Lhe arcli-
ing upward of the varth's muntle, (2} the
Indiun land muass vompleted iy remark-
able journey northward by colliding with
the underbelly of Asia und {) Ausiralia
wus rifted away from Autarclica and
drilted northward Lo its present position,

[n the collision of India with Az the
northern margin of the Indizn plate was
sibducted helow the Aslate plate, ore-
ating Uu: Hanalayas. On Todin’s pussage
te the north early in the Cenpzoic ils
western margin crossed a fized sowrce of

recognipshle, Ausralia sill} remains atisched \¢ Anhacctlea An
axtensive north-gouth trench inor shoxn) must alse have pxisled m
the Pacific i wbsorh the weatward drift of the North American pod
Sulith Anverican plated, Noje that the ccitral meridio ln all gheee
recoostructbons {n 20 Jegprwrs sa#l of the Gretnwich marsdian.
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WORLD AS IT LOOKS TUDAY wae predaced in the pau 65 million yenry ja 1the Cenozoic
period- Neacly buli of the vrean Auyr wis created in this genlogically brief periad. ss shoni
by the seeun stippled o color. Indiy conploeed e Mgt noedswprd by collilding witle Asis
and a rift ban ceparled Australia from Auisrctiea The henh Adsntic ciit finally entered
the Arctic Ocean, Bufoning Laurusis, The widening gap belwoen South Amecicn snd Altien
in rlowely truced Ly the threud ridges produced by the Wylvia thernial centar, The Antilles

und Scutla ares now oceuy Lhair proger pasitions with reapedt to nelghbaring 1aod masser

basaltic magma rsing from the earths
upper mantle siewr the Eguator, Molies
rock erupled through the crust and
powred wnte the Indian suboontinent,
luying down the basalts of the Deccan
plateas. Even alter India had left the
hot spot Delind, mapng continged to
stream owt on the oeean foor, producing
the Chagos-Laccadive ridge, which be-
cune covered wlih voral as it subsided
into the Indizn Ocean. Finally, a branch
of the Imliun Ocean nft split Arabia
away from Africa, creating the Culf of
Ader and the Hed Sex, and 2 sprur of
this rft ineavdered west and south into
Africa,

Less pronaunced chunges during the
Conuzaic perjud. intluded the Parl‘.m]
closing ol the CaribLean region and the
cuntinued widenitg of the South Atlan.
tle us new ooean ctust was emplaced by
sea-floor spreading. As the Atlantic con-
tinued to open in the Far north the corth.
westward movement of the Euorasian
fand mass was halted and reversed, si-
multanecusly roversing its sensa of shp-
page with respect 10 Africa. The new
direction of shear has been strongly n-
pressed an the teclonic character of the
Mediterranean and the Near Eact The
major nerth-south rft in the Indian
Goean Lurgely ceased spreading and be-

came inslead g mega.shear that ac. -

cernodated the counteelockwise and
norihward rotation of the Afriean plate.

f Ve reader will huve observed ihat

our maps of continental drit show
more than relutive positions and ma-
tions; the land miusses, Leginning with
Fangaea itelf, are assigned absolute
seographie coordiates, Since this has

not been attempied before we shall

briely deseribe how we arrived at our
results, In Lhe mabile warld of plute tec-
tonics one must assume that 2l parts of
the crust are capable of moving and al-
muost surely have moved,

After an exlensive search for some zb-
solule vefercnice point, wo Bnally con-
cluded that the Walvis thermal center,
or hot spot, might provide what we
sought, Ly reaching this conelusion wo
accepted a hypothesis put forward by
J. Tuzo Wilson of the University of
Torunte. He had suggested thaot the
Walvis idge and the Rio Crande ridge
it Soutls Atdantic are nematalhis, or
“thread ndpes” of basalt, that lwid been
poured onto the spreading ocean Hoor
from a fived kv orifice nsing from a
deep, stagnant region of the maniie, As
new loor was vernied past the orifice,
lava would pericdically pour oul and
forn a small volcanic cone. By olserv-
ing the locution of succecding cones as
they mer ed into a ddge one can estab-
lish the absclute direction taken by the
crust in thil region. & study of the Wal.
vis and Rie Grande ridges enabled us 1o
establish not only the drft of the South
American Elute wilh respect to the Afr-
can plate bit alsa any moticn the two
plates muy have had in some other di-
rection [see dhustration on page 13,

Undgrtunately the Wilvig hot spot did
not exist workier thon about 140 mitliun
years ago, s that its nselubies 25 &
fixed point does nut go back waclier than
tha end of the Juressic period. To Lrace
crustal mations during the St 80 mil-
line years sfter the breakup of Pungaes
o has to cely on dead rackoning, e
have made the assemption thar Anlese-
ticw bus moved very litte From it wrigi-
oal location when {t wag part of Pan-

WURLD 50 MILLION YEARS FROM NOW may look something Gike this. The suthors
have extrapulaied presentdsy plale movements 1o indicsie how the continepts will heva
drificd by 1he end of what they propose to call the Piytbozoic era (1he age of sware-
oask), Tha Antaretic remaing essenijully fined bot mar robite slightly clockwine. The Al
lanthe {perticutarly the South Atlantic) and the Indizn Ocesn conlinue to grow o 1he ez
pente of the Pacific. Anstralis drilly porthward aod begine rubbing sgsinm the Earssiin
plate. The emlern portion wf Africs is aplit off, while its nocthward drift cloges the Day of
Hizeay aod virloally collipses the Maditerraonean, Mew laed srea bs cresnl in the Carib-
bean by compresional nplilz. Baja Celilosnin and a sliver of Calilornis wes of the San
Awlrens fayglt ara swvered from Morh America and begin drilting to the parthwest. In
about 10 mlllion yeers Do Angeles will be aboewst of Sen Frencisco, mill fixed to the
wisinlnd, |n sboul 50 million years Lot Angoles will start sbiding ino 1he Aleutivn Lrench.



FIT OF AFTRICA ACAINST NORTH AMEBRICA was made by the
suthors' collosgue Walter P. Sproll with the sid of & remputer, As
in the recondraciion of Pamgaes, it i ac-omed thal earchy coptinent
actusily exiende syt into the scenn and Lalivey down the ool
tnemtal slope, where the oresn resches 4 depth of 1620 failiams.
The Netth Ameriran “camst™ heiween 4 and ' wan maiched lor
best fit 1o the African *comtt™ boiween B wod B, Thile LIEas BT
Eapw in the fie; black wress are averlaps, The averlgp produced Ly

r2

the Nabhamay nletform, an eoormous sren hall the site of Teass, i
rpecially depicted in durk color. The woihoes pwopsss thai the
plerlorm reprebenls an secumulation ol wedimenis followed by et
al growth afier the 1wo continenty becanie separsied. Tha largent
gap in the propoeed fit between the 1w continenw i fonnd off the
Spanish etelive of Lind, The Jini gap snuy have Leen cramted whien
2 vmul] perilon of Alcig split off anl wan icuneluird 199 kilometers
vk the puuthwest, forming the ea-tern srunp of the Cnndty Falands,



wiea, This seems reasonable becagse
ihe Antarcties plate s enLirely surround-
wd by a system of rilts and negishears,
hwre i oo associated Trenel Tuwaad
wlich the plate woull lend 16omowre
wway From its polur position.

Independent supporr for this assump-
sion is obluned by plotting e position
of the Narth and South poles Lwforc the
dispersal of Pangaea. These posibons
wie obiaived by stedying the direction
of mapnetzation in rocks of the Permian
petiod, as ohtained by E. Irving of the
Deminion Observatory in Canada ond
by olther workers, We plotted the Per-
niian pale pusitiong with respect bo coch
cahilient ag it exists today and tdan eo.
tated these pale positions s negded 1o
asstritde the conlinents Il wir version
of Pangoca. Ry this metliod the pole po-
silions should ideully custer au woe of
the peographic pols. Actually there is
scnite xcdlter, as ton be scen in our re-
comstruction of Patgaea {see dfustration
v paga 8 ], batall the posstigns do fall
within either the Aretic Circle or the
Autarctic Circle.

We ran now sunmmaci2e bow the con-
Unentsy bave mved Qo fime g s)iade,
The two Aanericas have didled |ﬂllg
way, generally westwaed. Mol Ameicy
has drifted more than 8 009 kilumueters
west nnithwest, the Llip of Floridu ence
Liv by the South Atlantic near ihe Mesent
position of Ascension Island. Moving
Loward Lhe Tethyan trench system, India
and Australia were carried far to the
north, Africa rotated counterclockwise
perhaps 20 degrees 25 \he Eurasian land
rmiass, Similirly moving tewuril the Teth.
yan trench, rotated elockwise o ronghly
equal amount, India’s renackalide Fligelut
is probubly wiributalle woits being
tulted on an “jdeal” plate. Appras inate-
ly rectangular, the Indian plute was
sheed wway from Pangaea by a nfy along
what is now ludin’s east coast gud then
wuk [ree o move norlword Joward g
major trench, This northward mave.
tel was facilitated by twao paralle)
i 2ashears,

ifecachs ago Wegener proposed that
Uiz drilt of the continents way vectored
Ly Errces Lie jernmed Westwanderung
fuestwarl drift) and  Polarfuchikrafi
{Hight Lroan the peles), Althougly real,
1lese Torees are mmuscule ond ot likely
ta be the underlying couse of deife. Qur
splulion, however, docs suppurt Wepe-
ners hypathesis of a westward dight,
which, like the slip of the atmosphers,
durreitly apposes the earth's rulation. We
have also inferréd a laditodinal dnft, but
Froen the Suutll_ EBale D:ll}', or, p.j.miilrl!.-
il "n'l,.-‘egtruer's itTmilIUliJg}", n Slul'jr"'?l'ﬂh
fhaehitkrafe,

Y
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SEPALATION OQF SOUTH AMERBICAN AL AFRICAN PLATES can be traced in
abealule geagraphic cuofdinates by ohyerving the orientetion of the thread ridpes, a F-
shaped ciream of voleaoors, prodoced by the Walvis thermad center {€). Tha bet spot Bas
cvidenthy besn pouring gul magms fram g source deep in the mantle (or 1he poat 142 millien
years. The Lhree-part dingram ilashiptes & Bypotheris fint preposad by I, Tazo Wiliao of
the Unisecwily of Toronto. The thzead ridees show thar the 3onh American and African
Plates have been mot only driting rapidly spart but ales migrsting nortkwird. Fednres
vuch a. the airike of 1he cidgs-ridge transform fiults (4-4") aod matebing indentations vn
apposing contincata (H-N') can o more tha indicate the Telslive molion of Iwo piztes.
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" - PLATE TECTONICS

The ecarth’s surface 13 divided into a mosaic of rigid, shifring

plates. As they move apart, shde past each other and converge, new

crust 1y generated, conunents drift and nountains are formed

tais, volcanoes and earthquakes are
Tt mndmnl}r distrilauted over the
earth’s surface but ara found in distinet
and uswally narrow zones. To account
fur thess evidences of instability in the
carth’s crust many hypatheses have been
pul forward. They have included such
diverse potions us global expunsion, glal-
al contruction, tha efect of lunar tidsl
forees apnd whalesals uplift or foundes-
ing of large segmenls of tho earth's crust,
v o Qo other explanation—continental deift
—was advanced from time o time but
wils u:lp:]atable tc mast grophysicisis
Lecuuse it seemed W viclate what wuy
knuowa alxmt the mechanical propertics
of the earth’s crt, Neveriheless, conti-
nealal drift seemed 10 Expl.'lin gm]ugi-
cal similurities letween continents {hou-
sunnds of miles apurt. 1t alsy explained
why somp ooatinental margins, for ex-
umnple those of South America and
Africa, match ezch other so procisely,
Within the past 10 years continental
drift has been placed on a Brm {founda-
tivn by the development of 1he concept
of seadloor sprewding, eriginally  pro-
Hssed by the late liarry H, Hess of
Princeson University. Sea-floor sprf.-ading
inmvolves the notion that the fluor of 1he
pocats i continuously being pilied apurt
along & namow crack that is centered on
i riclge that can be triced through the
nwjor ooeun basins, Voleanric roarecial
(lgguid  busalt]) rses Frame the earth's
matlle 1o All the crack and continuously
Croile puew DOeanic crust.
The cuncept mighl have beey Jifficoele
i coufirn except For the fortunate Fact
it the polarity of the earth’s magnetic
owlel pericdically reverses, It fnd bexn
ulwerved  [rom magietomeler survevs
that rocky of the ocean foor extibil &
gebra-stripe patiemn in which the inten-
suly of maguetization changes abruptly
in fiear rildbusns I:ulml]r;] ter (Fin pevarest

?

It hus long been observend that maun-

by Jubhin F. Dewey

ecuanie ridge, In 1963 F. J. Vine and
D M. Matthews of the University of
Cambridge proposed that the magnetic
pattern was evidence of Loth sea-foor
spreacding and reversaly of the earth's
magnetic field. Te muny geologists the
ore seemed almost as improbable ws the
ather. Vine and Matthews argned that ns
the busaltic liquid ross into the axisl
crack of the oceanie ridges wad solidifed
it would become magnetized in the then
prevailing directicn of the earth's -
netie feld. 1f new oteunic vrust was cun-
tingously generated, as Vine and Mat-
thews believed, one shogld find that cach
vidge axis is burdered sywmactricully by
pairs of parallel strips whose direction
of magnetization is the samne, that is,
batk normal or both anlinomal. The
Iiypothests was strikingly conflmmed in
Nany ‘traverses aCross oCceanic ridge:.
Furthermere, a time scale of magnetic
reversals has been developed showing
that the rate of sea-Roor spreading is be-
tween two and 1§ centimeters per year,
It is now clear thal sirtually all of the
present area of the veeans has been oro-
ated by ses-floor spreading during the
past 200 million years, or during the Last
5 percent or 50 of the recorded geclogic
history of the carth. The crention of vuw
surfacw area means either that the earth

has expanded dramatically or that sur-

MO3ATL OF PLATES Jorms Lhe earth’s lith-
wsphere, o0 ower sheil, Acrording o ihe
recently davelopead theory of plate tactondcs,
the plates are not ondy rigid bur wlse in
rongtanf redalive malien_ The lwoond ariey of
glates are of three types: ridge sarea, whers
plates mre diverging and new orennic Mooer
feneratod; tramsfoaroms, where plaies slide
past each other, wnd sghduction zones,
where plutes converge und one ploe dives
under the lewding #dge of By neighbor. Tri.
anglas hedlewte the leading edge of & plate,

fucu area is sumewhers leing destroyad
at the same rete at which it is being cre-
ated, There is goud evidence that the
earth hus nut expanded nre than wlouat
2 percent T the past 200 million yeurs.
Thus rhere must be, ia general terms, «
global conpvevor-belt systein or surface
miokion that ks eones of surfaee cleas
tion und surfave destuction,
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wapecpit 4f sea-Boor spreadin lias
1 Famens in:aitjt'n.! to bhe carlicr sdca ot
cafraental drigt in a ;iug!c utikyinz
e ealled the theory of plate tecli-
wn Ui geoowldc part of the theory
whainlires the lithosphere, i outer shell,
i the varth as consisting of 2 number of
vigih plines. Tl kinematic pact of
Uwery halds tu the platis are in con-
stanl mwlative motion: they can Lide pasl
cach uther, they can move apart on op-
Prositer siddes of an ocuanic ridpe or they
o converge, Inowhith cose one uf Lhe
FAates st be consumed. Let us now we
Firw wirimas ostubHitios 6 the carth’s
crust can be viswalized i beong of plane
[ o L] (e

Parthguukes

Mest earthquakes occur in narrow
zuned that join (o form a continvuay met-
wion k hmmding wpgions that are weismi-
l'all)' less active, The seismic netwok s
wveciated with a variety ol characberistic
lestans such ws rift walleys, Deeaniv
ridoes, mostain belts, woleanie chains
and dleep aceznic Llnanches [sec Huatra-

Hhaa fedoer ], Tl seisenic areas mark the
Lemmnclurics Letween plates, which are
Lugely e of earthepoakes. There ap
P b D Four types ol seismic 2inee,
which can b distinguished by tleir
vluracteristic momhology and geology.
The Frst type i sepresented by mar-
row 2ones of Digh suface heat vy and
Lwalbic waleanic activity along the axes
ul mil-oceanic idges where earthquakes
are ahallow {less than 70 Jalometers
doeepl The axes of the ridges, of course,
are the active sites of sea-Aoor spread-

inp, in leeland, where the Mid-Atlantie

Hidge rises ahowve sea Jeved, the spugad-
g rate Las Toeen oroewsboreek at alsoat two
CENbImeters [y pear,

The second type of seismic 2one is
tathed Ty shallow carthguukes in Lhe
absence of valcanoes, & givind ilustra-
tion is the rezion around the 5an An-
drews Fault in Califersia and around the
Anatolian feult in tonherm Turkey,
along both of which large surface dis-
plawements parallel to the Faglt have
[recwe ameasured Jsee "The San A ndreas
Fault,”
AsiEncan, November, [971].

by Don L. Autlersou; SCIENTIFIY

The iinl bype of seismic zone i in-
Tl t‘]}" related to d("[‘:p aeoanic trenchey
assciates] with volcanic island-arc svs-
terss, such as those around the Pavific
Ovean, Turthquakes there can be 8
linw, inlennediate (70 to 300 kilomets.
or deep (300 to 700 kilometers), accord-
ing b where they ke place in the steep-
by plungiag lithwspheric plate that bea-
ders the wench. Thits the eanhquake
vpicenters {the points on the sucfoce
above the initial lreak) define a geologic
struclure dipping down kil the earth
away from the trench, These inclined
carthiuake zones, called Beoiolf 20i0es,
nnderlie active voloanie chins and b
a variety of mmpln:x shapes.

The Iourth type of seismic zone is
typified by the ewnheuake bede thal ex-
tends leom Burrna te the Medilerranean
Sea. it consists of 4 wide, difuse conli-
nekal aune within which generatly slal-
lw carthirjuakes are pssociated with Ligh
mountain ranges that cleazly owe theis
existeniy to Iargl.- comnpressive  foices,
LEurtlijuahes of imermediate depibe oe-
cur i e aeas such as the Himdu
Foush andd Ronwanga. Although defp-foc“m
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eurtlvjuakes i tore, ey have [woem -
vorded in a fow places, for example jusi
north of Sicily under the Tyrrhenian val-
CUTIONE,

An oarthaquake results wlo o sbresses
accumylate ta the point that rocks in (e
earth’s crust bresh, The breskage is the
vonseruence of ittle failuro of the reck
{in contrast to plastic defuzmation, which
can rulieve stresses slowly). The first seis-
i waves ba leave the region af the
lireak {the lypocenter] are wives of
alternate compressiun and rarefaction
generited by the sudden releass of elas-
tic encegy. Adter an eartheiake oun firucks
that the seismological stations that have
received the first waves can be assigned
to one of fowr geographic quadrnuls.
In twu of the quadrants, lying vppasie
cach other, the Brst waves are coinpres-
signal; in the other two quadrants the
first waves arw rarefzctional,

The gquadrants defing the oriendation
of two nodat planes on ome of which a
suddent slip has presumalbly predneed
the vatthquake, The ilerseetion of the
nodal plancs is the null direction, or i
termediate stress axis, parallel to which
elfectively ro skrin eccurs, The ling hi-
secling the quadrant in which tho firs
molion is compressional defines the di-
rection ol lewst principal stress, mtallel
to which there B excensiconl sty The
bisoctor of the rarefaction quadramt de-
Fines the direction of the maximum prin-
cipul stress alung whicly thera is wony-
Hrssional strain,

Lyin R, Sykes of the Lamont-Dioherty
{ieological Obssivatory of Columbin
Unlversity has applied this analysis bo
the seismic belts of the world and hay
shown systematically that the ridire aves
ace in tension, that thers is lareenl move-

ent u!ung the second type of stjyrmic

zone and that compression dorminates
the thind and fourth types. Thus seis-

AXMS UOF ROTATION cwn he elecled 0
suth » way Uop ifustration oo f=i) that 9
##1 al twa or more puints lying un the sur-
faee of w spheew (A, &, C) can ba moved by
& rigil retaion srocnd thet axis 19 new posi-
o (A, 0% C), preserving the origisal
geomelry of the scl. A nhiqoe axls ean be
found aaly if 1he ipitial and Roal posiliens
of iwe or mare peiptd ors known, Shallarly,
the relutive muticy of two rigid plates can
lc described a4 & rigid rotativn sronnd w
saitulily selected gaia of cotstian {boirom u-
fustretion of Left). late A ju desigiwiol ae
fixesd while plate IF is roluted] enticlockwiie,
a3 virwed doann the axie of torarion. As plate
B rotates theough angle omega {(wh. new
sucluce ares iy ilded symmelricelly to buth
plates a1 the ridgo axis, which itveli trasely
through an angle #qusl 1o one-balf emega.



maleyy encphasizes that there are three
Fiiel: o plate boundary: beumdaties
Tanms which I]JEI.[L‘E are |:1|1Ied apranl,
Lonnderies along which plates slide past
cach nther asd beundares across which
rlates converge, Since rock matenal does
nat il up indefinitely in the eompres-
siopal zanus, it follows that somewhere
there must be zones in which plates are
crnsurned.

The Plate Musaic

Oue can therefore constrect 2 moedel
nf glnhn,] sucfatw disp]acenu!nt invelving
a mosaic of plates each of which exhibils
one or more of the three types of bhound-
ary, At ridge azes ]Jlall:s separite and
new surface erea is penerated by (he
conbluwas acoretion of new  oceanic
crust al the l:r‘t.{ling edges of the plates.
At trucsforiz funlts plutes slide past sacl
etlier andd surfreo area i aeither erpated
nm destroved. At subduction comes one
plate iv consumed and slides down inta
thy twntla under the lemling edge of
anntlwr plate.

Plates vary greatly in nize from the 1ix
major plates, such a5 the plate that car-
ries virtually 1ho entire Pacific Ocean,
ilown ta very amul] plates, such as the
plate thar is essentislly coestensive with
Turkey. Moreaver, plale boundaries do
not always coinedde with the EArging of
thnting s 1aany continenta] margins are
peacelul  earthguake-free  nonvolcanic
regions, Henee plates cun be partly oce-
eruc und partly continentul or they cun
bws erdliely one or the other. This fact
overcomes one of the taditional objec-
tivhs o continental drift, namely the
meehanical difieelly of haviog a pgeo-
logically weak continent plow its way
aernss & strong ocean Hoor, According
to the plate-teclonic wview, continents
ane oteuns are ralted along Ly the same
crustul couveyor belt,

A look at the boundary arcund the
African plate revesls twa important con-
stgenees of flll:ltu imntion. The gread ey
pact of the bourclary is a ridge axis ex-
temling from the North Adantic into 1he
Indisn Ocean and the Red Seq; thos the
entire Mrican plate must IJ.H mrowing i
wied, This behavior in tim means that
plates elsewhere on the globe must be
gettiug smaller. The second ensequenta
uf the prowth of e African plate is 1t
thee (:arl'.sb-(:rg Hidgﬂ in the [owliun Cuoean
is woving away From the Mid-Atlantic
Ridg!:, :illustraling oni: of tho essenliol
vorallarivcs of plala kineranies: plate mio-
tive i$ 1elative, There i3 no coordinate
systein within which zhsolute plate mo-
tian tut be defucd excepl o systons do-
bard o relation w oo particular plata wr

EXTINGT TRANSFORM AriS DF ROTATION .
DETWEEN PLATES
AAND B
SURFACE ARCA GEMERATED .
AT RIDGE AXIS DURIMNG POLE OF
ACTATION THROUGH w HUW'Q“ SURFACE AREA
e OF PLATE B
. ‘ A o DESTRAOYED
RIDGE AXIS ) ,,-.11“; ; ""J,-h AT SUBDUCTION
R b ZOMNES DE AND FH

! bt
:{“--*-ifﬁlt}

EQUATOR
OF AGTATION
SUBRDUCTION JOME;
Tnlml:_:.fg %D%E %gj;nce ane.% OF FLATE 4
L RFACE AR ROYED AT &)
QM PLATE & SURFACE AREA OF SUBDUCTION ZONE

PLATE B DESTROYED

THRLE KINDS OF TERANSFOHM can exlat a5 sagmenis of a vingle plate boundary;: rldge
axin to ridge azia (AB), ridge axis to snbduction sone (D) and subduction aons 18 sub-
ductien cone (EF, GH, IJ}, Plave 4 is sgain eisumed 1o be fixed while plata 8 retates anti-
tlockwise, Ridgesxitdoridge-nain rapslorme (48, ') meintein & constont length he-
cause new surfacs ares is genarated aymmetrically al cidge axer, Tramalorr Joining ridpe
nxes Lo sobdoclion acnes decrease or increass in length et buif the transform dip rate. In
the expmple depicied here CfF sbortens wo C°0, bot i the leading wdge st subdaetlon zooe
DE were on plaie £ (us in the coan of G}), CF would bave langthened, Traneiorm EF
maintaine a conslant length, whereas GH shertena 1o zare length end 1S lengthens to 1N,

l

plate boundary that is abitrarily chosen
as being “Hxed™
Tha basic assampion th p]ates are

vigid i "essential to plate tectonies and

appears to be justified by the fact that
excellent restorative Ges can be made be-
twoen many pairs of continewtal o
ging. (In making such 2 Bt the margin
is typically defined as the 1,000-fathom
isubath on the continental shelf adjacent
to the contivenl.) Similar s can be
made with even greater precisian b(_!-
tween pairs of magnetic anomalies sym-
metricatly disposed on cach side of a
ridge wais. IF plates had been distorted as
they evolved, these Gis could not be
mada, As further vonBrinavion of rigidity,
profiles produced by scismic refloction
haave shown that sediments Taid down oo
the cceanic crust as it moves away from

axis with the earth’s surface is termed
the pole of mtwion [see dustration on
cpposite page]. This concept was fiest
applird by Sir Edward Bullard, ). E.
Everetl and A. C. Smith of the Unjver-
sity of Cambridge to demonstrate the hit
of tha continental margins aroamd the
Atlantic Ocean. Relative surface metion
hetween two plates proceeds along cix-
cles of rotation around the axis of rota-
tivn. The circles can be consideyed as
lagitudes of rotetion from zem radwus at
the pole of rotation to 2 masiozm at e
equator of rotation, Relstbve plaie mao-
tiou s best deseribed, however, as an
angular velocity, since the velocity along
rotation circles jnoreases From zero al the
pule of rotation to a maximum o bl
equatar of ratstion. The ootuere of dis-
placement across a plate boundary is

a ridgc axis Farm undistocted Hat layers. et thetefure entitely dependent on its on-

Tho Fact that rflyid plates are inorela-
live mution on o spherical earth means
that o displacemeut between any lwo
plates can be destribed by a mtation
arownb an axis pussing through the cen-
ter ol tlae eantls, The inlersection of this

entalics swith respect 1o the cirgles ob 1o-
tation.

OF particular intcres? arm. bounda-
ries paraliel 1o roration circles. A1 these
boundavies ure funlts where gurlace aros
is conserved; sucl faglis are called trans-

E
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form [aults. Great circles diawn perpen-
dicularly to transform faults thal are sew-
ments of one plate boundary will inter-
sect 16 define the rotation pale. Plate
boundaries oblique to ircles of rotation
are gither ridges or subduction zoncs,
depending on whether plales are sepa-
rating or converging across them, The
mcreasing rate of plate separation acrasy
vidlge axes with increasing distuncs Fram
the pale of rotution 15 reflecied by & pro-
grussivel_',' incroasing distaros bebweer
urhiculue nugnctic andam.lies ongd Lhe
riddge uxls. Similarly, tlee rate of pla
canvergenve ot subduction zones in-
crizases away (rom the pols of motation,
A paricularly good ilustrating s s
forded by the New Zealand-Tonga seis-
mic zone, That pert of the zoue south
of New Zealand has only shallow eanth-|
quaker; intermediate-focus earthquakes
start in New Zealind and deep-focus
earthquakes norh gf New Zealand {see
Waustration on poges 2 and 3 }. This
suggests a progessive oorthward increase
in convergency bite dcross Lhi subduoc-
tiot zone, so that the downgoing plate
reaches progressively decper levels,
Separation wates across rdges where
mates arn moving «putt can be dinsetly

" gleduced Tioen magnetic-aommaly pat-

terns, but theen §8 ne divect method for
Jeducing convergence rates agitss sub-
duction 2ones whern one phate 15 diving
voder apetlar aod orealing & teench,
Close attention hus therefore been Hiv-
en to plate boundaries where individual
segments are a ridge, a transform fault
and & subduction zone, becauss the an-
pular velocity of relutive motion deduced
for a ndge segment also applies ta a
trench xa t. The angular velocity
ean be dim::tl}r translated intn & circle-
af-rotation velecity fur any circle of ro-
tution thut crosses the subduction zone,

THEUY AXES wodd anginlur veloeily of rota-
tivn ure delined op iifustrazion ot fefi] ua
the veclor pus of 1w gthera, 1F onc Linwwy
the ungular velocitien al 1wo rigid rutatiand
wronnd Iwo exes U] end 2} pugsing rtheoagh
the center of g ¢pbere, one obizion ibeic
vrelor iem 1o delerming the anpolar veloe.
iy around u third sxie (3} Iying in the mme
ane #e the fied two. In the ezample illvs
tented 1be poles of rotation wxes ! and ¥ are
90 degrres apart and the gngolar velocities
srennd Lhem (uf and wl) are eqoal, so tizat
the polr of the thitd uais lies midwat along
p Erewt circle hetwean poles | and 2. Similar-
Iy (dartom dinstreiion o et} if one knowy
the sxes of roration and the sangolic we
locities thut Jaacrilee the relative motion of.
plues 4 gl T and plates B znd £, one cun
gecertain e rotation gxip (F7) har de
seribiew the redotive mntion of plates 4 ind £,



thepeaading on its “rotational latitude.™

Alehwar b e is per upparent geomaetric
resun b lry Pl pes slesld Die E_::rn el Loy

LTt TOtatoL, They appear B
D Ao

WCFere, Lhe S}fnmnrtrica
tivar of paired matchiog magnetic anom-
s with respect to the ddge axis where
thuy were ge“c_mt-:d indicates that mew
erustal material is added symmetrcally
to the trailing edges of e diverging
plates.

Fur some rewson, perhape one related
tn the driving mochanism for plate mo-
tin, straight :idge—tmmfurm bhoundaries
are 3 mechanically stable configuration.
Sulducijo s.are generally curved,
perhaps also for mechanical reasans, and
convergence direchons can be right.
wipled or obliqus 1o tem, acconling to
Txr]':%ﬂu-m!;;v are [iﬂll!'ﬂ._l.iﬁlﬁd ur ub]itj_uu

'-tmﬁ?l_ggl-__c_irg_tﬁ. O mu}-'_]:n-.is':._i'ﬁ gri—
dations from pure sulsluction to purs
iransform inotion along a single plate
loundury; therelore the vrientalion of a
sulluction zone, vnlike the onentation
of a ridge or 4 transfonn Faalt, s & poor
guidu tn the relative dicection of dis-
placement,

The uxial sprending eoue of oeeanic
el 05 oo g Ccomtinuens Teature, It
is dnteroupted aud wlbsetr by vrunsfoom
bl that e sorae places create high
sulwraring elifls, Pransfurm Tudts were
I‘-ummrly thought to {3 lines along which
b ridge axis hud beun disploced from
aonee runkinuous cone, sivee they con-
laue as bathymwtric Teabanes Leraand
the: wilfset ends of the ridge asis. [ Tuen
Wilson of the University of Torunto as-
gued, however, that Lhey are simply off-
scts of the spreading axis and Tonn wn
integral part of a single boundzry. He
coined the term iranslorm fawlr to de-
seribe them because they merely truns-
form relative pmotion between the two
ridge segments.  Seismic Brst-motion
stutlies confirmed Wilson's prediction of
transfoer motion; luither support is pro-
vithad by the obsesvation that earth-
fanthes are restrivied to thal ponioa be-
vaeen the vifset ends ol the ridge axis,

The aclive partion of a iransform fault
tifines part of a circle of rotation, Sini-
Linlw, the inactive comtinuation of a trans-
firrm Tault beyond the offset ridge axis
defines circles of mion for the previ-
vus histery of plae divergence across
Uher Fiddge axis; it represents carlice circles
ol qutadion "freecn” ite adjace pevanic
rhigsl generuted varlive, This is of funda-
ket ] npaeaee Lot reasnos, Fic,
U eseeltent circleof-rotation lues de-
si-riboel b bnetive trinssforon Faults jusi-
by the asswingtion Vbt relative muotica
botween two plates can bo deseribed o

Zf
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FOUR TRIPLE JUNCTIONS are depicted with their velasiiy triangles st lims t; and 1hair
configurativn a1 time 1. Ridge szea wre wolid coler; waldoction zones pra aolid black;
trangforma are gray, A triple onctlon involving three ridges (1) i slways stablo. When
thees subiduction zooes meet (2 and 3) end two lending edges Ivlng on plue A do oot ferm
u sizaight Jine, the tripls junction i stalle only when the 4 v, € velocily vecior s parsllel
te tha leading adge of plate © (2}, Otherwine (3} the tripie jusiulon moves, Thia at some
time hetween ry sl tp the triple junetion woves past pebtnl Xo Defore the 1ime of pove-
menl the relutive mation wl X s A v. € end therealter A vo ¥, The lot dingram (4) deplets
how i eomee 10 pass 1hat ¥ triple junction invelving iwa cldges mnd a iracsiorm can have
the configurztion al & ooly insentanacualy since the triple junciion avobens imumedintaly
to 4y, i which plules B and C are suparsied by the trensferms and the rldge iy thus aftent,
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VELOC!ITY Of SHEAR WaVES (KILOMETERS PER SECOND)  SUBDUCTION ZOME AILGE AX|S
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crcavgs 4t 10 and 130 kilemeters ooder oteans and coantinents re- (ooder ¥} Flve shopas ace suggested lor Laterab4ranaler gradients.
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LITHOSPHENE FLATE of solidified rork sorvew an a thermal thirker under the eonilnent it-in rafting towsed a subdurtion sore,
boundary condurtion luyer “Aomting™ on malton or serilmoiten where Ihe plate descends jnio the royntle andor landing edge of wi-

rock of the sathenoaphere. In this ichetutiv view 1he Tithgaphers is other plate, New oceanic coust ja sisadily baing wdded ol fidz atie,
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twvms of 4 rgid nllalii’;n around a4 Fael
(mile second, it provides the hey (o
wuiling aul past plate motions. The e
active Irnsforin faulis give the direclion
bt aial the rate of wld d:';p\lau.'m.-“n..
Botes, however, ¢an L derluges] Lo
Hes spacing of inagactic auotualics ot
bevawn afes.

Whalter O Pilan U1 gl Mabk Eal
woni of e Laarnitd 3obety Ohsprya
leery Buve devisged o sim]}lu Lt (‘,'ll.!gillll.
teelnringe tsihg well-gdefinnl pits af
mitgeckic anomalios of kuwn apes wonl
{rachire-zone aticpdativns for vampal g
plale displaceients i the cenal At-
ladie Ocean for the paw 18 willion
yeurs, First they asstined Ut suevessive
paers uf maenetic anviualies were geaer-
sted ar the ridge @b and woved apat
tar rigied plates, They then Iooned a series
af :odation poles around which they
ruuld Bt the pairs of progressively ohic
magnelic andrmales; the senies caaled
with a i ation that ficted (e continenial
margins of Africg and Mool Aneerica.
Hasiraing this sequence gives the kine-
tualivs uf plate drvergenee thal regneds
the: listory of the I‘.J[H'1.1I4|H' uf tha cengzal
Atlantic Oxean, ,

A ovomseduence ol ihe synnaetrical
Eoneraton s asyhametnic shestruction
al surface arca, at ridge areas wl syl
thattin: zones respectively, is tlat rans-
fewen Faults ean 1etain 4 sanstant h,-n.glll
ur van change their lengih | Hlustra-
fion on page & ). Tramsforn faulls that
juin ridze azes, or subduction zones with
leuding ed ges on the same piate, stay the
same length. Where trunslonn faults jein
winluction zones with leading «lpes on
diflerent plates, (hey lengthen s shot-
i, depending on whether the leading
Uligt:.b face avway (rom ot 1roseand ore e
adher. A tragsfoun fault 1hat juins i tidgu
axis 10 a subdipction wone eredaes or
tlecreases in length depunading un which
!:]:l[t: il |Eari:'ng ._;[I.‘r_;r! lios (o,

I thi: uxes und angular velocitivs of
vtalion Detween bz pairs of plates (A
ad B el A and C) are know, tie uads
anel anplar velocity of nstation between
the: thinl pair é8 and ) can be calew-
Litn} [see lustration on poge 8 ). This
meters Lt B ridge-nxis segments fall
abrg the: Botinidanes between A and H
aml A and C, the redative motion of B
and © ran be found. Xevier le Pichon of
the Center for the Study of Divanugsw-
phy and Marine Biology in Prittany de-
veloped this techmigue for computing
e pedative motions begweon the giv
larpest plates and was thus able to wark
onl convergened  direclions vl rates
aeriss all e major subduction zanes,

With the: sarne techmigque Pitman Lias
cumpured the relative motjon of Al

sl Engope for the past B0 milliva pUdT.
I hing this time North Anerica and Af-
tivat Jlitve bevn parts of sejarale: phltt.-.\
v aparl around a sequence of rotu-
Goy aves s the cengral Allantk Das
switlened, North Avwnea aud  Buiogwe
vy Teen sjmilarl}' tnoving spart Ll
anend a differenl sequene of rotutun
ases, Therefors there Las been relative
et ot belween Afriea wnel Fajpopee, This
sttatiot has been comples ot the et -
et bag been wo aeady elinminae o Fos
tuerly wide ceeanic region Tetween the
i Cunkinerts,

Since relative displacements are u!nug
viteles of ratation, 1he relative motion
faetween three pltes camot be tles-
scribed b the crsbonsary x-r-luc._-it}' yixcLor
triangle vveepl instantzneowsly 4l
paint. I, however, we an: mterested in
relagive motions i an area of the earth’s
surface so small thal it may be rugardr.tl
as a Ban surface, wahi fhie result that cir-
cleof-rotation segments are virtually
stlﬂig}lt liszesy, the velovily vevtor Leiahgle
5 a wonvenient device b illustratiog

Jelative motion, A seoall area of greal

fderest is one whore thaee plate ol -
ey juin o Foraa Lriply junsetion, Tl'i].lli.l
jruwctiems wre denssded Dy plate o gidi-
ty; this Is the voly way a bounda y b
bween bwe rigid plaes can el D P
hMeKenzie of the University of Came
brid ge and W fasoe Slargan of Prinee-
ton Univerity have unalveud all possi-
ble furms of triple jouctions with veloci-
ty vector triangles and have shown that
they can be stable o wstable depend-
ing on whether they are able or unable
to maintzin thoir geometty as Lhey
cvolve {see ilusfralion on pape 7,

Plate Thickrtess aml Comsposition

B [ s Rave considetes] those v
sential aspects of plate geometry ainl
evolution 1hat ean e tecated froma sur-
Fuee puint af viesw. W Lo et yet in-
juired itte the thickuess sad composis
tivn of lithosphere plates. 1t has been
koown for muny years trom gravity and
seismic-refraction  meusurements  and
frun general considerations of mass bal-
ance thal the continents ure wnderlain by
a relatively light "Eranitit” crus about
40 kilometers thick aml 1he oevans by a
denser “hasalric™ coust only almout seven
Lilometers thick. Both cuntinental atd
ranic crast are uoderlain |:1_,.' a4 mantla
ol de-nser material, The pupction between
erust and mantle is the “Moho," or Me-
Lemovivic dismntinuity. Iowas 1he goal

" of e nuw abaadousd Muohele project Lo

uril] thranegh the relatively thin gpeennie
el iuter tho mmautle,
Mates mnst be ar loast ax rhick ad the

wranic and continental crust becanse
sl s have poeanic and conlinen-
Ll purtions between which there i3 1
clillesrniizl motion, 1t was thought e
ey years 1hat the Moho might L
an dmporiant plivsical discontituily orf
mewhinical decoupling on whivh large
vt ul displauumunts ]H’DCEEI:]. 1L is nuciw
clesir that if thore is a zone of decoupling
[oshsametqy gk emtdeer J'ig['d shell amd u logy
viseous layer lwlow, it is cunsideraldy
dewper thao 1he Molw.

The hest evidence for the thickness of
|:|l-.|.t£':~.; venpes Tooue wismnlﬂg}'. The wve-
locity of seisnic waves is dependent oo
the density und Huw properties of the
ruck Ihmugh which they pass; it s h:lgh
in rigid, domse rocks and dow in less
vigil, lighter rowks. MMoreaver, an in-
Crease 1 {_T.lliﬁllill‘::' Jressure increases 1the
velocity uf wiaves and an increase in
lemperature decreases it. Although con.
ity pressure pmst intrease with deptls,
revent siudics indicate that the vilocitics
ol shear waves suddualy decrezse bulyw
o smrlace aboat 70 Lilometers goder Hw
pwevieny wnel aboat 150 kilometers uoder
M coeianents [see top dfustration on
pppesite pagel. Shese-wave velaitios
thee inereuse with :Ii_‘pth, widly marked
o prases lebveen 330 and 450 kiloae-
tets und just abuove TR kilometers.

These data suyggest that zn outer rigid
luyer 00 o 150 Lilometers thick {the
lithosphere) lies above u weaker and
lstter layer (the asthenosphere} that be-
vornes increasingly viseams wath depth.
Thw thickness of the hithospherw there-
fore probaldy castitutes the thicvkaess
of the dgal plates, ad the lithosphere
B discontivuous at plate boundaries.
Farthepuakes prosent o Lest of this hy-
puithusis, siove the vold, rigid lithesphe e
I l"l“hnit-ﬂ}-’ lavie sourct. The distribution
o earlnjuukes should thus provide .
patide o the thickuess of the lithuspliera
i Lex ing dlistrilgion whera it Jescends
e st lalactivee 2oney nlo the juteroe of
tho earth,

MKidges aued transform faulls are char-
acterized by earthyuakes whase depth
vatends to abour 70 kilometers. The in-
ivetl 200w of intermediate and deep-
lucus earthyuakes indicates the duescent
uf the lithusphere into the astheno-
aphrll:. whire it 5 consumed at subdue-
1ionn #rtes.

Daywn L. Isacks and Peler Molnar of
thy Lamo-Poleny Dbservatory, Wurk-
ing with seismie Frst-motion records,
Lave wnalyzed the stresses in descend-
ing Jithospheric plates. They find that
the siresses are copsistent with thoso
thal would bu vxpected if a cold sl
of ht_'udiug [jlhusp]:r:rﬂ werg ho neet o
creasing resislance as it descended into
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HEW SUBLDUCTION ZOME

COLLIGION OF CONTINENTS vecurn wlien w plata cartying w
enbilineyt is subdocted ot the Jowdlng edgs of 0 pleie catrylog an-
other continent (1), 3ines the conthoental counl i 1oo huoyent to be
vartied down into the ssthanosphers, the collisdon preduces moun-

tyin ranges (23, The Himaluyms evidenily formad when o plate
cobrying India rollided with the pucient Asvian plate eomc 30 milllon
yoirs ago, Tha doerending plue may bee:h off, tink into putlieno-
wpbiere sod @ new subductlon zone muy he sarted elaewhers (31



an facrcl.infly viscous asthenosphere.
Yihare tle cross section of the litho-
sphore s curved {at sulxhiction zone)
s npper [rart is under Lension, Sugpesl -
ing elastic beuding, Where the |t
sphierr has descended only a short dis-
tance it the asthennspliete it is under
Lension alono its heagth, indicaling low
resistance to its descent, Comtinuous-
by inclined seismic zones, representing
siabs of Inhesphere that have descended
to lower parts of the asthenosphere, are
characterized by compresnion along the
slaly. This fact suggests that the down-
going Ijthusphere'is [ut indn {*umpmssiun
ak it meets HETEASING TUsislange (9 by
descent. Ay instroctive caso is whore
there is o gap in lhe inclinedd seisiic
O, s.uggl.::.t.l'ng a diun_mlinuit}r in the
townguing slub, Barthyuakes alwsve the
g indicat: tension; sathguakes bolow
it indigale compressicoo, Ev'm]unjjj.r [ranl
of the stab Las broken oM wiwl i de-
seetding al o Luster vate than the ne-
riuindder,

The peoersl kinematics of plutes—
their growth and consumpkion —reguines
some Totoy of oass coonveclion, or orass-
traasfer circuits, i the masthe) et
feow to the earth’s sucluce i Fishost
alung riage axes: it declines rapidly to a
t lateus value aergas the pla[es gl
falls o a miaiioum at sutnluction zones.
Therefure the Lithosphere may reprosent
a cold, rigid boundary conduction Tayer
that is ergated ab the hot rdge “sourcey”
and destroyed at the cold subducrion.
2une "sinks.” Any acceptable model for
the geometry of the mass circuits in the
earth’s mantle must satisfy a number of
cesdilions,

Cunditions 1o Be Mel

Ficst, there must be a gross balaies
butween vertival mass transfer at sonrees
antl sinks am! lateral mass transfer h_*,'
Pt mation and motions in the astheno-
ipbore, Second, the 7T00-kdameter limit
wi e el o earthquakes and (he

alimi iciease 0 shear-wave velocity
_lﬁ!l: ks e dwettom of [he gebhusgie
spliew iinply that 1w mass s loy pir-
culs ol it lithosiplelo a
the- astletinsphers. Third, the boundarics
alopg which new crust is being gener-
afel! un the carth exceed in length tha
bmgndaries where crust is ]Juiug el
strened, so that plates are gencrdly con-
siumed at individoal sinks {aster than
thev are eveaterd a individaal sources
Foeutly, a simple geumictric conseue:
ol tles Eard that plntes Can u}]ange thesir
siee bt abea 1y Lhat pl..'lll.l boundaries citn
e o pelation bo nther'plate Lsrand -
aries, This fact implies et mass-transtel

circuiny must a150 clunge their geanetry
s the: ilates evolve, Fifth, nuss-transic
civeits et ke e fonn of nim'lll‘.
repuln caweclion wll nking sources
and sinks with an upper lateral Innba
amtl a4 lower relurn B becguse tlere s
nu :impln ome=to=one  relation Yulween
sy il sinks )

There are several great circles araund
the carth along which ane can cross two
ridgu ares withoal an intervening sub-
ductiom zone or cun cress wo sibdue
tiot wnwy withoul an miervening ridge
axis. Eircaits im-ulv].ug miss-transder
rates of up W 10 cenlimeters per year
Ttatan] Tt ul.:i.'mr:pﬁliil-‘d Uy copverd ive Tust
tramsfer, becawst termal nertin pre-
venls e elimmation Ly concogtion ol
lenperatmn  dillerenges Letween -
letent parts ol the eirouin, This eondition
is weBeeted i the persistionee ol carlh-
rpunhes e 9 ]ilutlg,mg s donwn Lo
dhegathy apaprsachiog T00 kileteter, 1is
vl T, Tess over, wlielher conveative
s Lransder ud lead boapsfer §s e
CLNLIELY OOl L l.'l]llﬂl"l"'“l':.'l: l:f ]:I]l.l.l.t" I‘[‘Iﬂliiﬂl.
The wvosdels [ aelative fithosphere-
stz el e i ul tlay b of page

& illestrate this dilkouby, They ae all

mutaml}r Fur tooe sinpliskie, Locloed, thw
relative sucfuce ity of plites may
ot e o guj:lu bor tnecatmin s Lon Eleet st b=
sphene.

Lett 1% consicler o muudel in which the
wrust, lithosphere | usthenosphere are
littkesd ina 5i|:|1.l:r|u solrce-bi-aink syatun
| sev Bodtom dluatration on puge 8 1. The
||thmph:r|: i this mxulel nets as 3 cold
bvundary conduction Yayer to a hotter
asthenosphere, the upper purt of which
{1 kow-velocity 2o0e) is probably near
its meliing pemperatuze. Tension in-
duced by plate separation ar the ridge
aajs reduves Uhe confining pressure in the
low-velovity o wmler the ridges. Re-
duction of confining pressuse tauses par-
Lial meliing of primitive mantle in the
]qu'rluc'ity zobu and the rising of a
naash ol erystals wand liquid, with the re-
sudt that the mdges wre broadly uplifted.
As the column o patially molien ma-
Wil rises it undrrgmrs.luﬂhur puniut
miclting: eventoally 1l Lasaltic |it|t1iri
rises Lo Bl the enek cohlinuausly gen-
veabid bvplive separition, The kgl
cenals and I;.'I}"}Iill“'.ﬁ!} 1o fonmy the bits
salie oetaiaie oo il Weaves ander i
ueplielenl luyer ool tanil,

Where plates doscendd dnen e ay-
[heztosy i, heis lesnlong edge curries o
vhain of veleanss; g oo dofers chiut
the volennde rec®s are linked in sonme
sy with th s H;liug |'.|l=‘||t|.-, Bucauss
Hie voleanic rocks are levs dense vhun tle
Iwisalts of thy occanic crusl, it s ]]kel}"
it they wre fnned by partial fusion of

the neeanic basalls with uther material
ws 1l lsales are carmied down inta the
Tt wnt b plaere, The dE‘PlElE{] mantie
in the plungine plate is denser than the
primitise istlenosphere through whicl
it ¥inks, both begause it has had a tighter
hasaltic Fraction removed from il under
the ridre axis and because it & cooler.
Therctore cnce a plate has begun o de-
scendt in a particular subduction zone it
i likely to continue until the plunging
plite meets increasing resistance deep in
the asthencsphere. .
Since continental crust is ualy abwut

|
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4y kilometers thick, whereas plates are

70 kilometers or more thick, the conti-
ety ricde as [assEILEErs ou the plules. In
the framewink of plate tectenics conti-
nenty] drift is wo mone significant tan
“mpean-four drift.” Nevertheless, conti-
nenis, unlike (ceans, umpose certain in-
porkant resttainds ou plate motion. The
nawrow, sharply defined trenches aul
the regulay inclived carthquake zones
sloping away from trenches inclicato thal
neeanitc fithosphere is easily consimed
by suldoetion, probably because 1t has a
Lhin, dense crust. Tntracantineuial seis-
e zcies  assowioted  with  mountain
ranges ashilit compressioral deforna-
tion over a wich: area, which implies it
contiuentul |[thuSPhE:r|: is hard to coo-
sutie beeause it bas a thick, relatively
Luoyant crust.

Within the Alpine-Himalayan iwam-
tajn helt ane namew zones characterized
by a distinctive assemblage of rocks,
known as rhe ophialite suite, whose com-
position and stractuce suggest that they
are slicves of oceanie crust and mrantle, TF
they are, vphiclite zones mark t lines
atoig which continents collided follow-
ing the contraction of an oCean by rlate
consumption [see dlustration an oppo-
site poge]. The small oeeanic areas with-
in the Alpine belt, such as the Mediter-
rancun Sea and the Black Sez, muy be
tempants of larper ooeans that once Jay
Iclween Afrca and Europe. Evident!ly
lbosphere carrying Hght conlinental
crust js clifficult to consnume, as is indi-
vuted by the o ke searvity of into-
mdinte-locus  avd  deep-focus  corthe
yuakes iy zooes wlers toutinents have
vullided. Fhus o seems that continental
eerllisivn termiinates subduction aleng the
cullision zone, This Inrplies that ouss
trunisfer civeuits st Te drastically re-
wcranged ufter e collision of rontnweuls,
singar a1 major sink i eliminared. As o re-
sult new sinks may lorm in oocvans rlse-
wiicre,

Ay we luve seen, any h_',rpothutit.'ui
tlriving  mechanism for plate  motian
miast meet o numbyer of conditions. At
preseut sane furm of thermal convee-

n‘



<ion in the upper mantle seems Lo hokd
the most promise, but other mechanisms
have been suggested that may play some
role in plate dynamics, Thess mecha-
nisms include the returdiang elfect of
carth tides rafsed by tho gravitational
attraction of the moon. the possible pull
exertéd by a plate “dangling” in the as-
themesphere and forces created by plates
sliding down the slight grade berween
sources and sinks. [1 is also possible
that some zmall plates are mechanieally
driven by the effeets of relative motion
between adjacent larger plates. For ex-
ample, the westward ination of the
wedge-shaped Turkish plite with e-

spoct to Whe Eurasian plite may be
causedd by its being squeezed like an
orange seed between the Arabiun wmd
the Eurasian plate.

Exhinct Plates

It s vow certain that plate tectonics
has operated for at least the past 200
million years of earth history. During
this time virlually all the prescot oceans
were oreated and others were destroyed.
Two hundred million years ago the ma-
jor vontinental masses were assembled
into the single supercontinent Pangaca
isee diwdration Delow]. It iy therefore

legitinwate tu ask if the breabup of Pan-
gaea same 1830 millicn years ago marked
Ehu beginning of plate tectonics, Geo-
logie studies of monntain belts obler
than 200 million years sirmng!y indicate
that they ows their eripin to processes
ojicruting at plate boundaries that we
tiow extiout, The Ural am! Appalachian-
Caledopian rmountain Lelts, which lie
within ancient . Pangaes, have namow
zones where ophioltes are found . These
old ophiolite zones, Like those in the Al
pine-Himalayan mauntain belt, thus
mark the sites of vapdshed peeans, This
impljus that the Urals, [or exginple, were
created by the collision of two conti-
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' MOUNTAIN BELTS FORMER
EARLIER THAN 260
MILLION YEARD AGO

ANCIENT CONTINENT OF PANGAEA is teconstrucied by fiL-
ting together the major cuntinental land musses, Pangaes siaricd
te bresk vp shout 200 million years sgo with a2 fifi belwsen Africa
and Aplaretica. Other rilts allawed South Americs, Ausratis snd
indis 'o drift into thele present positions. Mounain béhy [wrmed
mare than 268 million yrers mpo are shuwy jo shadings chat Jitin-

™y

guwleh younger and older belta, Thees mountsin belin Indicata lines
of collision belwsen rantinenial fragments smirdatlng Mengaos,
Thye & prier cofllon of North Amearica gnd Africs formad ike
yoan ger parl ul the Appalachians 260 million yexrs npo. Surk a cal-
lisivn would cxplaln bow Equator asd Svuih ["abe of 440 millson
years dgu mere hroughi close Iogciber after lormption of Puocrss,
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menfal masses and that the ophwfines
s generaled by sea-floor spreading at
1 ridge axis before the contmwnts Wi
vroight together,

Lutpr-seals horiznntal motions of cone
iients before 200 millon years Wi ure
supparie] hy other lines of reasoning,
Clacial deposits and other data indicate
that ubout 40 million years aga u souh
polar ice cap eavered the Sahara. At the
time Hins eastern North America lay
rear the Fguator. On the Pangaea re-
construction these close palar and equa-
torial positions are incompatible: they
indicate that Africa and North America
wele separated by an seean some 10,000
kilmreters wide, The contraction of thia
gecan. and the resubting colhsion of
Nuith America and Africa were prob-
abiy fugely responsible for the prowth
of e Appalachian wmountzie belt [see
"Ceagynclines, Mpuntuins and Conli-
nant-building” Ly Holbert 5. Diete; So-
EnDiFle AMekican, Mach, [872] It
sernus 4 reasonable sssumption that long,
narrow, well-defined zones of wmountain-
building were established zlong zomes of
plate convergence. If this is the case,
plate tectonics has Leen operating for
the past twa billion yeurs.

The abwenve of well-defined zones of
mensd ubn-Luilding selder thun bwo billion
yuacs  stggests,  however, that  some
e hanaisrm otlier thao plate tectonics, uy
leust as we know it at present, was o-
spranisible Tor the evolution of the earth's
coast in earller epochs, The ancient
“shich]” regions of the cyntinents, which
contain rocks older than 2.4 billioy years,
rre characterized hy rocks distributed in
swirling patterns over areas so wide Lhey
can hardly be explained by processes
arising at the boundaries of rigid plates.

Lvidently the shield areas were stabi-

lized abow 2.4 billion years aga, an b
surme 4N million years later @ luhe-
sphere wath sofficlent dgidity te crack
wdou plate mosaichad developed.

This does not neeessanly mean hat
[rhte tectondes as we koow it today De-
gin. two billion years ago. Mountam
belts older then 600 million years du nut
huve ophiclite complexes like those af
the younger mountain belts, indicating
that sea-floor spreading befor 600 mil-
lion vears ago penerated a differest type
of oceanic crust and mantle. Ceological

date suggest that plates rmay have been

getting thicker and that plate bound-
#ries mAy have betome more namowly
localzed with time,

An exciting corollary of plate tectonics
i$ Lt it provides & means whereby the
totnl volerwe of continental crust can in-
eroase with time, We have seen that the
primitive montle of the astheussphte
unclergoes portial melting to Hberate a
basaltio liquid that fsess and eools 1o
form the oceanic crust on the ridge axis,
aml that partial mebing of the oceanic
crisl on 4 descending plate may )rield
the liuids that erupt to baild the vol-
cupic chains on the leading edge of
Mates. Voloanic rods, with their deep-
level innrusions of liquids that crystal-
beed Deefure they reselwd the surlace,
hiave the samé bulk composilivn us that
ef 1her continental crust, The wolyanie
cluins may  Lherefore o sites whors
5t1'i[:.1 uof umhr}runiu continetial erust wre
generated, Since they lie on the leading
edge of plates, their destiny is to collide
withh uther valeenic chains or with vari-
vus kinds of contimental margin. In this
wiy new strips of light continental cnust
will be added to contineatal marginos,

As we have seen, the arrival of a oon-
tinental marpiv st 2 subduction cone

2 F

lilocks Muther plate congamption ut tha
il Tluis the ooeanic ridga |::|'L‘.-'~'Ldt'-s an
clfective means of growing colinendal
crust, g there is no means of destroy-
g such crust, This implics that the
tutul wvolume of continental crust has
Mwen increasing for the past two billlon
years, One should not concliode, low-
ever, that strips of new crust have been
added ra the continemts as a suctEssivn
of regulnr cohcentric rings. Rather, dis-
comtinuous stHps have been added at
diferent times, reflecting the complex
interaction of continental margins with
the plate-boundzary mosaie.

Although there are geologic phenam-
ena that plile leclonivs does not yul
obviously explain, aud abthough rhe
drving sechunismis obscure, those defis
ciencles Jo not constitute rakional oh.
faetions to the theory of plale tectonics.
One of the serinus mistakea that many
earth scientists made in the past was
to reject cantinestal daft because it way
not clear how or why it oceurred. The
temarkable success of plate ieclonies
has been not only that it provides u con-
sistent logical framework that draws ta-
gether such diverse phenomena &s sea-
Boor spreading, continental drift, earth-
guakes, volcanoes and the evolutivn of
mountain chaing but also that it hus been
successfully quantifed and tested 1o the
point whers its ezzential core can no
longer be questioned,

The essential core of plate tectonics
[s the geometric evolution of plates and
the kinematics of their relative mction.
It is of paramount importance to fully
explore all the geometric and kinematic
aspects of plate evolution If we are ever
10 understand the dyfMamics cf plate mo-
tien ind the gedogic corollanes of plate
locionics,
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The Evolution of the Andes
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The geology of the centrul Andes indicates that the history

of the range can be understood i termns of the consumption

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

4 great sgries of mountain belts, the
A Andean corlillera, sweops down

-~ the west ooast of Sowh America
from Yenezueln and Central America
nealy to the southern tip of Chila. A
leng are-shaped docp Dn the vcean Hoor,
tha Peru-Chile bench, is cleardy allied
with the mauntain chain and runs reugh-
P parallel Lo it from aboet four degraes
fcth latitude to -4} de groes sogh, Soma
15,000 meters {inore than ine miles) of
vertical relief separates the deepest pact
ul the trench from the highsst Andean
peak. The Andean arc, comprised of
hoth mountains and trench, is & living,
evolving systemm. It is a part of the cir-
vumpacific “ring of fire,” and the live
valeanoes that dot the length of the cor-
dillera and the devastating curthquakes
that punctuate the Bow of South Amert-
can life are ever present reminders that
the mountzin-building processes 1hat
ruised the Arndean chain are still very
active today.

Many earth scientists, of whom [ am
vne, believe that the Andean arc is a
modern snalogue of magy clder moun-
tain bels: that if we had lived in the re-
gwn of the Sierra Nevada 100 miltion
yeurs axp or the northern Appatachians
450 million years ago, we would have
witnessed mountain-building activity of
a simifar kind Unti] recently this view
was nat widely accepted. It wus general-
ly rupposed that the grocesses through
which alder mountain belts evolved wre
not being duplicated today. That sup-
pusition is mpidly giving way to the con-

by David E. Jaincs

vept that mountain:building activity has
proceeded in wtvordance with consistent
gealogic patterna thut have been re-
peated over wnd over agan during at
least the past twe billion yeurs of earth
history, and that it continues to do so to-
day. In this view the Andean chun is
the feromost molern exwinply of thase
moulitein-building progesses at work,
and 50, by understunding the Andes, we
seek Lo lenrn hew aueient mountain belts
were born, mdured and in seimo cases
died long befure nun atrived to record
their origin ur their passa ges
(‘nnccpu of orogeny. of mountuin
- building, have recently beon revoly-
tionized by the theary of plate tectonics
{sea "Plate Teclanics,” by John F.
Dewey; Sciestivic Amermicay, May,
1972]. This theory, which has been de-
veloped with startling rapidity aver the
past decade, hokls that the cuter rind of
the earth, the Lthuwphere, consists of &
masaic of rigid plates that are In motion
with respoct to one another. These
plates, some 100 kilumeters (80 miles)
thick, indude nol ouly the earth's solid
crust but also part of tho denser upper
rantle Plate boundaries, or junctions,
rarely cuincida with cuntinents] margins,
and so the relative mavements of party
of the earth's surface are now viewed in
terms of plate motions ralher than “ton-
tinental drift." The proud comtinent,
which were once thought to plow
through oceanio crust like great ships,
sre now reduced to the status of passive

HF!." B OF DEfyasr bako Picpcaspn theymyniury btyecn Priu oh Galidhs
|1e] ) ur 0 il.spa oi phbiographim d,l" E‘Thll" r ik ,I
Hate u lu b ke witipldnal o Flalpau] npady fooxikilpm %l' thiavp
level. gy n i ' thi itip b tale b {h e } III .r oledpld m }‘l'l' E !
wrslcrn fnrdlllr 3 to THa axiit ¥ro p) skelth i Told\gfountaln Lels of thef enitghn corditlers.

-

passengers on the litha.spherir: Flates,
Voleanic magma welling up from daep
within the earth's mantle creates the
bthaspheric plates along oceanic ridges.
Newly geuerated lithosphers moves
away Irom the ridges to }"le]d o con-
stantly replenished volumes of magma
injucted along the axes of the ridpe,
These spne..lding plates are oonsumed at
trenches, where they bend dmvn and
I)lunge ity the earth's muutle,

Muost at the world's tectonic activity-
earthyuakes, woleances and mountajs
huildiug—ls concentrated along plate
junctions. The west coast of Scuth
Americu is such a junction [ree Hfusiro-
tien on next page]. Here the ocsanic
MNazca plate, genemted along the East
Pacific Nidge, is consrmed in the Peru-
Chile tench, where it bends dewn and
slides under the South American plats at
a rate of about six centimelers per year.
Examination of the sttucture and geclo-
gy of the centra} Andes revesls that most
of the Prnent-day otogenic activity apd
the genlegic evolution of the past 200
ihillion years can be uoderstood in tarms
of the subduction, or consumption, of the
oceanic plate ynder South America. This
interaction of the two plates accvunts for
the crumpling of the stable continental
margin to form belts of fold meuntains
that now vonstitute the eastern ranges of
the Andes, for the birth of the great An-
deun volegnic cordillera to the west gnd
for |he continental grawth of westem
SLouth Armernica.

Lured by the sheer scale of the Andes
mountains, the Camegie Institution of
Washingtan, in concert with & number of
South American institutions, set out
mora than & decads ago to study the
nature and evolution of the dentral
Andey of southern Pery, Bolivia and
notthern Chile. Many years of work have
ted pmgreﬁsivel}r to o rather c_nmp]ete
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CRLOPHYSICAL SETTING of the Andes Iy portcayed. According South Amarican plate repressats the mos Luportat modern sxam:
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has cauned deformailon and growlh of Lha
rvntinenta]l mezrgln of South Americn, there-
Y Ferming ﬂl_ﬂ Andusn Dionnrtsin sygtem.
Asowe indicate Row wwar frum ridges.

viderstanding of the physigal propesties
of the earth under the central Andes, Lut
it is only recently that the congiptual
tools have been svailable with which to
undersland the forces and sequences of
orogenic evenls that produced the Andes
und thzt continue 1o generate voleanism
and seismicity along the Andean chain
EYEN tuduy,

To understund the evolution of the
central Ancles it is necessary to draw au
twa distinet kinds of evidence, geophysi-
cal and geologienl. Linportant geophysi-
! evidencs includes the distedbution of
earthquakes and the distribution within
the crust and upper mantle of rertain
physical properties: the velocity of seis-
mic waves, the absorption of their en-
ergy {their altenuation) zad the dtn:ity
of rock. From these properties one tan
deduce Inforrmation on the kinds of rock
in the eaeth's Interint and whether they
are rigid or mobile. Geclogical evidence
derives Frean the study of rock types and
thair struetiies as vhserved an the earth's
surface; it Is auly from geological evi-
dence that oue con read the history of
past events, [ shall consider the geophys-
ical evidence fst, since it provides the
ochservational basta for most o our
knowledge concerning the plate-tectonic
Framework of tha juncture bebween the
converging South American and MNazca
plates.

Fnrthquuka distribution provides key
= evidenes regarding plate interac-
tions. I i9 n general tevet of plate theary
that the tielined esrthquake zones (the
Bewiofl zones, nomed for Hugn Benioff}
that bend down under trenches and vol-
canic arcs define Lhe upper part of the
descending oceanic plates. Descending
Lthospheric plates are cosler and hence
more figid than the asthencspheze [the
hot mantle) through which they sink,
and jt is widely supposed that only with-
in the lithosphere are rocks rigid enough
to support brittle fracture, or earth.-
tquakes. This suppasition is supported by
tho observation that in mast island ares
earthyjuakes appear to be confined al-
most entirely to the descending plate,
Under the centrul Andes, however,
varthquakes poour not only in the de-
scending plale bul slso in a continuous
wedpe between the earth's surface and
the top of the tinking oceanic plate to a
depth of fram 200 to 300 kilometers [see
top illurtration on page 58], This cbser-
vation leads ons to suspect that the lead-
ing edge of the gverriding South Ameri-
can lithesphare may be an abnorms] 200
to 3N0 kilometers thick—much thicker
than the wsyal LK) kilometers ohserved
for most plates and in startling contrast

—

to thy S0-kilometer thickness messured
scismically for the undersliding Nazca
plate, More direct evidence that the An-
dean lithosphere is 200 to 300 kilomarers
thick derives From seismic results, h
show Lhat there is no Jow-velocily ze..., or
zone of high seismic-wave attenvation in
that region,

Both low-velocity zones and zones of
high attenuation in the mantle ara com-
monly interpreted as being reglons of
softer rock and are associated with the
astheresphere; conversely, the absence
of these zones implies that the rock is
comparotively rigid, An important cop-
sevquence of 1he thick lithosphere under
the Andes is that it preciudes convective
overtury In the mantle above the Benjof
zone. It is this overtumn that is Telieved
to produce the secondary centers of sea-
floor spreading that develop behind is-
lind ares but that are conspicuously ab-
sent behind the contipental Andean arc.

A sevond important set of geophyaical
observations, on erustal thickuess, pro-
vides an additicnal linkage between the
present plate-tectonic regime of the An-
des und the crogenic history of the Andea
as it is read in the geologic record. Scls-
mic data show that the crust of e cen-
tral Andes is extremely variable in thi-b.
stexs, Cher g distance of hiftle more
500 kilometers it varies from abou .1
kilometers (including water) in the Pa-
cific basin to 30 or 35 lalonwtens along
the coast {a “normal™ continental crust},
rmoras than TU kilometers under the west:
em-range voleanic crest, 50 o 35 kil
cncters under the castern fold ran pes und
Aually 38 kilometers under the Brazil-
fan shield. Only in the Himalayus have
crustal thickpesses of as much as 70 kilo-
melers been observed elsewhers,

Yet ona could have predicted theswe
results obtalned from seismic measura-
ments simply on the basis of topagraphy
and the principla of isastary. This prin-
ciple states that mass excess above sea
level—a mountiin chain, for example—
must be compensaled by an equal mass
deficiency at depth: the mountain chajn's
erustal rovt, which displaces mantle rock,
muet bo less dense than the rock it dis-
places. It is evident, of course, that the
reverse exprossion of the principle of
tsovtany i1 equally valid: Any mass defi-
ciency at depth must be campensated by
a mass escess,at the surface; sny growth
or thickening of the crust, such as by
jnjection of magma into the crust fro..
below, will result in surface uplift. From
seismnic studies of the crust it is koown
that arsan that have long remained ut yea
level fand are thus presumed to le in
isustatic balance) are undertain by "nor-
ina!™ continental crust 30 to 40 kile-
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CENTEAL ANDES is & reglon where mountsinbnilding forees
eppear 16 bo atill a1 werk. North of Lima the Andes form o single
belt of elossly spacad mountsln thaing runmcyg paralls]l o the
coast. Sonth of Lima, buwever, the mountsing bruseh, witk Lhe
sartcely fold boll ronnine hundreds of kilometess Inlund and the
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werecly veoleanic chaln contiuing parslle] to the ceast. Potwspen
there tunges Hen the altiplans, s hrowd Agt phin aadeslaln by wn
enormons wedge of sedimonrary debrin sroded from the sd]ocent
cordilleras. The 1wo Tanges merge again ic northern Chile, Ling
A-A° shows repion portrayed o eovernl gnocradlng Dluaiceilons



trcters thick Areas belaw sca level are
unde tlain by thinner crust, those above
Iy thicker crust. This fact becames cen-
trul when considering enustz] evolution,
since geolagy indicates that many of the
Inghest parts of the Andes were onge
near sea leved,

(e additicnal ling of geophysical evi-
dence, seisic velocity, can be used for
guessing the composition of the rocks
within the Andean erust and the adja-
cenl aceanic trust. In laberatory experi-
moents the velocity of seismic waves im
common Tock types has been meuyared
aver a lirge range of temperature and
pressure. Seismic velovities of rock in
the luwsr oceanic crust are uppropriote
to rock of basaltic compusition et that
traperature and pressure. Diterestingly,
even wugh the pressure and the lem-
perature in the erustal root under the
Andes are much grealer than in the low-
er ooeanic crust, the seismic velocities of
the tocks are the same. Yet it is knowa
that i basaltic ek were subjected 1o
the pressures and temperatires found in
the deep continental crust, it would
uielerga metamomphic runtformation to
o rock bype with higher seismic velocities
anel densities than are obaerved,

When different kinds of rock wis ex-
wnined in detail, ooty lighter crustal
rocks, similar in compaosition to those ob-
served at the surface, exhilnt the appro-
Drikte seismic velorties at the tempera-
{are and pressure of the lower crust, This
‘vads 1o the inference that the Andean
crust is rather homogeneous vertically,
the rocks in the Andean root being simi-
lar in composition to the voleanic and
plutonic rocks that form the upper levels
o tho crust. Exceptions to vertical crust-
al bamugeneity secar in the altiplang
{1he high plateaun hatween the twa great
veleunic cordilleras) aned the eastern cor-
villeras. Vardations in seismic velovily
thow that 1he altiplano could be under-
Liin by up te 30 kilometers of sedimen-
tury tock, perhaps mixed with volcanic
Junosits, and that the eastern cordillera
iy upderiain by at lesst Bve 10 10 kilo-
na-lers of sedimentary rock.

In order 1o reconstruct the progressive

tdevelopment of the Andean system
oue mast turn to the intormution that cun
I:e read from the geologic recend, Paleo-
zojc sedimentary rocks lald down snme
250 1o 450 million years ago are amang
the oldest rocks of the centrol Andes.
Time has nat treated them hindly, snd
we find them eollapsed and erumplial to
form the fold mauntaing of the eastern
tages, These rocke, some 10 kilometers
of monctoncusly repetitive  muddy,
sancly sedimentary beds, are called gro-

synclinat  rocks [see  “Ceosynelines,
Mountains and Continent-building,” by
Robert 5. Diiatz; SUesTIFIC AMEHICAN,
March, 1972); once they formed the
quist Faleozoie continental margin of
western Jouth America. [A moddern 2na-
lopue o the western scabourd of Puleo-
zoic South Amerjea is the jnactive conti-
nental margin of the east coast of North
America, where L gient sedimentary
wedge some 250 kilormeters wide and up
to about 10 kilometers thick hac forned
between the continental shelf and the
sbyseal plain of the acgan.}

During Permian snd Triassic time, be-
tween about 200 2nd 250 million years
ago, the quist of the western coast of
South America gradudlly gave way to
rumblings brought en by the incipient
breakup of the supcreontinent Pangaea
and the onset of 1he plate-tectonic cycls
that is still under way, The continental
edge became unstuble apd the geosyn-
clinal strata were warped and buckled
upward. Magma, possibly dezived from
partial mehting of deeply buried gecsyn-
clinal strata, invaded and poked through
the sedimentary pit to form batholiths
{bodies of intrusive igneous rock) at
depth and volcawwss at the surface. The
old volcanoes have leng since disap-
peared, but voleunic rocks from this
peviod are found Iuterlavered with sedi.
mentary beds, The intrusive rocks, l:rub—
ably representing the deeper leeder lev-
els of the volcanoes, are commenly found

today exposed in the cores of the castermn-

fold mnges, nestled among crumpled
geosynelinal rocks.

About 180 millicn years zgo, in ear-
Hest Jurassic time, the mijor axis of tec-
tanie activity shifled severa] hundred
kilometers ooeanwanl, to the west, The
lithosphere brake aleng the junction be-
tween the South Ameriean continent and
the Pacific Ocean busin and the weanic
plate began its descent into the mantle
under weslern South America. One can
anly speculate now on Lhe reazons for the
catastrophic rupture of the Lithasphere,
although thete is 30me mvidence that it
may have been in ripase to the onset
of sea-floar spreading along an ancestral
East Pacific Rise, Yo do know that the
South Allantic Ovean Lad not yot begun
ta open and that Seuth Anerica and
Afdca were still one.

Az the Yacific plite plunged onder
South America, andesitic imagma welled
to the surface, sweuted cut of the de-
scending basalte oceanic crust. Andesite
is the characteristic vokanic rock of the
Ardes. it ix richer in slica, and hence
less dense, than bawnlt; it composition is
what is termed intermediate, that i, be-
tween basalt and granite in chenical

composition. These andesitic rock: of
Jurassic age nre well preserved all along
the coastal regions of southern Peru and
northern Chile, It ix atill somewhat prob-
lematical,* however, whether the ende-
sites were sxtruded on sialic {continents
shalluw-wiler) ¢rust or simatic {aceanic,
deep-water] erust, The lavas themselves
appear to have been extruded below wa-
ter, since many have been highly altered
by seawater.

Dne might infer from this that the
volcanic arc of the central Andes began
as an island are in the ocean off the coast
of ancestral southemn Ferw and northern
Chile [ree ilfurtration on next fuo pag-
es]. Yet the picture of the Jurassic are i
oot simpde, Lecause Jurassic wolaui
rocks in southern Peru are wedped in
among erystalline nn..:tum..-,-rplu'r:+ rocks at
least 400 million years oid. Just what
these remnents-of ancient sialic crust are
doing some 300 kilometers west of the
currently exposed gecsynclinal rocks of
the Paleozoic continental margin is not
known. The presence of sialic rocks does
rot necersarily imply, hewever, that the
Jurassic arc formed on continental crust.
The rocks could Le part of a Paleozode
mictgcontinent or peninsula that lay to
the west of the South American coast-
kne. Or they could be sialie Autsam
swept into s plastered to the edge of
South America, bugyant debris seraped
frum the top of the oceanic plate as it
dived down at il_'m tzench.

"l"hm dificulties siide, formation of
the Andean volesnic are was well In
progress Juring Jurassie time. The fact
that Jurassic veleank: rocks are still wide-
ly preserved indicates that the Jurssslc
arc never studil much above sea level and
consequentty suff cred litde erosional de-
stractivn. Furthermors, it appears that
the entire region to tha east of the Juras.
sic are, extending as far cast g and #n-
compasying the srea of the present-day
Andes, must have been-pear sea level,
since marine sedimentary deposits ars
mapped throughout the area. This ohser-
vation is jmportant becausa it shows that
the crust of the Andes was still thin,
probably no more than 35 kiometers
thick.

I hava wated thaet the Jurassic are
formed during u period when South
Amurica and Alrice were still & singla
conlinent. Duting of the magnetic pat.
tern of the South Atantic by Walter C.
Pitman 1[1 and others 2t the Lamont-
Doherty Ceological Observatory of Co
lembia University indicates that it was
only about 135 million years agn that the
South Atlantle began to open by spread.
ing along the Mid-Atlantic Ridge. For-

' &5



. mation of the Jurassic arc inzugural-
ed the impressive seriex of mountain-
building episodes that produced the Aun-
dean helt, but [t was not engi] sooed i
nfter the break-off of South Americu
from Africa Lthat Andean erogeny began
in eurnest,

About 100 million years ago, during
Cretaceous time, 8 second nwjor voleunw
arc began to form parallel to and conti-
neotward of the Jurassic wre (My treal:
ment of Andean development as a series
of a few distinet episodes i5 an oversim-
pliflcation, but it serves to lrace the
growth of the mountain system; igneous
ectivity hay actually been rather contin-
ous from about 200 million years ago lo
lhe present day.) The lavas of Lthis vol-
canic chain ware extruded nbove sea lev-
el=clear avidence that the voleauces de-
veloped astride continental crust Activ-
ity along the Cretaceous are reached
murimum iptensity about 50 ta 60 mil-
lion years ago with the invusion of the
crust by imassive amounts of inagma. The
invading magmas crystallized to form

PACIFIC OCEAN

enormous batholiths that now lie exposecd
all zlong the western: flanks of the west-
e rahges, .

The ventemporanecus “yvaleaboes,
which must have toweted far above sep
level, have long since been stripped olf
by erosion, exposing the intrusive under-
pionwngs of the voleanic are: the Andenn
bathelith. In some areas, such 25 south-
ern Feru, ercsion has not eaten 23 deep-
Iy, so that small bathabiths are mantled
'I:l_',r volcanic debris of similar age and
composition. These small intrusive bod-
fes are prububdy parts of the leeder pipes
that supplied the volcanoes. In time the
volcanie roofs of the batholiths will be
further stripped away, leaving only the
deep-seated jvtrusive foundation of the
vunished Crebwoeous vuleunia ore ex-
pescd ta view,

Thie crustal swelling that accompanied
the invzsion of mayma preduced major
traprnas in the easily deformed geosyn-
clinzl rocks of the eastern ranges. Up-
welling wmagmas dilated the erust sloug
the Line of the Cretaceous are. The geo-

DEPTH (KILOMETERS)
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synclinal rocks were alt emately sloughed
off apd pushed aside by the growing
orogenic welt and were crumpled and
Lhrown up into the fuld mountains of e
eastart ranges. Enormous velumes of
sediments were eroded from the Sanking
mountain ranges and dumped ints the
intervening altiplauo basiy; some plices
in the alliplang recelved up to seven
kilometers of sediment in Cretaceous
time alone.

lt is significant that the Crataceous mu

lies on the continent slde of the older
Jurassic arc because it bas usually been
suppased that, &s debeis from the voeanic
crust is stulfed under volemnic arcs, tha
trench amd are will migrate pcea W,
Duite the vontrary is trud in the Andean
region: during the course of Andean
evolution the axis of the voleanic are has
marched ever inland, away from the i,
Frven oo & flue scale ope Ands successive
intrusivnd of the Andean Lathelith shift-
€d contineutward. One can only specu-
Iate on the reascns for the eastward mi-
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ANDEAN EVOLUTION is shown In views corthwesterly from line
A-A" In map oo pege 4. Lata In Palcosoic peded (f], some 1535
mililop yeura age, pedimentary deponits blanketad the present coast-
line, and thers were np mountsina, {n Trissie and Jurastic limes
{21, absput 200 million years g0, underhrosting of the Litkospkers
began, bockling the sedimentary rocky and pushing 1hem upwara
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gration, but 1 shall retumn (o this guestion
when I ronsider the origins of the vul-
umes of magma that have built the An-
dean orust,

The present-day Andean voleanic edi-
fice began to emerge about 15 million
vears ago. In narthemn Chile and south-
ern Peny L volumes of silicie vileanic
ash expioded out of fissures and towed
out from eruptive centers, eventually to
IHanket hundreds of thousands of square
kilometers, Even wow, when most of
these ush deposits hava lung sinve lieen
vroded away, it has been cstimaied that
their Tanpants cover some 100,000 o
130,000 square kilometers to an average
depth of 500 meters. The ash eruptions
votdisped steadily until about four mil-
Kan years ngo, wheu they ended abrupt-
Iy and were followed closely by 1he qut-
pouring of ardesitic lavas from veleanic
vents. Thego later [avas fonn the grea
stratovoleances, some still active, that
diminate the Andean vhain and rse 1o
well gver six kilometers in the central
Audes,

3

The massiyva influx of magma into the
crust ueder the modemn Andean yolcunic
crest swelled the erust end produced ex-
lensive fD]liIng and thrust-faulting io the
sltiplane and lT_:u eastern ranges. The
geosynclinal sediments were further
puthed aside by the expanding magmat-
e welt and the eustemn rtges were
furmmed up tu form parrow, high moun-
tain cha'ins, Sedimentary debris fooding
in from both the castérn and the westemn
range during Tertiary tima piled up i
tha altiplano to thickiesses as great as 15
kilometers. We are now witnessing at
least a tetnporzry waning of activity, and
through the relaxation of compressive
sticases some exteysional features havw
{vrmied in the altiplans, Lake Titiveca iy
a nctable site of one such feature: g
graben, a long depression between fault
lines.

5o far I have considered Ar}drmn evo-
haticus Erom the pomt of view of surface
geolagy, describing the inland march of
the valcanic are, lhe resulting progres-
sive crumpling of the Paleotruic grosyn-

~

cling and the gradual uplift of the An-
dean chain. 1 have not yet inquired in
derail inte the growth of the crust und
ithe crigin of the ctustal rocks below 1he
surface,

“rlassical concepts of mountain build-

- ing, formulated long before 1he ad-
vent of plate tectonics, held that geosyn-
clinal rocks formed in elongated basins
of deep subsidence and that these basins
ware tlﬂﬂml’}r Prﬁﬂ'uﬁﬂﬂ of L‘lter moun-
luin belts, which were preswned to furm
through the deformation and meltlng of
the thick geosynclinal sedinentary stra.
ta. The tectonic mechanics wherehy
these sedicnentary rocks were inelted and
deformed was always & mystery, as was
the origin of the subhsiding basin itsell,
A number of probilems are pased by clas-
sical concepts of geosyntlines when they
are applicd to the centrul Andes, The
crust under the valeanic crest is more
than 70 kilomcters thick, and yet no sedi-
mentary basin can ever sut lor long on
crust more thap about 35 or 40 kil
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aral custward. Aicing magma froo the ddracending aceanic plata
lurmied wy aee of valeahoey in the convtal waters of western South
Ameriva, Some bhathulithe, or hodtes of lotrnsive ippneous rock,
furmed in thn eedimentary layers of the castern ronges. In Crety-
frous ad ewrly Cenozaie timiea (5], 100 (o 60 milllon yenrs aga, &
seeanid volcanic are began 1o form ewimand of 1he Jurasir arc. Up-

wrling magruz vwellcd The crost, pushing asTde the sacient sedi-
mentary racks, which erzmpled 12 farm the Iold mountuing af the
castern ropdillers, Meterlal eroded foum these moynining poared
info iplane region. Formation of the presenl valoanie range be
gan Mt 15 willion yres ago, reeching by Flisrens ar Pleisioccas
time ({}, ene or two willion yearm age, 1the present sirurtoce.
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STRUCTURAL CONTRASTS between the Andesn roleanle are
mnd the Tongs-Flji hiwd are seconnt for diferctea io physle
grapkic settings and sarthquaks distribotionse 1o 1he Tonga src
most carlbquakes vecur within the descending alab, which has mo-
bile wathanvephere murerial above It and helow Jt. There Ia also
evidence af mitar sea-floor spreading west of Lha are. Theye obenr-
valioos yopgest that drag from the duking plate caoser eonvettive
overtarn (@rowt) io Lthe overlying sathchoiphern, which i lum
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causes the sprasding behind che are, Earthqoakes in Lhe Andes zew
oot eonfined to tha descending pluse, ot Ls there woy evidence of
erosinl apreading ¢ast of tha voleanic are, Evidently the thick lihe
sphers under the loadiog edge of Soulh Americs prevonts convee
Lion and seconducy spreading, snd tha Jorces genecsied by Lhe de-
wending slab preduts sxrihquakes ralber than conveetion shown
the olah. The intensity of carthquake activity nnder the Andes &
indicated by Lbe density of dots. Few dots chow Hghaer activity.
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CRUSTAL STRUCTURE of Lhe t¢niral Andes & dedgeed [rom an
analysls of the propagation of selsmic waves throngh the varione
kinds of rock underlying the ragion. Light calor Indicaing o seiemic
velacity of about five kilometen por second, medium color & veloc
ity of mbant pix kilometers per setond and dark eolor planr &.6 kil
amelera per second. The thichen parts of 1the cros underliz 1he
wemern cordillers and the western part of the eliiplane, where
large quantities ¢f pegma bave entarad the cowet from belaw, Tha
sronl of Lhe esmiersn fold range bas been crompled and compramed
to & thicknes of 50 kilometers. Some 30 kilomeiers of sediment
¢roded from carlier Aanking mountaing andesliens the alliplss.



~ters wiick without bobbing abwve sea
beved and thus endivg sedimentation.

1f reanchilized geosynelinal rocks are
Lo wako up the crust of the wesiemn cor-
dillera, they must therefon: have under-
fule Iwcrftnld foreshartening to produce
a doubling iu erustal thickness, Yet in
the veleanic chain we Gnd Jew tectonic
paltems such as Lhrust faults ard Hghedy
compressed folds that would suggest
crustal shertening. O the contrary, studd-
ies of suismic eu:th:]uake mechanisms
and modes of fauiling indicate that the
deformational style is extensional: the
earth under the voleanie arc is swelling
rather than coutracting. Clewrly knowl.
edge of the Andean crust could nat be
casily mated with clissice] concepts of
grosynelinal mountain building.

Only the advent of plate-tectonic the-
ory has gdjusted Lhis unhappy mismateh
betiween mountains snd mogatsin-buitd-
ing thewry, and it haa done so by provid-
bng muuntuiu-building mechanisms arm]
procexses that bear a clear relalion to the
Andean orogenic belt. It now eppears to
e evident {although some resrguard sci-
entific batfes stil ruge} that the geosyu-
clinal sedimentary niscks are simply vie-
tins trapped at the coutinental margins
and caught up in the tectunic processes
tlat aecvompany subduction. The geo-
synclinal wedge musl participata in, but
tan never be a prime maver of, the
mountun-building procsss itself. IF this
uﬁu]yﬁis is correcy, it folluws that the
magmas that boilt the central Andean
voleanie arc were derived from below
the crust and that the great volumes of
rock Ut soliclified from thesy magmas
have produced crustal thickening and
massive uplift of the are.

Wy are left, then, with the nuestion
of the sourves of mugrva below the crust.
There are lwo principal pessibilities: par-
tid medting of the dense mantle rocks in
the wed e between the crust und the top
of the woderthost phate, or purtial malt-
ing of the basalts and sediments of the

oreanic ¢fust Ading dowsn into the man-

He ou the Tithospheric conveyor belt.
rhst olisirvations argue against 4 man-
il sozree for the andesitie rocks of the
Anches, 1E the thickness of the crust it the
volmnic arc had been doubled Ly the
addition of megma fran below, then
some 20 percent pattial melting of man-
tle rock between the crust and the syb-
ductien zane would be requited to pro-
vide the necessary wolurno of ndditicns
1o the crust, Experimental studies of the
partizl melting of probable mantle ma-
teriels o not rendily support the ex-

sgure® in the macile for the Apdean
rocks seems possible only if mantle Aow
providos a constant supply of rock un-
depleted in its low-melting-point frue-
tion. Yet we have aiready seen that the
upper mantle under the Andes iy rimid
lithiosphere to o depth of fromn 200 to 30w
kilometers, and therefore probably quite
immuobile.

Ap altermate proposition, that the
magmdy are derived fom the Jescend-
ing ocoanie chust, is |:~.|..u'r'&|1[]_'|.-r most in
favor and is a theary that ! believe pro-
vides a viable explunation of Andean
vrustal geaesis. Boks of the oceanic
crust buve melting lemperatures several
hundred degrees Celsius belaw those of
mantle rocks, As the cold oceanic crust
descends into the mantle it 15 hented by
the hot mantle in which it is enveloped,
and at depths of about 100 to 150 kilo-
ineters the basaltic crust may well reach
its melting paint. The partly melted frac-
tign of oceanie crust would be less densa
than eilher the parent rock or the sur-
rounding mantle recks and would mi-
grate upward into thy crst. Most of the
magma would be irapped and would
solidify at the lower and inlermediate
levels of the crust; only a small fraction
would ever make its way to the surface
to come out through volcanoes, and so
the volcanic pile on the earth’s surface
represents only a small part of the total
inerease in crustal volume.

A phraunnenen relaled to tha origing
of the erustal rocks is the eastward mi-
grationn of igneosus nctivity. Assuming
that tha rucks originate through partial
melting of the descending plate, there
are a number of ways to explain the mi-
gration. If, for example, the dept: in th
earth at which melting vecurs reynain:
cunstunt, thon either a progressive de
vrease in the dip of the descending platy
ora progressive continentward migrati
of the trench could csuse an eastwa
migration of igneows activity. Or, if th
position of the descending plate remai
constant, the depth at which melling oc
curs on the slab may increase with time,
thus pushing the source of magmy deep-
er amd eastward. A critical consideration
here is the position apd dip of Lhe de-
acending plate since the onset of sub-
ductivi, [Tas the dip of the Beniofl zane
changed or has the kench migrated over
the past 200 million year?

, Examlnation of the chemistry of the
rucks themselves provides 4 partiul wi-
swer to this question. William R, Dick-
inson of Stanford Usiversity and Trevor
Hatherton of the New Zesland Depart-

tractices of this quantity of aendesitic b, ment of Scientific and Industrial Re-

mcena from dense mantge rocks. A

\st-amh have demonstrated a clear posi-
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tive comrelation between the amoult of
poetash (K0} in madern voleanie rocks
anel the Jepth to the underdying Beninit
zone, For particular rock types such as
andesite collected from island arcs all
over the world, the potash content is
miore or less linear function of the depih
to the underlying Beniofl zane. Ly the
inverse cotollary of this™ relation one
should be able to estimate the depth to
defunct Beniolf zones by measuring the
potash content in older rocks.

We have just begun to apply this tech-
nigue in the Andes, The data wre by no
means complete, but us we proceed from
rocks of the Jurassic are to those of the
Cretaceguy ar¢ and an to those of the
modern arc we find a progressive in-
erease in potash content. This progres-
sive increesa, of coursa, is also comelated
with increasing depth to the present
Beniolf zope. We find similar vaniations
for sirontiun content, another chemical
varizhle that has been shown to exhibit
a positive vorrelation with the depth to
the Benioff zone.

It is therefore possible to spoculate
with soma basis in foct thyt the position
of the Benioff zone has not changed
greatly with time. IF that i so, the east-
ward migrution of the arc over tha past
200 millipn years implies that the posi-
tion in the mantle at which the cceanii
crust melts has been pushed to progres-
sively greater depthy, It may well be
that in the Andes the continued under-
thrusting of the cold ceeanic slab Into the
mantle under the continent hay gradually
covled the surrcundipg mantls roacks, so

that the lenperaturs at which mfltinﬁ)

occwrs in (he descending plate {s attained
only at greater and greater depths. If
such 2 process accounts for the migra-
tion of igneous activity ever inlanl froin
the trench, then as long as subduction
continues under the central Andes the
vileanic chains of tha Fyure will im.
pinge cver more on the old peesynelinal
1ocks, driving them even farther inlacd.
e day, however, Andean orogeny
will end. The volcanic chain will stap
growing and the ingvitahle destruction
Ly erosion will zet in. To reduce the
Andles to sea level, sotne 35 ldlometers of
crust will have to be stripped wway, ex-
pusing the ceiter of the earths crust.
The sedimentary debris removed from
the mountain edifice will be dumped
the continenta! shelf, the continental
dape and the oceanic ubyssal ploin of
the Pacific. There the sediments will pile
up to swait the next tectonic oyvle, in
which they will be erumpled, buckled
upward and swept aside to give way to
e next great voleanie mountain belt.
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Fig.2Y. Preswent worldwide plate hinwematic patieen at the surface of ihe carily, Seismivity alier

Barazangi and Porman U196%) In addition 10 the six farge plates wwd by Le Fichon (19630, siv

additional plates (Wiown Rachored) e used na teeehaeplae modot aller Morgan (EF71R). Vivlors -
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PRESENT WORLDWILL KINLMATKC PATTILRY

TABLE =

5
38

Computed differeniial moreinents eiong conwming plate boundaries (65 £p4 Tor wulhw el Allantic

as piven in 171 27 vning kuorpan's USET)I'JJ} poles
13

Wo.  dak Loag.  Plavesdn Platgsun Hate Anmuth  Lovation
Le ol Morgen  (emfyrasd
[196k) {197 1)

1 | 16 LUsrA AMIPA Tt 114 hurile Teeneh

1 43 148 LUfEA AMIEA 7.5 107 Kurle Teernch

3 15 142 LUFA FLfRA B 101 Japan Trench

4 31 143 LUSPA Faspi 135 265 Yupan Trench

3 14 148 LELNFA FAPH 4.4 232 Mauna lwench

b 11 142 LUfFA FALPH 2 3 Magwna Trepch

7 -3 1412 IMIFA I EI 14,3 78 New [iuinez

B 13 =17  IN/PA INfFA 2% 57 narth Tengs Trench

q 34 178 INPA IHfFA 58 %3 south kermddee Trench
1 —~45 169 INfFA IMiFA 15 12 toutl Mew Zealand

11 =53 159 INTA IN{/BA Ll 3 i’} haceuane Tuand

12 =35 -7 AMJAN AMIAN 1.1 255 sau Mwest Allaphic

13 &1 =2 AMSAN AMfAN 1.1 132 south Sapdwich Tavnch
15 -50 =15 AMJAN AMAN 3. M Cagee Harn

la -35 =T+ abM{AMN WZiAM 5.7 iL | saulh Chite Trenel

17 —3 -1 AM/AN BEfAK LN 7 wortl Fere Toench

13 T =79 AM/AN NZfAM .3 75 Parama Gulf

19 20 -186  AM/AN _ COofaM 64 37 nurih Sudle Ametics Treach

.1 i+ it 1 TR Y FTORY AHIPA 56 7T 123 casl Aleutian Teench -

21 50 ZITE O AM{rA AM{PA 549 126 ‘wral Alcufizn Trench
22 54 162  AMPA AMIPA 140 115 weil Alcutisn Trench
m 40 —31  AFtU AFEU 1.0 1%4 Aoy

i k[ . -  AFfD AFFEU 1.6 s Gibnaltar

il EE] 15 AFfEUY ARJEY 2.3 © 358 Sicily

12 k11 3 AFLD AFJEU 1.6 & Crete
i 17 45  INIEU AR[IIU 4.3 11 Tutkey
34 0 31 IMJEU. AR/EU 19 22 Itan
s 15 72 INJEL) INfEL 4.5 'y Tibet

36 1] a7 . INFEL INFEL 6.5 3 weil Juva Trench

¥} -12 14 INfELU IX/EU Tl Pl east Juva Trench

£l 11 -&& CofCR 1.4 ¥L | Middle Ameriva Tieneh
15 4 CRfAM 4.0 a7 Lesacr Andilles

40 13 126 ELl/ el 2.5 140 Plitippine Trench

was datermined by Larson and Chase (1970) from a fayourable distribucion of fracture
zones. The lincur rate of separalion increases very rapidly 1o Lhe south and is as kigh as
7.5 cmfyear of haltrite near the eygualor {Larson and Chase, 19704 The Galapagus
triple junction at the intersection of the Gatapagos and the East Pacific ridges, and the
Easter lsland triple junciion at the intersection of the Chile and Easi Pucific ridges
provide imporlant checks ol the Kinematic determinations (Mey €1 al., 1972) The
Caribbea plute, which is adjucent 1o 1he Cocas plate, is also well-delined by the scismic
aclivity along its borders, except aoag the seuthwestern border in Colwinbia { Molnar
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Earthquake Prediction

Fl

Recent technical advances have fu'oughr this .’r:-ng-.mughr goal within

reach. Vith adequate funding several countries, including the US,,

could acliece reliable long-terny and short-term furecosts in a decade

1 Lapeciiling af calagtrophe is an
gircient 198 respected oocupation.

Mo I s only fnoreennt pears, however,
that earthiguike prediction lias ppried
Loy with soutlisaying and astrology
ta beoome & sciontifically riporous pur-
st At pesent hundreds of peapliyal-
cisls andd gu-nlngistl, maiuly n the WS,
the USSIL, Japan and China, arc en-
gaged in roscarch with garthvuake pre-
thiction as the divect poal. Most of these

by Frank Pross

investigators Lelieve tlat the goal is at-
tainable, Same ace more pessimistic. A
few nctually think that 1he side clfevts of
prediviica miglit e worge than Lhe Ten-
efits wid that the gral should Le aban-
doned. Neseereh on earthquake predic-
tion Wherefoe 'ux{::mphﬁus many uf the
pmhlc'm: that lace molein sorioty: beehi-
nology assessmenl, the diaign aml orga-
nizatich of 8 massive missio-vricnted

meject, the competition for funds wel’

{::] MINCH DARAGE
[__j WODEAATE DAMAGE
i "_}m.m DAMAGE

Wik < Dad e FIROM By EHUU.‘I lednls fn gmbtrrerad imod Bwwl, elitmphalagivil woaee
it Tt mrape of o D5, Dased s infatatinn compiled Ly il ot amed Gesderie Saevey,
e wrap ie based primmily wn dicesical recosds of destroctive cariloguobes ard does zol
withor irener woounet b et 1lioge 1'."||||.||IIIL|1 bewrin e et o Trggquent im e Wesbe

alta en plervbero, A lind Gl e pation’s popaliedan live jo bso duchestoenlured pepivos

the political akecties of an und ertaking
imvelving wlmittznege te previously in-
accessi il rugitms af anatlur coustry.

L sdiare tar wiew of mast of iy oo
leagues that carthguake prediction is 2
highly Jesiralide goal. Necause of the
large fncrease of population deasity in
the earthquake-prona sections of tle
U.5., the patential loss [rom au earth-
Quake as slroug as the Sun Fruncisco
shseks of 1900 could] L as Ligl ps fens
of oty Jead and hndeeds of the-
sands injuril, with properly damage
weasired dn Mo Biltlons of dullurs, A
catasboqie mpr this seale would Le wun-
precedunted in e Listore of the coun-
try, yob it 1 ap event that mast seismelo-
gisls v poct tr vecur sooner ot tater, Th
seiunicrksk snap of (he V.S, sws i
e | l:rnlm.hlu lacaliont of shong varlin-
iphas Faee iMerstration at be-fe ) Tlhemay:
is lasied quinmarily an earthguake Yiis-
Luy; il does not Gile futo aceount the
ﬁulunm}- of pocurrenee, 1encg Yosbun
is shown to be as rishy as Los Angeles
froaiaty locanso of o single great ke
that weomsed In the boston ared i
1783} even shough tramers ane 1 L
Tess frevquend on the 150 Coast than on
ther YWost Coaste Tt s o gdlering I'|1n|l_|.';1:
that u thircd ol the nabiou's [*-upu'l-.llfuh
live 1o thee tows regiomes of hivlwst risk.

]'I'l'l'lmin,u:lr' resudts ol current Jnvess
tipgations indieate that predictions of
shrung t',utluluulvs centhl L made prany
veurrs bnomdvanees 10 alse appeurs tikely
it a0 etlud fue uhing short-lern,



wedictious, as short as weeks or gvn
iLoys, witl be develaped With this dual
t.:.iuhihl_-,r_ it shoul! become possible 1o
(hvise o remedial strategy that coulil
preatly reduce  casualties  amd  lower
property damage. For exaniple, the long-
ranye prediction of a spevific cvent coubd
ypur the strengihening of cafsting sirue-
mures in the thocaleoned area and modis
vule gullworitics thers to enloree eurrent
huikling and lasl -uge regulations and to

revise such codes for wew construckion.,

& public-educalion cumplign an safety
J}nmrdurcs cauld alay b vastiteeed,

Short-term prediction could mabilize
disaster-relic operations and set in o-
lien pracedures for the cvacuation of
weak slructures or particularly flamma-
ble or atherwise hazardous areas. The
shutdown of special facilities, such as
nuclear power plants and gas pipelies,
und the evacuation of low-lying coast-
al arcas subject fo tsunamis, or “ridal
waves,” could alse follow a short.term
Torecast.

The problem o how one cammuni-
cates an earthquake prediction to the
public and the consequences that fow
from such wamings {and from possible
False alurcns} aro now Leing examine:d.
Research into the social aspects of earth-
guake prediction will presumably ad-
vance along with progress toward =
pliysical solution of the problem. For
these teasons most xperts consider the
ability ta predict earthquakes 1o be jus-

tifable on Loth humanitarian and eco- -

namic gruunds.

\‘?iﬂi the advent of the theory of plate
tectonjcs the distribution of earth-
quake belts around the workl became
understandable. According o this view,
the eartl's lithosphere, or ouler shell,
is divided inta perhaps a dozen rigil
plates that move with repect to ene an-
other. Most of the lurge-scale active
processes of grology—vulcanisn, moun-
tain-building, the formative of oceanic
trenches, eacthquakes—are copcentraled
ol or neoar Pl.‘ltE bonocurics {see dlugtira-
tian on next fuo pages]. [t i casy o seo
why stresses build up along plue bound-
aries, whery the relative motion of the
plites is resisted by frictional forees.
Whet the slress inereases to Ww point
where it exceeds the strengih of the
tucks of the lithosphere or wvercomes
the Erictional forces at the Dxannlary of
8 plate, fracluring gocurs amd an carlh-
quake results. The plate-tecionic model

combied witly u.l.rtlulu;tku stadintivs ol-°

reacy makey it possible to predict carth-
quakes fn the climatolegival sense of
Hx‘lilif}'h.g ll.ll'ti(_'lll.ully' s rons arcas
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HOUSING TRACTS runelruried whthin the San Andrens Paoll zune nrac San Fesnrlen
wprear i the arrial phvtograph o bottam, mude by Tobeot Y Wallice of the Cenbugicnl
Survey b 19065 the phatoprupl wt oo sfigw e Qe sinee seene sppeesaiociely B years g fier.
Hubill whive lina in vech view traces the spproshoate poedion of Tauf glong wlich the
provnd ruptuzed and slipped soma Iwe welers duriog the preat coitipuahe of 17046, Heahen
. white liney give approximete boundarics of main Mwolt 2one, Pacilic Quran iv ot lower Joft-
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saed ealimmating the relative Jepres of  sach effects fnclode chanpes indha dee Tadh i clectrical resistivity amd i -|I.t
deopen What iy uecded, Twwesor, 15 toeal oesdstivity of D ek and v e content of the radioactive gas oudyy g,
piodiction muexe akin W oweatlier fore- velunity ab which chastic wases trved  the water of deep wells.
casting: Vhere apd whon is the nest  deough He eock, Beace sugaested Uit These repurls wipgered a liarre of
curthrpnike Likely to take place? dibiancy and its elfeets mighs be de- activity in the U5, Americin seiml,,

A enrbination of lelovitiory and Geld  tectable Dn the earth's crust and provide  pists went to the USSRt se thae gl
eaperineits wect Hhe past ive yoars has 3 lasis for eortlepaske prediction; Bis  finthand. ‘ihey also by RIY ST
led i a broakthrough in tlanking abone  sugpestion penerated smueh excitemesl  their own experiments o urther w g,
the pruldan of earthipabe preediction, ab the twe Lictange it npéncd np e serve e prrecursory I‘|1'1l"llllllll,‘t|i|,l el
Wien o rek i sepioezedl, it deforms and posailility that premondtasy  physical  wienl papers on these phe e .
evenlually hreaks, fust belure it boeaks changes tould lwe obverved in advdine of  thorod Ly Bussian, Amvriciun ad Japu-
it swells, awing to the opeaing and ex-  earthguakes. nese warkers began 1o be prosontisd o,
tensiony ol tiny grachs. This inclastic in- L iho late O6O's two Russion investl-  Jucreusing numbers at scicwific e,
creuse fn volume, o phenomenon long  gatous, Ao N. Semenev end L Lo Nerse- g and in jouznals, Last year o proap of
known te laborslory experimenters os  sov, started the scismological world  American geolagists and groplvsivist
ditatency, begins when the stressreaches  with a report that unusual variationt in visited China and found a larpeacly
ghont lalf the lneuking steenpth of the  he welocity of seismic waves a'[}[‘!c.'ll'l:.'l:! carthigquake prediction pregron ol
rock. In the mid-1960s William F. Brace  just b fure eatthguakes in the Garny re- sy, with imprortal resnabls that hud ue
#nd his colleapues at the Aaszachasetts  gion of Tadzhilistan, Sulmequently the  yet been reported at itersational mwt.
Instilute of Techuology showed (hat  lussians announced that n curthquake-  ings or in pubilications,
messuralle physiond chunges acconipa-  epleenter regious in Gann, Tashkent and It ds Bortugeto that a noomnbor of curtls
uy dilnancy in liboratory experiments;  Kamchalka they had deteeted chunges  quake precursens have bee found, cach
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based on 2 Qillepent plivsteal imcasure-
meut. Confidence in a prcdil;tiun TR CIE
hanced when it is based on seven] in-
nlcpcm!r.'ut fives of evidenrn, eaeh with
its distinctive “woise” Tistury and s
distinetive anomaly signaling au carth-
qu-.ﬂnc. How are the procursory anoma-
lies observed?

An array of scistnugrapls van be wsed
to scnse precussory changes in the we-
locity of compressional waves aud shear
waves in the foend region of an corth-
quake [#ee itliestration on next page]. The

seismic waves orighnate in smaller earth- |

quakes within the Tocal region, in larger
earbquakes owtsicle the foeal region or
in arbificiul sourves such as explosions
or mechanical Jeviees. Such auomalaus
changes have Leen alserved in sever-
al pasts of the U5, the USS.IL und
China.

Scizmically aclive regions have many
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exslern LA, wre rare Lut ran b destryerive,
Thian, squrezed by Jarge plates on the south
wnd the euat, e o Lipgh learl of weieniie
II:li'l'il'r_ w ek Ay T Jlllr'tlmln]llu ty lllu

in oeriirsl Astu.

exisbenen ol “minipluates

ey sl L‘:ii'lhrfim.l:i*ﬁ Uan keepw unes,
This “bauckground™ of small tremors var-
ivs i timee, Pegiods ol ol Lefore 2
strungs shoek ara fioguently eliserved;
e lawkpround activity appeins o ful
through a minioen and s o increse
just bwfore the wain shock, Tl pattern
of radintion of scisnie waves reflocts e
strest Beld in the eniab Lo contral Asia
Nussian dinestigdees have Tound that
the stiess patless sluwen Ly the small
trenanus i tandom during e calim pe-
Tidl Lut Docomes ]lighl}‘ orgupized be-
vinning, thiee or faur months before Lhe
tnain shoek. The compressional stresses
become wligned in e swine divestion oy
that of 11a Farthcoming main shock.
Auother  approach  is 0 medsuse
anomalous clanges in the volime of
crustal rock in the [ocal regoen. The
changes can be elmerved by Lltmoters,
by devices for moniloring changes in sca
level {correcled for ocvwmumpgraphic and
meteorologival offeets) and by repeated
surveying, 1o parts of Japan and China
kistarical records of precursory chanzes
ite the Jevcl of lakes, rivers or the sea,
sonctimies  dating back hundreds of
years, may be related o the sume pho-
romenu | e dllusiration on page I9].
Precursery chonpes in water lovel,
witter {urlhdity amd winperature in devp
wells van e observed visually or with
Instroments. Qlserving the ratdon con-
tent of well water, a teclinique used ox-

+ tensively fn the S5 R, and Ching, ulse

seems ta be a sensitive indicalor of fortl-
coming seismic aclivity {see top illistra-
fion an pape 211 ,

IF an eleckie currenl is Ted doto the
earth's crust between two poinis soveral
kilometers apart, vollage changes be-
twotn 1w other paiols will fluww up if
the aesistivity of 1he fattervening crustal
rocks cianpes. Such precursory fluctua-
tions uve been reporled in the U5,
the U.5.5 1 and China [see buttont il-
lustration un page 211,

Magueteineters on e carth’s saclacy
can delect changes in napnetic Reld with
n st:{-nglll of about o hoailred-thou-
sanelth of the earth's natural ficld. Dy
ml:—lr.mtiug the chauges sensed by “stun-
dard” imbruments senweced Do the cpi-
ecntral region, nuise introduced by flue-
lations i the stream of clecicalty
charped parlicles fnon 12 sun {the “silar
wind™) van be redueed and wponeloss
clunges in the focal region can e dler
tected Th COUTSONY tinpnetic si!.',ll'.l|:-' lve
o becn cbsersvod i the WS, he
15 S ) andd Chiua. )

}Qﬂ w11 GnE v tuairive uf i earthe-
= N auakasprediciion  stontegy Lsasieze]
prarcly en sanpiricad oheervdions such as

“

these, it is hipghly disivuble o have a
phrsical suxlel that esplains the sbser-
valivns, A meslel oot euby enlunecs cn-
fidence in the lusic nation of predict-
nbility Lat also nukaes for more « Hicient
rescarch proceidurcs,

Two pringipl nuadids T Teen pro-
pascd, both growang out ol lalwrata-
r cxperineis, The t||1'.Li.!i:t':-"i|iifih=jdllt
theory, prupased by Awos M. Nur el
Stanford University 1 1972 anel exteand
ed by Cliristaphier 1L, Sebwbe, Lina T
Syvkes and Y. 1% Arminwal of Columbia
University i 1973, is supparled by most
American spociulists. Anotlwer mode,
which mipll e culled the t'|:|.1mm‘:l-'-
inskability theoty, was praposed i 1971
Ly warkers at the Instilute of Physics al
the Earth in Moscow, Tr alsa hias 2 {ow
American and Japanese actheronls, The
models have a cenaan foabure: the
growth of cracks as arross bailds up dn
the crust just Lefore an carthquake fser
ifustrarion an page 231.

Both models begin with a slage in
which elastic strain builds up in the
earth’s ernst. .1n the next stage small
cracks wpen fu the strained o lon tsl
Lhe crust and dilataney bovomes u Jauni-
wint faclor, 1o the Nussian view te de-
velopment of crachs "avalanchics” in i
stage, In Loth medels it is the secomd
stape that meeecks thoe ceal 11!.‘gi1111i|:g‘ af
precursory phenuinena, unce e open
cracks change the plivsical properties of
the tock, Seismic velucity {the ratio of
conpressivnal-wave velogity Lo shear. .
wave velocily) drops. Eleetrical resistiv-
ity increwses if the ek is diy and dee
creases i it is woeb Water flow themagh
the rock fncreases (und tierelone morw
tadon enters the water from the rock).
Volome o the dilatant ase increases. In
the: American madel e puenler of soall
tiemors decicases in this stage bevause
the cracks beoone undersalurated in wa-
ter as they inerease In numibxr; as 2 ne-
sult sliding Mriction increascs and inhib-
its Caultivg.

The two nmdels dilfer markedly in
the thind stage. Tn Ui Armerican madel
water dilluses jate the nesloraatwated
dilatunt region, The wain efivet of this
inflow is 1o fiercase the sesmie velaciny
and o rdise fhe pale poessirg in the
cracks, weahening the rick to the pobat
where sall carthguabes inoeae in
pomber uned e main dhoch fullowa, 1a
the Russian model water plazs ve ol
i the thircd sk, Tstoadd bl ws wlarahi-
ke gmwl]l ol crachs Teads 1o itl-‘il:d‘-lilif}'
and rapid deforniation in the vicuity uf
the main Lt The styese Toad drops pair-
tially jn the region sarraunding the wane
of unstable dofurnmbivn, ereks pandsi-
ly close amd the reck recovers sume of
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FMELROKITORY CHANGES in selumle velority fthe Tatio of comprridanal-ware weloacily
Lo slunr-wava yelorily P were vheerved jo the lae 1960% jun Lefars two fuicly large esrth-
oabken go the Gapm regoon of Tadelikioran by A, N, Serenoy and 1, L. Nereceov of e Tn

viue of Fliveies of the Yarth in Mosow,

Theasg compoaita dizgrmns, drave [rom theic

work, are fiased an 2 wwinber Gl sesallee earthguades jn the rrpion. Fach point reprerenty &
dgviion of e selumibe velagity Ireny tha noroal regioasl salue and is derived by mexaur-
ing the tovved ey ol coanpressivnul wivea and glaenr wevens Iram ench wprali eenbhyguake e
m local petwerk of weivioopruple stutivne, The rolored bamdy fndicare rhie etutiviigal gratter
of (ke phscreatiuns. The durntion of the calm period precrding tbe main eanbqoake ap-
reapp 1o increawy nitl the magmtede of 1he fonlicoming event. 1The 1wo carthquakes
shown mewsnred 3.0 and 4 oo the Hickter seale,] Seizwivvelocily snwinalies af thia 1ype
burve beea ylserved wbuul 19 times o USSR, I0 times i U3, wnd severa)] thoes in Chino,

ite uripina] elawracteristios. This sequence
of evenls accounts Jor the inovase in
sismnie veloaty, the decrease in volume
w! the ather chauges ty pically ol served
in the thivl shage. Thu Lh."n'cloping inata-
Lility fuslly gives way to {auiting, zad
the main shack erswes, In both meodals
shress is releused by the varthquake, and
the constal tack recovers most of ity orig-
tnal puaypae tics,

An empiiical formula, derived by
Jounes W hiteornls, ] I ':-'.I.rtl:lil.u:,." unch
Van L Aalersem of the California Lski-
Lafe of Tevlmology, tenncets 1he dura-
tirug mf ke [Hresrsary nl.uml:ﬂ}l' wolly e
it il of the l'.rc‘r..tfr. bed e I!iflil..l.kl.'..
For qample, an ovent with a ln;.\guiludt:
ef 5 on the Ihelder sode has an anomaly
Lesting for alwt fonr nnths, whereas
woeea esn b, withea magnibide of
T, sy, ]l b pn_ﬂl.lt'il l;} A1 ARo-
Iy beginndng some 1 years Lelora the
ovenl, The Ninmala is abll roupgh, packie-
ularly in B high-apnitnde ange, Lul
it appears that the large cunthuakes
will Pnn‘idu Wit tines on Uie prder
of th yracg, The discovery tHuet the sive

of au r'.1rL||E||.| dbe, as well ws s Inzation |

aml tiaing, s prodictdde should Lwld
Enppeatant buglications fur the desipn af
way ey Lk mitigalon steatepy, For-
Hanale s Tha Varoer the neaoiiode of the

Forlleouing quate, tho longer the lead
Lime availalde for wahing plaus to com-
bat its eHects,

\'fh:lt B omost veeded now 1w bviog

eatilyguake-prediction  1echnalogy
to the paint of implementation is a larg
e numiber of esamples ol successful pre-
diction. 86 far only alwul 10 unrll]rlu-.l.kc!-'
have been predicied before the faet
F'eliaps three thmed aa many have been
"pmdiflt‘ti" aller 1w fact L gruing hack
I the data noad Endjug M ECUIMLTY s:ig-
wals, It 05 diflicult w ki Low many
lornal preilictions, baaed vi U rneth-
wils deserilied alione, live Failed, The
number i prodably less than 10, which
it mwt badd Tor the rmlimcui.xry rosearch
uetwarks nowe i operation. That is stil]
tow small wosonpte 1o climimie gareli
alide mellwnds sl o design w compre-
bensive, operabing prediction systein
Alihaugh the major ensthijuake 1nlls ex-
tend Tor tens of Hwsands of kilometers,
culy a stiald Tragtjon ol that divlance i
iisbrumented adcquntrl_y ta Leat l:rudiﬁ
tiemn goethecls, WAL e proaling of Lhe
dada Leing gathered in vaiions countries,
honwever, lhe number ef wise hislorices
shiould grow Fil[‘li(l]_'.-' s the mext fow
vours, and statistically valid feas of pre-
whiction mctheads st ld e furtliconane.

- 49

Sl;:i:;muhrgi.sts al dilferent 1w livnalg,
like wonkevs inany ether Fehb al soie, .
newd 16 combine 1lcie zesults iy adyer |,,'
advanee towanrd o cominon ST

The leading ageney for carthpal,
prediclio reseaseh in the US, i gl
Coulopival 'Sun'cy, which rus 4 sirane
pregram eomtered in Clifornio i s
ports a researeh progron in seseral gy,
versiticos. In ceoteal Califomnla, the -
gitn where the San Andreas Faulp o
most aclive, the Geologieal Survey 1,
inskalled w netwouk of stations o it
with stismomelors and Hitmelers, Mg,
wetic and clectrical phservations are ah,
conducted Lat to 2 inwch lesser degeie
in southers Calibumia a large number of
instruments arg being installed dn x jodi
clfect iuvohang the Geological Suraey
upd Cal Tech, Pata framn these areays
are mustly telemetered into Mento Fark
and Pasadena on telephone aad miern-
wave circuits, This gruwing alility to
pinpuint carthouake locations aml masni-
tor precutsory velocity changes, titts,
magnelie fluctuations and changes in
electrical resistiviny s beginming to pay
vub, HMeceutly workers assoeialed with
the Geulegical Survey found that 1D
California earthquakes were preceded
11}' tilt ::]:aug:-.s in The vicmity of the -

coenter [see iflusirgtlons en page 240)

Yrecursory changer in seismic velscily
have bLeen reported for about 10 earlli.
uakes tu Califarmia aned Wewe York, .

P'eiliaps the most significant pew Gata
were gathered on Navember 28, 1971,
when a nagnitude-§ carthgquake siruck
alioet 10 niles north of Boblister i cene
tral Califurnia. The lremor was freceded
by distinet 1l changes and magael
ie Nuctuations mn!.'iut‘ingl}' alwve e
podse bevel, @il with indiciations of teis
wde-velocity changes. Juhn 18 Healy of
the Ceslugical Survey chided his col-
leapues e vight befare the guake b
wt puldicly announcing tha forthee
e vend.

In spite of 1hege infuroiting resulls the
LA propgiam s shill Lok ."-I.IE[iL'il.'lrl]._\'
supported by mahe predictivps a reality
sithin the noest decade, It & simply a
matter of too few ancthiods Leing Llestel
fan o Tew places, With the present fesel
) suppeiat iy ]mlrnii-l"}‘ RS BT
metliods eunnot be wested, such as amaan
u[ wells monita lng water tevel ard ra-
¢l cofterk, Nl Ls of lﬂsiiti\"it}' K1
sors, sea-level guuges, advanced survey:
ing h.'_\'.‘hliii]l.'tr_‘s amd o forth, BEven now
more Jdaka are being aeo unulateel than
can Lo digested, o siteation that contld
casily be rectilical if a large compaer
wore provided o sen and attupaticdly
wnalyea e incoming strean of ata,
Universites ond industrics with zuach
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research talent are Insufficiently in- A [ARTHOAKE 1)

- . 1%
volved becaute of the lack of funds, Few I_ 12
studies are belng conducted oulsitle ) ——-‘11-.------;,________ -
Califamia, An additional $30 million pes ; =
year could make prediction wilhin a dee- iy
ada a realistic goal. The oost-cilective- ] -8
ness of such ot investmenl s abwious -12 — -
when ano remembers et the: velatively = 1"'1mn T ) Err T
modest San Fernando teemor {mapni-
lude 6.6} that strock just nonh of Los a |
Angﬁ:]u in 1571 resulied in l:l:lrn:lgu of ' ".._,_,\ ) 16 i f :t-_
tpore than $500 million. - . '|i 12 - | -
The earlliuake-prediction prograin P : M
of the U558 is centered in the Lasu- 5 ° [ 1
tute of Physics of the Farth in Moscow. ) >y - e
A program nvolving labotatery and g?;::ﬁgmﬂ !E -3 — -]
ficld measurements, comparalte in level 1 :::
lo our own, is being carricd out. The \-_ . 1900 18X 1540 60 1980
Russian Beld cxperiments form the long- ) EMCENTER 'I¢ .
ust series so far, having becn staried | o '|
nearly 20 years ago. The impressive dis- y 15 i
L} 17 B
covery of anomalous procnrsors stoms \\ o «\ 1
from theso cfforts. The strategy of the ! ‘ o —— et
fxm i ; ; hat diffe L 37 LV i
Hussian investigaters is semewhat difer- " \ @ : 1
ent from pur pwn in that several exped- : & ,'; I 1
mental sites are belng monitored in cen- »E ;5- -13 T
tral Asgia and Kamchatka with a lower “ w18 , }
density of instruments compared with . SAE 1900 1220 1640 w00 K
our heavier emphasis on specific areas in e 3
Califprpia, Moreover, the Hussions mre ’ - 1ED
exploring wmure methods than we e, E 12[ |T l|
Mevertheless, it #ppears that in the ab- JARAN SEA 2 —
sence of a major new initialive, operat. 5 ; W
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ANCOMALOUS UILIFT of iTie curtlt'y crusl - _ﬂ( __/L
in tha wicinity of Miigag in Jupan wes ol- =17
I -1k
servied for lllﬂl-‘-l1 10 yewrs befvra the J.| prove T v oG o
wadraes T Sanagnitnde carthiuoke there in
196‘1. I’:fﬂr:lirlg [RH the Jupulu‘-n ill"Ealil.- KASHIVAZ AR
tor T, Dawelinrn, The uplilt wos detected Ly “G . —
plotting choanges io thae Leight &f bench " __\ﬁ_
raarhe measnzed fu eepeated lund surveys, lir IF 0 50 i . -
: 1 1
The prepls al I‘Ilh! rucresgorinl 1o the Lri- AT [l l| —
red Lenclipark witea (hha ko afuts} shown Yy l =
an tha depuited mep Pyidenre of tha eruntal ' - 1 ,/
uplilt wos when oliuined from records WLinw. . '1:
Ing & precurssry slrop in meain acn love] gl ) :qﬁ -
srfved by o Lide-guugs station of NWeaugasaki. TG 13720 1840 - 1340 TR

16
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KILOMETEAS

TILTING OF EARTH'S CNUST furt Lefore corthguakes hus been obaerved by iovesti-
galvey wpiociated with the Gealopice] Survey waing an srriy of seapitiva liltaeiers (hlack
dari) lastalled along E5 Litanierurs of 1ha Sin Andress Fanlt eait of Monterey Bay. Circled
wroxe s dehiote eploenters of wll carthiquakes with & megnitude greater than 2.3 recorded in
the region between Inly, 1973, und March, 1974, Damn summarized in illusirmien Lelow
wera ghitaited ot Wotting viluneter site, seven kilamneters southimest ol the Town of Hollister,

I 5
z by AUGUST ¥ EARTHOUAKE
E
& 4l T - {MAGNITUDE 3 30
z £ T MILES WEST OF SITE
A+ \
. 2} JULY B € ARTHOLAKE
& (MAGNITUDE )
z 1l - 4 KILOMETERS
& BOUTHWEST OF SITE )
& JUNE 2T '
= -1r
-
= =2k
=
-2}t JAHUAR' 17 EARTHOUAKE
- . {MAGIITUDE 4 )
£l 15 KILOMETLHS
NORTHWEST OF BITE ;
| ——i7
i -5 . JANUARY 13
| . ] TR L M n . " n L M 1 L ¥ N 4 1
6 1 5§ 3 4 5 & ¢ @& § g 1 ii 1F 14 18 16 1¢
e WEST TILT (WICROAMDIANS) EAET ——r

SEYEN-MONTI AECORD of grustal liling wes 2imla daring parts of 1971 and 1974 with
tha gid pf & tilimerar locuned foow alisllow hale at the Nuttiag site, The colared dots repre.
aeal the weekly mun LI direction and megnitade, Severd mojor local eaciligiubes acs
irdicated; eaels In preceded by wlesr porcursery clunge o i dices oo, 3. 1L 5, Julmstn
atd C. F. 2 arensn of the Gyglvgical Survyy report that precursory sliomelics of this 1ype
Liave lwru d‘.clﬂlnl_ o al Iegst [0 ocemsigne: the largest soch evcol was an Noyemiber 28,
1974, wlon 8 wregnitudes eocthguoke siruck sbom [0 wables norl of Holliser, 3o far
campatelda Ut change bua Leon eerorded jhut bue pol been Tellowed Dy an eanthoquuke,

-

( 50

g puiliction ssalenis :‘ﬂvt’ril;!{ 1.|r;_:“
arcas will not e forthemning o L
WLEELL either i this decade, Ay part of
the entiroiemenial ireaty belween the
LS. and the USS T there Tas v
resvarding exchange of ideas ond x

acl in the Nelds of encthaguake predicling
and seisenle enginvering. A foemal L
]ntc{gl_@rkiug groupr bas_been ostab.
lished, Tus this way bofy Amerdean anl
Hussian workers aro kept Informed of
the lotest wnpublithed develapmonts;
“joint cxperiments are under way, aml
there is healthy criticism of ead side's
eflorts by the allier, This kind of closn
cooperation would have Leen withink-
able a few years ago. .

Although Japanesa earth peldntiss
hava bpen devoted fta tho nsolion of
earthquake prediciion since the lum of
the century,.a formal research progam
tedicatud to this goa! did not get under
way until 1985, For yeurs acpotts, of
anoinalous zea-level chanoes and Lilks
prior to earthquakes bave emanated
from Japan, but the data were lparsn'
and of uneven quality, and the workd
community of geoplysicists was umim-
pressed. It nuw scems that some of
these 1eparts must have described 1me
precursory pheuotiend, In any cuse the
Japaucsa warkers include some of
world's best geophysicists. It ig th
fore a tragedy that a strike hag erippled
the Earthyjuake Research Instibule in
Tokyo fur several years.

"T'he Jupanese are surrently emphask-
Ing surveys every five years mtending
more than 20,000 kilometers. So far 17
observatories have been equipped with
struln detectors and tiltinelers. Ohserva-
tions of the level of seismicily, of
changes in the velocity of selsnie waves
and of mapnetic and electrical pheaom-
vz are also under way. Cooperation be-
tween the U5, and Japan in this fleld is
quite clase. )

. r'l s jiast Octoler 1 hadd the guul] [ap-
* tune W participate in a month-losg
trip to China as a member of a group of
10 Amerivun  earthquake  specialisis
This tour of Chinese rescarely {neililicy
fullaveed a visit hy 10 Chinese eoith-
guake experts io the U.S. earhicr last
year. Sincea schalarly publication in
Chluna was 5uspcndml during the "euls
tural revobution,” almost cverpithiag we
saw in China was now to us. Follow?
the destrugtive Lasing-Uui varthquake
1566 the Chinese codicked on 2 nsjor
elfort in the fiehd of eutguake preliv-
tien, Clalrntan Moo and FPremier Chau
Eu-lai issued statenienls charging Chi-
nweasy scividishs with aclieving this ];'-lu'ﬂ.
At prosent some 10,008 scicntiils, chagi-
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AMOUNT OF RADIOACTIVE GCAS RADON Jimetved in tha
waler of decp wella hay been lound by Hussian researchers to in:
cremse aignificantly in the period preceding un earthgquake. Tle
two exaniples shown here were recarded before fwa major esrih.

necrs, technicians and other workers ure
engoped In the propram—more than 10
times the number of such workers {n
tha U.5,

A unique featere of the Chinese ap-
praach is the use af an even larger num-
ber of amateurs, mosily students and
peatants, who build their own equip-
ment, operide professicnal instruments
in remote areas and educate the logal
people about carthquakes. So far 17

fully equipped seismograph stations and

o
1958 1967 1958 1959 1R6C 15981 1952 1803 1944 1555 1568

1957 JAMNUARY

250 auwiliary stotions huve been in-
stalled, Data pertinent to earthquake
prediction are being obtained at a total
af 5,000 points. Every method deseribed
in this article is being tested in China.
The Chiness say that they have made
succegtfu]l predictions, mvelving  the
evacustion of people from their homes
and a consequent suving of lives. Tley
also ndmit to false alarms and failures,
chalking these up to the fact thut their
program is new and they are still in 2

FEBRUARY

IFARCH APHIL

qaakes in the vicinliy of Tarlihenl. The 1988 cvemt (fef) bud o
*magnliude of 5.3; the 1967 sdrenhock tright) had 4 maghioede of
4 Tldy prewmnizing elwervationg] teehnigque in wied extensively in
troth the LS5, and China, bun it bas nok yrt been wied in US,

Ieﬂrning lesle.. The mativation for suc-
cess i5 strong. The high population den-
sity, the nature of maral nunstruction end
the high degree of scismicity make China
particulacly vuluernlde 1o enrthguakes.
Although it iz diffeult to gaupe the
quality of the Chinese program from &
brief wisit, there is no question that the
patential s great, In a fow yIaTs 1he
Clinese will probally ba patherin g mére
diata than anyene else, owing to the size
of their program and the more {requent
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CUANGES IN FLECTRICAL RESISTIVITY of the eartli’s trust
prinr jo surthquukea have Leep reporied dnothe USS K, Cling anid
the US, Tha duia fet thir graph wers eliained by ¢, A. Sobeler
il 0, AL Barsnhoy for a serics ©f cacthyguakes munitored in the

USSR, Letweea 1947 wnl 1970, Alessurenwesdas of vhie Y7 wrix
muide by ferding wa elecicic curcent inta 1he proond aml alwersing
vollage chanpes & dew bilomcrers anuy. In generat & has Loen fyyud
that ractbqnakes gre preceded iy o devreaes in crustal seslaiviiy



e nge af c:itlllqunlu's in Uusr coun-
tey. 18 may well bu thal the fiest staiisil-
ol vali iy of prreTiction methoeds wall
veine frony China, 11 would be a pity if
mlitesl consideradinns were 4o inhilsit
elour iLbernational svupetativa o 1his
SO, becnuse Joant Prejects wilh Clea
vt pay et in @ tnove rapld achieve-
nrent of 8 pstoally desicalde goal.
Alhizugh the prodiction of carth-
auakes Yas been emplagized in this nes
orait, 0 comprehensive progiom ta re-
dace vulnerability to desiructive earth-
quakes includes eugress in other oreas:
evrthiquuke cagineerne, risk analysis,
. laid use rnguhl.iun Luilding codes and
disaster preparedness. Unlike carth-
qualte prodiction, abeat which theie is
a good deot of aptimisio Dt (30 Far st
least] no guarartes of success, research
ard development in these ather areas Is
bavmid to resubt in reducad cesualtion
pud hwvered econwande Jotses, Earth-
iuake engineenng deals with (he ef-
cient and sconomic dcsigu of strociured
fhat tay haye ke wilhsloodd the shaking
af earthiuakes. The alteration of exis!-
Ing stractures to improve their perform-
ance i1 fucluded Mot eoly are roui-
denees, coinmacial Loildmgs, schools,
huspinlg, dams, biddges  end  power
plants ewynincd individoally but also

the Inieraction of ell theso clonents in
thé systein 'we eall & cominusnity is cun-
shdeead, This :]uvolﬂping teeTirwlopy et
serve Ity putpese wnly i it is (ransferred
from (he investigators o the professian-
al pragtitieners gad to the regulalory
bicrclicg thiat flraft Lujlding cocles,

The.damuge caused by rocent earth-
quakes in Japan and Alaska diamatized
the Tagt that structures Liat could with-
stand the shaking were novertheless
toppled by foundation failyre. Severs
ground-shaking can cause soils Lo setile
or licuefy and therely lose their ability
to suppart structires, Hesearch on this
powity imdersived phenomencn is an
importaut aspect of etarthiquaoke enpi-
neering. When it i bettcnuud:rstuod
it might L puss.h]a lo tuko counter-
measures or te Institute land-use regula-
tions that would limit enpsiruchon on
valnerable soils at well as clong active
faults, in petential landslidy areas or in
coastal zones subiject ta lsunamis.

Some regions suffer majur earthquakes
frequently, other suffer them infre-
quently. In some plaves the potential for
severe gpround-shaking is higher because
seistni; waves propagate with less at-
tenuation of because the soil resanates
and umIallﬁes tha ;ruund motlon, Tn one
city the prollem following & quake is
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NEENCTION TN NAFURAL FLECTHHE CURBENTS inside 1ba carily just Lefore an
rarllegiiakg hay aleo freen olacrved by the Wasdun investbpetar s, Dty were abiglied by on
cording vndtaga liangew letween pobins v Few Elloosciery wpot, Arvowe denole sartlhgoaken,

S2

lires i amother i3 Aooding. Consirie
tim pactices iler fram region 1o rg.
tiann. Sume of these fuctors oo 1.11::1.1.“
4;.:.;1;u|l\t.il!\3|rf samg can only be descrile

in probabilistie terms. AR of them, .
other factors ns well, nast be comlbingw
into an overall nssesapent of risk on
whith desisinns st 1o bogedd, Risk as.
sosvinenl is a eew and imporast e
of esrthquake reseurch. Also helping 1
providy 1 rational Tasis for deesion wed..
ing about land use and construction In
earthguake regions is economic znalysis
of such questiong as to what degree, in
an.wren with n given prubability of
steong earthquakes, the ndded coste of

- safer construction arc offset by the po-

tential saving of life, property and pun-
ductivity,

f‘l"hc possibility of controlling ar mexli-

fyisig earthguiakes arose o few yenrs
ago an the result of a chaneo discovery.
The Injection of wastewaler Into a decp

"well hear Denver was Found o have

triggered small eaithquubes. Since that
time both laboratory and fiedd experi-
ments have shown that the injection of
a fluid in £ fault zone reduces Frictionzl
resishanca hy llr:r.'rcu.sing the elfective
normal stress oorogs the fault In o sepge-
fluid injection serves ta weaken the fan
whercas Buid withdrawal ean strengthen
it IF 0 preexistingg stress I3 prasent, an |
earthquake could result i o fuult wera
unlocked by Auld infection, In o remark-
ablo ficld test of these jdens workers
from the Ceolopical Survey njected ol
wilhdiew fluids in & water-fnfection well
of tho Hangeley oil lields in Colorado
and found that in this way they could

" gwrileh sefsmicity wiand off,

The extension of these results 1o tha
control of a major active fault such as
the San Andreas Panit is unlikely I tha
near (ulure, Soms fubme generalion,
however, may e able to modily earth-
qual;m hy the jojection of Autd and the
conlrtdled, gradual release of cruyiul
strain. Scicnee often advanees more rag-
idly than s cvpeeted, of couric, andd i
any s Tescarcl on tha [nmlhilit_v al
|1.1ml'lf:|'i:|.g varilwjuakes shoald s wu-
coursiped for the sake of the nest-geoer.
tian, if 10t of cur vwn.

Alhgugh the munber of case historjes
is still too small b minke o positive stale-
menl alnrat the [easibility of carthugake
prediction, apst  scismuologists wouk
agrve lhat pn.'dl'ctiun i o achicvulde
gunl in the uae tun distont Tutare, Y-
fortunatel ¥ the love? of present ellort fu
the U5, is bedow that reguisesd to imwve
rapidly to an aperating prediction sya-
e WM a N1 L [".lrthrll.ml&t'- worg I



stiike the U.S., the Tullywing day wouhl -

almost ecrtainly seo abundant reseurces
made nvoilalila fure o |m'5p-scu|u carth-
guake-miligalion program, (Tha carth-
qunl:c-prod.ic[iml prograins of China and
the U.5.5.11 were buanched after severe
carthiquakes in cach of thosc countries.)
Hew dues ane sell preventive medicing
for a [uture aflliclion to government

agencies beleaguered with current N

nesses? ]

It is proper, T boliove, for scientists Lo
assume an advocate rala when ihey per-
¢cive on inadequate govemment Te-
tponse to some new oppartunily or to
some [uture ~danger. Larth sticntists
have & casa to make, They can polnt to
housing tracts placed in faull zones or
on unsiable hillside slopcs. They can
cite a newly Luilt hospital that collapsed
when shaken by the moderate San Fer-
nando earthquske, The same tremor

caused a dam 1o e stressed 1o near the

failoze point. A shightly larger shock
would have resulted in casualiices in Lhe
tens of thousands in the Goodplain be-
low the dam. Scientists gan question the
policy of & government that spends bit-
liont in comstruction but Is unalla to
support researel that would safe guwd

its own javestment. They can queslicu

the wisdom of budpgeting less thapn.a
tenth of a percent of the total construe-
tion investment for research on possible
hazards, They can shaw how a research
dollar invested today can yicld an enor-
maous return in lives saved and property
prr:ier'.red tomorrow. At a time when

[msic_rusﬁnrch hudguhi haye not l:cpt'

pace with the growth of the economy
ax = whole, earth sdientists can puint up
the practical value to society of thaoir
new comprehension of the. forees that
have shaped the earlh, _

TWO MGDELS of vhe suechaninm revponei-
hie for partfguakes have hesn proposed jn
»o BlCint de pul earthquabe prediction on
s sdund sheareticp] bazis. One view, ealiced
the dilatancsdifusion model, wus devel
oped mally in e U5 The slicroatbve,
sonielicnck bngwn b e dilarancy-insdabil-
iy model, war Tormulated in 1he USSH.
The Blackguilined eursce yhiow the expeci-
vd precursary signals scrarding tu the
Amerivan model; tee colored eurses show
e experied precursery signals nevording (o
1he Rusifan mcde). (Mhilscaney i 1he Iechni-
3l dvrm vl so desrribo the inclastic joe
erease im valumie (hat beging when the sicess
et & Tuvk renches half 1l Lreaking strrngih
af the rock,) The jHumtration is Lased on (e
werk o Chrlstapher 1, Schola, Lynn I, Sy hea
ok Yo Apgarnel of the U5, and ¥V, L
Myachbln wud 2, A, Solisloy of U USSR,
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Relation Dhetween A, and L {warldwide data)

M, =603 + 0.76 log L (6

'EJ-:Lfar- Lz-t.rc&w M and S Fha EULM: "}{ f“f L (Wmuwﬁ dﬁ*‘)

Mg = 3.21 + 1.92 LOJS “GIIQU?S)Z (3)
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fva el (57 1475) and  Geller { Budh. Soitw. Soc er./wf-ﬂé/l‘!?y.
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Strong Motion Instrumentation

Istrament Charoeteristivs.  the limt reguizemient Tor stinge-motion
Instrumentetion is nsensitinibv—the strongest possible ml;th
gromned anotions stienedd <ty oo seale. To wddition, o wide dynaomie
nee by oelvantageaus, sinee valualile inlwntiony v bae olstabueld
trom sowd] nondimaging earthguakes, To <tedy the dynamic response
ol 1 vhgripeering shrectiee, a wile Frostiue ey respamses range is alas
teeded, Sl a nnge reguires bigh reconding speeds that wake cons
tivs recording impracticalde, An inetin trigger operatesd by the

] mitial portion of e carthgmake goand motion Das Been funnd 1o be a
sitisfuctone selintion to this probilem.

Almar, u.lul fron Brugr A Bole e Deeeaded B Hhiedson, fodpenef of the
Cieobrehinded Unghnee g Fivisiva, Procecd g ol e Argericon Sewevicly l‘ljr
Cinil Engieeny, Vol 16), Now GT1L Noaembaer, 1475
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Accelemprgds weeting the prges- Acevlergraph Lowative
v reduiremie s wit o e tcialle avaitable sl 1975 prices e e

o
Connppivetels aedeguaie delimliem of .
gronjmd motions aird sinec bl response wosld peguire o bepge aonidae
of acvelemeraphs ol earefully selye Aed queainis, For maior progeots,
highly scismie regions, detitbed sinddies of e optimm anmlaer wiad
Tocation of accelerographs wonld Be expected for the special codi-
tioos of e paticular site. For miniman peconemendations, howeser,

cepestinns of focation are secondury te the prme slject of snsoring

that at feest same infonmiion of copineering viloe will he obtuioed

ITar all strong shaking,

Lucil Seismograph Netwnorks

Netwmk Requirements.,  Scnsitive seismogruphs e measure logal
vartlignabes are sometimes advisable in the vichiots of projects sich as
e dams o] nuclear reactors before inajor construction hegins. The
pumposes of such instrumentation are (13 detenning the Treguency of
lscad cartheguabes (ifany); (23 derermine the laaition ol seismic activ-
ity aned its depth; {31 detennine the magnitudde and s indication of

focal mechanisms of the ewthaguakes; S8 allow predictiong of thet
LT A nr t"-ll"li'j{‘ [IRL(: [ S TRy ALl

Reasonalily precise Tovation of an earthepake focas requires 1hat”
the onsel of I' waves (nd also 5 waves wliene feasble) he reconded to
anacenracy ol =00 second or botler, at o midnimum of four nearlsy
scisnmgermphs, There muast e o common Hine hase for all seioe
graphs, aml they shonld ideatly surmmmd the region nf(uﬂl}qu:th:l
activity. For dams, the overd | wims can be accomplished ino twa stage<!
In the preclosure stage, where the main pumpose is to estaldish iFany'
local earthiguakes at all veeor vormally, a mbnimam network of three
short-perivd  vertical-compenent seismameters aay be sufficient.
With sncl w network a e but adeguate snsessiient tlfljilL‘LﬂlﬂHl]d
earthquake fregueney, location {using Pand § waves), auxl maznitude
«-an be made. I ocad eantlumanes are previlent the nebeork should e
cxpanded 1o an least four setsmwssiaphs with the additional setunome-
{or as near as possilile to the avtive area.

After dam clasere, it is advisable, at the least, to gperale a faur-
station network {or a period extending some vears beyand the tioe
when i impounding is complete, If 2 <equence of vanh-
yuakes does occur, then the network should be densilied. Sudd:
stidies of resevoir indoced seismicity usuvally wamrant special se-
search, The 1equirement then is to eltain an acenracy in the Jocalion
of earthegle foci of abour ¥ kilometer, so that comelations with”
pealng, s vt be tisade. '

. Avcelerograpd hatalfetiun and Mainteuunee,

For this premose, it is recammended that ot fewer than four stromg

T inetiom aecelersgraphs be installed. Two of thewe shonld be located o

reenrd varthguake motions o the Tomuelation, skl two 1o measone
structural response. For dams, the foondation instruments ¢an aften
b imonnted om abwtinents, or a! an approprate sile in the immediabe
vicinily of the dam that is nel obviousl influenced in a major way by
Toea] gealogic stroctuel features. The instruments bo measare dam re-
spunse can usnally e inomated at1wo different locakicas on e crest,
arin upper galleries shiuld they exist; they should nal be monnled on
specid superstructures that may intradoce localized dvnamic be-
huvior,

‘The purpose of requiting twoe instruinents for vach function 3. bo
give sone indication of the unifonnity of conditiins, and 0 ensiie
some wseful information in the svent of instmoment saadlunetion.

It is essential that the
frstruments be well protected fram such environmental comditions as
ﬂun:]ing O UACessive sUnmper tempealeres, and Thom t'.l:lj'lpf.‘rj]lg or
vinedilism. The aceelerograph, which is wout 20 centinmeters by 20
conlimelets Ly JO0 conlimeters in size, can often e canvenivntly in-
stalled in the carner of a buseiment office, storage room, ar gallery of a
dam. I no space ol this bope s seilable vear a saitable site, an insu-
luted metal enclasure sealed against weather and fntederence can
vsually be provided by the indroment manudacturer ot o resseiehle
cost. The accelerozmph should be {firmly bolted down 1o 4 conerete
foundition, as specified by the instructions of the ipstroment -
uficturer.

Chedking, maistenance, and serviving of the accelerographs should
be carried out on a regular schedule acenrding to the instroctions of
the instrument manolcturer. Rontine maintenance van wially be

arnied ot by a repalar member of the technicval staff, if he s given a
sinall degree of special training, Similuly, dustructimis n te prroper
r cervation of records and their trmnsmitt: l] for dat provessing e e
1, sa that they are not lost duning or alter an carthguake.

A



Ni'ru'nrir: Locntiom.

eriprhen eflen epenads an prictical comsiglendions suely as aocessibility
aned i oithinve of caomtroction wark. Howeeven, seversl general cone
inns stiould FOvera the url:lh;_'ur.mu;ull te the preatest oaent
I:T-'H'Iihl”} ]‘Ithhsh]h, First, the sites shauld be wnilommly spread o
azimnth aronnd the project.

The inlemtation distanee shanid nod e spore iy aleat 30 kilome-
feus or Jess than 5 kilometers. Individual site selection shonrld Sepend
e the Joaal lectonic stmuctures. 100 best to Iocade the instmments
i ouleraps of hasement rock, and they shanld L as renrote as s
Ule frenm censtroelion actis ities, streinns, guarrving, spilbaavs, and so
o, Normadly, sites should be chiosen so that they do not linve 10 Te
shilied tlaonghont the lie of the project. Tt is also helpil o make
fichd surveys of the relative badk gronnd micrsseisnic uoise at pro-
speclive siles, with the use of a portable seismograplic recorder Lie-
{ure Tocaticns are finalized,

I has been Jound adegnate to place the seispemetess in slallow
pits (alwwt 1 meter deep) in the surficial rok. A penerally adeguale
hovesiirg is a sheel drom, with a watefight cover, thil is set on conoele
pmlrufl at the battem of the it

Scivinpgrophic Characteristica. A variety of simitahle compunents for
o reliable high-gain seismopriphic svstem is now comnrercially avail-
ables. Thus munerzus svstems can be designed to meel the sims previ-
musly estallished. The followmg two altermative systems—4 and
B==meel the wininnem reqoirement and have Leen Deld 1ested, In
Lnth, the response of the overall scismozrgplic system should be be-
swreen 5 et and 30 hens.

Seivmagrphic System A, The system makes nse ol avaikable porta-
Ple seismmpete s and visal recording nndts, The network sdtions are
nnt comnected, and depend on separate enatal elocks at cach reconder.
Revording is nomulh-on smoked paper and the paper records must he
clran el every dlav . This can e done by s member of the maintenance
stafl witlout spevial trainivg,

The paztable svstemn for cach site is in four pants: {1) scisisometer;
{2) watemmgnf siegle-packazed reconling wiel with batterdes (size ap-
pravinuaely 530 centimelen iy 30 centimeters L 25 centimeterns); (3)
rredin beteiveny (43 pow et senice such as solur battery charger”

Seivimogragste Systenn B This svstem teleneters the sitmals from
fpdividial weismaneters o the nelwork 1o a central recording room by

The «welediion of sites for the sepsitive seismos

Lardoire connectians, Power s peciled at e idividna seisienne-
Letrs Tor the .nnphF( ¥ el volt g el led] oseilladors, At the record.
g station, alelitional PHAVET I8 Nt el for e sipnd l]lh(_rh'llllhlh",l]'\
amplifiers, and dram and Lape recorders, The sy slem s costlicr than
Syslenm A becanse of the cost of Tamd Hnes. 1 grizat wlvamtage is the
contrulization of recording at ane convenient avvessible Jowation.
Maintenance permme] would rarcly need 1o visit the seismometen
in the field, Compenents of the telemelered system are now all cam-
mercially availalale.

Network Qperation and Analysis.  Opoertion of either network A or
g oshonld not reguire anstrmmentation specialisls or a stall seis
molagist, The eritical requirements 1noall such stidies of seismicity
are comtinnity of operation and miniomm systen adjusbments,

For wither system, an operater world need 1o change the paper
recordds cach day of the week at aliout the same hour, He would need
to mruk e date wnd locition un each seismoprun, Any absolutely
esscntial chunges in system charactenistics wanld need to be logged.
It may hie necessany, from time to time, to seadjust and calihrate the
seisioneters in acourd with t]n: procedures specified by the equp-
ment manufacturers -

Far the lclemetr} 5:-,5“:'!11 B, the discrimninators, rielio, clock | and
recariding drums ¢an usually be loctted in a small roos in the en-
gincering quarters, The ac power is usually available, Seivmograms
can often be examined and slored in the sae facilin,
Tr.lphu instrmnentation shonld be Lulted w the bailding stroctare te
nrevent movepsend and diunage in the vase of (e |1‘t'hr]u1|L

The anabysis sicde of the bigh-gain system often reguives sone seis-
mological eapertise. Special arangements are not necded, of course,
i opa or very few local earthguakes are rweenndled, However, il the
cogion 15 seismic or, at a damg i the local seisnicity fnereases on
closure, ar both, it is recommnendedd that some special sulvice hiz ob-
tained ey apalysis from a consultant scivmologist,

Al seisone-

Cogt Estimeres. The components i systems A ad 1 o now come-
monly aviilabie and widely wsed by seizmologists. A1 1UTE prices, the
weixmomelers 1 System A cost ahout 51,000, A complere portable
irenrding systein e be oldained lor 54,000, A suitable salar cell unit
is nbunt $500 ar $60C, The wiad cost of a fnurstation netwark of Sys-
teonn A fypee 6 s abiont 520,000, No cost js included for pregaaration of
nifs o hansing.

Thee pont of destatlation of the preferred Systewm B s somewhat
iglher, The setsmomcteeomp! ficvoscilltor package ar cach site is



-

/708

listod wt wlaal STAOD in TUTH, At Uw ventral reeonling facilily, cach
discrininatar-onplifice-recorder yrukage cosls alwnd $2,5000 A& suit-
abdie covalal eliock s ool & LA et 0 WY rudio receiver 5300, Fhe
eativmde] totad cost ol the wstemmentation ab coroent prices is thies
apin st S20,0000 T acdditian, loavever, 1leee s the cast of the
overland telemetsy Euess Tnosome areas comuercial Wleplone lines
ey e available for rental, (o certain Joativns, BWF rudio telemetry
links may Le suitulie)
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EFECTOS SISMIC(OS EN SUELOS GRANULARES

Bar

Abraham Diaz Rodriguez*

INTRODUCCION

El comportamiento adecuado de los sualos y las c¢imentaciones duran
te la ocurrencia de temblores es esencial para evitar dados seve-

ros a toda clase de estructuras.

Las condiciones bajo las cuales los suelos (como parte de la cimen
tacién o como material de construccidn} pierden una parte signifi-
cativa de su resistencia, conduciendo a fFallas inducidas por tEmhlE
res, no son, al menos hasta la fecha (junio, 1577) completamente
entendidas ¥ constituyen un campo fertil de investigacién y de gran

utilidad para la préctica profesional de la Ingenieria Civil.

La importancia de los efectos gue los sismos pueden inducir en los

suelos granulares se debe a los graves danos gue se han observado

+

8N numerosas ocasiones durante los temblores pasados.

* Jefe de la Seccibn de Mecdnica de Suelos y profesor de 1a Di-

visibn de Estudios de Posgrado, Facultad de Ingenlerfa, UNAM



De 1661 a 1946 ge ha informado de 228 deslizamientos, gue causaront
el desplazamientc total de 25 millones de m3 de arena. En Holanda,
a orillas de los numerosos estrechos gue existen, ha habido gran

cantidad de deslizamientos gue provocarocn €l rompimiento de digues

Y, POr tanto, la Inuyndacifn de grandes extensiones.

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
costa de 600 m, llevando consigoe todas las estructuras de retencifng
las paredes del muelle con secciones de 5 m de concrete reforzado
fueron abatidas y luego arrastradﬁs. ﬁn aste mismo temblor, falld

una presa debido a la licuacidfn del suelo de cimentacifn.

En MExico existen evidencias de que durante el sismo de 1559 (Mar-
sal, 1961), un gran tramo de la margen jzquierda del rlo Coatza- -
coaleos tuvo desplazamientos verticales y horlzontales de importan
cia. Muchas instalacicnes de la zona de astilleros sufrieron hun-
dimientos bajo la cimeﬁtaciﬁn v el asentamiento general fue notable
despu&s del sismo. Algunos tramos &e los muelles cimentados sobre
pilotes metdlicos de 10 m de longitud sufrieron desplazamientos
apreciables en direccin horizontal. Uno de los muelles se despla
r4s hacia a2l ric mas de 1/2 m. Tales movimientos se han atribuido
al fenmeno de licuacifn en los mantos arenolimeosos y limoarenosos
que allfi se encuentran entre 0 y 8 m de profundidad. En;vista de
las altas relaciones de vacios y de la granulometrfa uhiforme de

dichos suelocs, no puede descartarse esta posibilidad,



En Alaska, en 1964 (Seed, 1969), se produjoc un deslizamiento dekidc
a la licuacidn del suelo que movid 70 millones de m3 de material,
destruyendo muchas de las instalaclones de la bahia de Anchorage.
ia supaerficie del terreno fue completamente devastada por los des
plazamientos, produci&ndose una nueva superficie frregular. EI

40 por ciento de las casas y edificios comerciales fde:un seriamen
te danados debido a las fisuras que se extendian bajo las construc-

ciones,

Durante junio de 1964, en Nifgata, Japén {Seed y Lee, 1966), hubo
dafos muy graves causadoes por licuacién de la arena. Muchas es-
tructuras se.asentaron mds de 1 m y ae inclinaron notablemente;
hubo un edificio gque gird BG° (fig 1), guedando pridcticamente ten
dfdo en &l suelo. Ademds de estas fallas, hubo otras evidencias
fisicas de licuacitn., Poco despugs del siﬁmo se observé que bro-
taha agua del suelo por gristas que se formarcn, en las cuales 1lle
garcon a hundirse casas y automfiviles; al mismo tiempo, se vela emer
ger a la superficie estructuras que debian permanecer bajc el suelo,

come fue el caso de un tanque para tratamiento de aguas negras.

Durante este sismo, en la extensa zona licuada se produjeron dafos
en edificios, puentes, caminos, muelles, vias de ferrocarril, etc.
Dehido al asentamiento gue se produjo, la parte de la ciundad cer-
cana al ric guedd completamente inundada. Se& estima gue en este
gismoe 2,130 edificicos gufriercon fallﬁ total, 6,200 fueron seriamen

te dafnados y 31.200 sufrieron dafos ligeros (Seed y Lee, 1267).



FENOMENQS INDUCIDOS POR SILEMGS

El comportamiento dinfmicc de los suelos granulares constituye, den-
tro de la dinfmica de suelos, uno de los problemas gque actualmente
esti lejos de ser comprendido totalmente y es mucho lo gue falta por
dilucidar en torno a ello, al graﬁn gue es pousible ver interpretacio
nes diferentes y alin, contradictorias de los hechos experimentales
disponibles, ¥ por lo tanto, constituye un campo fertil para la in-~

vestigacifn en ingenierfa sismica.

pos de los principales fenfmenos gue la ccurrencia de temblores,

pueden inducir en depfsitos de suelos granulares son:

1. Cambins de volumen {(Densificacibn-asentamientos)
2. Reducqifin de la resistencia al esfuerzo cortante

(Aumento de la presifn de poro-licuacidn}

En lo gue sigue se tratard de dar un breve panorama del estado de
conacimiento que guardan estos deos temas, No se ha pretendido en
estas notas hacer un anfiljisis exahustiveo y completo, Para mayores
detalles se ha elaborade una lista de referencias actualizada (ju-
nio de 1977) para que sirva de guifa a aguellas personas que esten

T

interesadas en profundizar en el tema.



ESTUDIDS DE DENSIFICACION

L
Es un hecho bilen establecido gue la aplicacifn de carga ciclica a

1
una muestra de arena, da como resultado un decrecimiento preogresivo

de volumen, alin en el caso de arenas densas, las cuales se compor-

tarfan dilatantes bajo carga unidireccional © monoténica. Varias
. :

técnicas, tanto de laboratorio como de campo, se han desarrollado

)
{Broms y Forsshlad, 1969},

El uso de vibraziones verticales para producir la densificacisn de
mugstras de arena se ha utlizade en el pasadc (D'Appolohia y
D'A;polcnia, 1967; Whitman y Ortjigosa, 1968)., estos estudios han
moskradc gque los camblos de peso volumétrico de las muestras son
peqLaﬁ?g.EaFﬁ_aceleraciﬂnes menores de 1 g (figs 4 y 5).

Los camblos tanto de yolumen como de caracteristicas friccionantes
de ;renas gecas inducidos por érandes aceleraciones horizontales

y u; gran ntmero de ciclos de pequena aﬁplituﬂ s¢ han investigado
utifizandn cejas de corte montadas sobre mesas vikradoras (Barkan,

18962; Youd, 1970), ver fig 6.,

Ctras estudios basados en ensaves de co&ta simple vy mesas vlibrado-
ras, con niveles de aceleracifn y amplitudes de deformacifn seme-
janﬁ%s a los esperados en temblores intensos, han mostrado gque: la
amplitud de deformacifn, compacidad relativa y nlmerc de ciclos de
cargé son los principales factores que gobiernan la compactacidn de
suelés granulares secos o saturados bajo condiciones drenadas

: .
(Silver y Seed, 19%69; Youd, 1972) ver fig 7.



Pyke, Seed y Chan {1974}, realizaron una serie de engayes de corte
gimple tanto en vna (X} comc en dos (x,y) direcciones. Se utili-
zaron dos patrones bisicos de movimiento, en los ensaves bidireccia

nales.

Los-resultados de los ensayes utilizando movimientos aleatorios sc
resumen en la fig 8, en donde se& encuentra el asentamiento para

1) ciclos de carga come funcitbn de la relacidn, Thﬂiv, en donde, 1h,
es el miximo eséuerZG cortante horizontal vy, 9 gr @8 el esfuerzo ver
tical aplicado. Estas pruebas confirmarcn las concluaiones de Silvor
Y Seed (1971}, que para un nivel dé deformaciones cortantes cl asen
tamiento inducideo es independiente del esfuerzo vertical. Sin em-
bargo, s5i se realiza una prueba bajo condiciones de esfuerzo con-
trolado, las deformaciones cartantes ciclicas,y por lo tanto los
asentamlientos, se incrementan con €l incremento da la relacién de
esfuerz s, Para un valor dado de 1la relacifin de esfuerzos se puede
ver que el asentamiento causados por dos componentes de movimlento
es aproximadamente igqual a la suma de los asentamientos causados por

cada una de las componentés.

Sobre la basge de estos resultados parece razonable postular gue para
arenas saturadas ensavadas bajo condiciones no drenadas, el incre-
mento de la presifn de poro serd aproximadamente dos veces mis répida

bajo dos componentes de movimiento gue bajo una sola.

Tomandc en cuenta todo lo anterior, se pucde conclulr que los aspec
tos m4s importantes relacionados con los cambios de volumen de sue

los granulares, son los slguientes:



a) Los esfuerzos cortantes ciclos constituyen el medio més efectivo

de densgificacisn

b) Para un pesc volumBtrico dado, la amplitud de las deformaciones
cortantes es el parfimetro mis Importante gue afecta la velocidad

y magnitud de la densificacién

c) A mayores ssfuerzos dersobrecarga la velocidad de densificacidn

generalmente resulta menor

d) La deqsificacién es independiente de la frecuencia del movimiento

CALCULO DE ASENTAMIENTO

La accifn de los sismos puede causar asentamientos considerables an
deplisitos de suelos granulares. Durante el temblor de San Fernando,
ucrrrido el 3 de febrero de 1971, se tuvieron asentamientos de edl-

ficlos, los cuales-variaron de 10 a 15 cm (aprox. 4 a & pulgadas).

Mayores asentamientos e incluso inclinagifn de edificios pueden ocu-
rrir debido a la licuacilén de los deplisitos de arena saturada, pero

este problema se tratard en el capfitulo siguiente.

Los asentamientos de depbsitos de arena seca, resultantes del mévi-
miﬁnto del terreno son rara vez uniformemente distribuidos, y, en
gqural causan asentam’entos diferenciales en las estructuras, los
cuales, en algunos casos, pueden llegar a clasificarse como dafios

nayores. Dahos severos de grandea estructuras en Skopje durante



el temblor de 1%63, fueron atribuidos a los asentamientos diferen-
ciales causados por la densificacifn de lentes de arena suelta bajo

las cimentaciones (Seed and Silver, 1972).

Los asentamientos de edificios cimentados sobhre areha seca, conside
rande la accidn de cargas estdticas, ae estima empiricamente y gene
ralmente, se pone poca atencién a los posiblés asentamientos debidos

a los movimientos del terrenc inducidos por sfsmos.

Se han propuesto dos procedimientos semi-empiricos para estimar los

asentamiento8 provocados por tembiares. Ino de &gtos propuesto por
seed y S5ilver (19872} permite estimar el asentamiento de arenas se-
cag, Pyke et al (1974) amplil el método para tomar en cuenta movi-
mientos multi—direccionales.' Lee y Albaisa (1974} propusieron un

metodo aplicable a arenas saturadas.

El procedimiento de Seed y Silver {1%72) para estimar el asentamien
tc de un estrato de arena debidoc a carga sismica, consiste de los
siguientes pasos:

al Caleular la historia de deformaciones de cortante en varias

capas del estrato, usande un m&todo de andlisis din&mico lineal.

b) Convertir la historia de deformaclones de cortante en cada capa
a un nmero equivalente de ciclos de deformacifn cortante de

amplitud constante,

¢) BAplicar el ndmerc de ciclos de deformacién cortante, determinado -
en (b) a muestras de arena ensayadas bajo condiciones de corte
simple ¥y determinar las deformaciones volumétricas a deformacio

hes verﬁicnles resultantes.



d} Repetir el! porcedimiento de (c) para cada capa del estrato e in
tegrar las deformaclones verticales para obtener el asentamiento

total.

El paso (b) involucra una aproximacién. Martin et al. (1975) ha de
mostrado que el efecto de una historia irregular de deformaciones
de cortante depende no Gnicamente de la magnitud de los pulsos en
el registro, cnmﬁ también del! orden en gue ellos son aplicados. -
El procedimientdo para determinar el nlmerc eguivalente de ciclos

no toma en cuenta el hecho antes mencionado.

Al expresar analfticamente la relacién entre deformaciones de cor-
tante y los cambiocs de volumen, se pueden eliminar los pasos b, ¢
y d como sucede con el métode de Martin et al (1975%), el cual es

aplicable al cdlculo de asentamientos de esﬁratns de arena seca o

parcialmente saturada,
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PERDIDA DE RESISTENCIA DE SUELQS GRANULARES

= LICUACION DE ARENAS -

Probablemente uno de los efectes mis costosos y espectaculares gue
se¢ puedan encontrar en ingenierfa sismica se deban al fenémeno de

la licuacién de arenas.

El fenSmeno es complejo v afin no es claro y completamente compren-
dido, al grado que es posible encontrar interpretaciones diferen-

tes y afin contradictorias de los hechos experimentales existentes.

La discrepancia empieza con la prépia definicién del t&rmino licua
cibn. Mientras que para H.B. Seed (1966) el t&rmino "licuacifn inil
¢ial” es la condicién de una muestra de arena en la cual la presién
de poro inducida por la aplicaciﬁn de carga ¢iclica alcanza el valq{,
de la presidn de confinamiento y el té&rmino "licuacidn total” es

la condicién correspondiente a que la muestra alcance una amplitud de
deformaciin del 20%; A. Casagrande en 1969, utiliza los té&€rminos
licuacién y mobilidad ciclica que después modifica (Casagrande,1976)
definiendo por "licuacifn real” a la respuesta de una muestra de
arena suelta y saturada cuando se le somete a deformaciones o im-
Factos'que dan como resultado una p&rdida sustancial de resistencia
? en casos extremos a flujo de taludes, y por "licuacidn ciclica”™

la respuesta de un espécimen dilztante de arena cuando se le ensaya

en cimara triaxial ciclica y la presifin de porc se eleva en forma

incremental hasta alcanzar la presi&n de confinamiento.
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En esta plética entenderemos por "licuacién de arenas” al fendmeno
mediante el cual una arena saturada pilerde una_gr%n parte de su re
sistencia al esfuerzo cortante (dehido a carga monotfnica o cfclica)
y fluye G‘SE comportad como un lIguido hasta que los esfuerzegs cor-
tantes actuantes en la masa de suelo disminuyen a valores compatl-
bles con la resistencia del suelo licuado, el meovimiento se detiene,

Y el suelo recupera su resistencla y estabilidad.

Por lo tanto, un talud que se licta llega a estabilizarse, cuando

la pandiénte se¢ ha reducido a pocos grados.

Daescripeciédn del Fenfmeno

El fendSmeno de licuacibtn de arenas es causado por €l desarrolle de
. grandes presicnes en el agua que ocupa los poros del suelo. Estas
grandes presiones de porc son Inducidas cuando se aplican a la masa
de suelo esfuerzos o deformaciones de cortante, en condiclones tales

gue no se permite sy disipacidn immediata, es decir pricticamente

a volumen constante. La forma de aplicacién de los esfuerzes cor-

tantes puede ser monotdnica, ciclica o transitoria.

Factores que influyen en la occurrencila de licuacidn

Log factores mis importantes que influyen en la ocurrencia de licua
cidn son:

a) Tipo de suelo

Los suelos uniformemente graduados son méAs susceptibles de sufrir
licuaciin gue los suelos bien graduadcs; dentro de loa primercs, las

arenas finas se licuan m&s facillmente que las gravas o suelos
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arcilloscs aluyiales. En el temblor de Alaska se chserv® gue las

estructuras de puentes cimentadas sobre arena sufrierongrandes des
plazamientos, mientras gue las cimentadas en grava no tuvieron

dafica,

En la fig 9 se muestran las envolventes de las curvas granulométri

cas de los suelos que se han licuado.

b} Compacidad relativa {Cr} o relacisn de vacfos (e)
Un depbsito de arena suelta es més susceptible de sufrir licuacié:

gue un depdsito de arena densa,

En el temblor de Wiigata hubo licuacidn en zonas cuya C. era del
prden del 5G por cientoc, © mehcr, en tanto gue en las Zonas ¢€On una

Cr * 70 por ciento no se presentd ningtdn dano.
En la fig 10 se 1llustra el concepto de compacidad relativa.

¢} Esfuerzo confinante inicial

La susceptibilidad de licuacifin disminuye al aumentar el esfuerzo
confinante. Ensayes de laboratoric han mostrado que para una rela
cién de vaciocs inicial, el esfuerzo cortante requerido para comen—
zar la licuacifn bajo condiciones de carga repetida, se incrementa

con el aumento de la presién de confinamiento.

d}) Magn.tud del esfuerzo repetido
Cualgquier depfsito con una relacifin de vacios mayor gue su enin es
susceptible de sufrir pérdida parcial o total de resistencia, si la

gxcitﬁciﬁn eg de intensidad suficiente.
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Evidencias de campo demuestran que depSsitos de arena suelta han re
sistjdo sismos de poca intensidad Ln,ﬂﬂﬁgl y &e han licuade ante la

acclén de sismos intengos (0.16g), {(Seed, Idriss, 1971).

La resistencia a la licuacifn decrece al aimentar la magnitud del

esfuerzo.

a) NGmero de ciclos de es%uerzo

Todos los estudios de laboratoric indican gue en una muestra sujeia
a carga repetida, con un nivel de esfuerzo o deformacifn prescrito,
el iniciﬁ de la licuacién dependersi de la aplicacidn delun ntimero

requeridoc de ciclos de esfuerzo.

Esto ae confirmd en Anchorage, durante el temblor de 1964, ya que
los deslizamientos ocurrieron después de 90 seg de iniciado el movi

miento,

TRABAJOS EXPERIMENTALES

Pesde el punto de vista experimental, el fenfmeno de licuacidn ha si
do estudiado por varios invéstigadores utilizando diversos aparatos
{triaxial, triaxial ciclica, corte simple ciclico, torsifn ciclica

y mesa vibradoral.

E]l concepto de relacifn de vacios critica

La evidencia experimental ha demestrade gue las arenas "sueltas" dis
minuyen su volumen bajo la accifin de esfuerzos cortantes y que, por

el contraric las arenas "densas" lo aumentan.
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Tomandoe en cuenta lo anterior, A. Casagrande lleg8f a la conclusién

de que el decremento de volumen de una arena suelta y el incremento
de volumen de una arena densa tenderfan a la misma relacién de va-
cioa, en la cual la arena puede deformarse sin cambio de volumen, a

la cual denominé "relacidn de vacios crftica".

Puesto que la curva de relacién de critica divide el comportamiento
dilatante (bajo la curva)l y contractive {arriba de la curva), Casa-
grande la propusc como una medida para investigar la susceptibilidag -

de licuaci&nh de una arena.

Fosteriormente Casagrande al analizar la falla de la presa de Fort
Peck se dio cuenta gque la curva de relacidn de vacfos critica no
dividia realmente el comportamiento contractive y dilatante de las

arenas.

Castro {1969) modificsd el concepto de relacidén de wvacfos gritica y
chtuvo, a partir de resﬁltadas de pruebas triaxiales consolidadas-
no drenadas con medicidn de presifn de poro {pruebas cu), la curva
de estado c¢ritico. En la fig 11 se muegtran las l%neas & de

estado critico para varias arenas,

Pryspa triaxial oiclica—

seed y Lee {1966) fueron los primeros en utilizar cdmara triaxial
cficlica, con objetoc de reproducir la condicifn de esfuerzos a que
se halla sujeto un elemento de suelo durante un temblor (atribuyen
do el estado de deformaciones del suelo a la propagacidén de ondas

de cortantel.
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51 la superficie del terreno es horizZontal, antes del temblor no hay
esfuerzos cortantes en plancs horizontales (fig l2a). Durante el
tembler, los esfuerzos normales permhnECEn constantes, pero se geneg

ran esfuerzos cortantes {figs 12b y 12¢).

En una cimaréa triaxial ciclica, la condicidn de esfuerzos sgefnalada

antes se produce en un planc a 45°, como se indica en la fig 13.

El comportamiento de las muestras de arena suelta, sometidas al el
saye Propuesto por Seed y Lee, se caracteriza por un aumento gra-
dual de la presifin de poro sin gue haya deformacidn axial aprecia
ble, hasta que ge produce el incremento que eleva la preslidn de po
ro al mismg valor de la presitn confinante, momento a partir del
cual la muestra gse deforma subitamente m&s del 20%. Las arenas en
estade compacto exhiben un comportamiento similar al de las arenas
sueltas, perc al llegar a la "licuacién inicial" no se presenta una
deformacién grande en forma sfibita, sino gue la deformacidn se in-

crementa gradualmente.

Segln el concepto de Seed y Lee, cualgquier esp&cimen de arena €s
susceptible de licuarse no importande su compacidad relativa.

Los pardmetrcos mads Importantes seqOn estos investigadores son: el
nfimero de ciclosa de esfuerzo [Ndc} Fara alcanzar la condicién

u o= H},.la relacidn entre el esfuerzo cortante miximo y el esfuerzo

o
£ y la relacién de vaclos.

2c3

confinante,

Cagtro (1969) al realizar suys ensayes en cémara triaxial ciclica
observdlque durante la prueba se desarrollan heterogeneidades en

las muestras, de manera especlal en la zona guperior. Atribuye a
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estas heterogeneidades, indycidas por el ensaye, el gue especimenes

densos alcancen la condicién u =,53.

Al comparar los ensayes realizados por Castro y por Seed y Lee, se
aprecia que la frecuencia de aplicacién de carga hace que el com-
portamiento de prueba Quasgi estdtica sea diferente al de prusba ci-

clica.

Prueba de corte simple ciclico

La prueba de corte simple ciclico se desarrolid con la idea da con- -
Seguir mayor aproximacidn a ias condiciones de campo que la leograda

coh cdmara triaxial.

Unc de los primeros aparatos de corte simple fue el desarrollado

por Swedish and Norwegian Geotechnical Institutes (Kjellman,1§31).
Sin embargo, este aparato tenia el inconveniente de utilizar hhes-

tras c¢ilindricas. (los esfuerzos ¢ortantes en una seccidn horizental

no pueden ser uniformes).

Roscoe (1953} modificd el aparato, utilizando muestras de seccidn

.rectangular ¥y paredes rilgidas.

Ent la Universidad de California, en Berkeley, Peacock y Seed IIEEBJ
desarrollaron un aparato de corte simple, que utilizaron para exa-
minar lé tendencia a licuarse de una muestra de arena sometida a
este tipo de esfuerzo, También eh la Universidad de British Colum
bia; Plckering y Finn (196%), Finn et al (1970 y 1971} han utilizedo

corte ¢iclico aimple para el estudio de licuacidn.
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En las figs 14 y 15 se ilustran los resultados obtenidecs por Peacock

Y Sesed,

Este tipo de ensayes generalmente consiste en colocar un reciplente
o caja con arena saturada, sobre una mesa vibradora y medir la ace-

leracifn de la mesa a la cual ocurre la licuyacidn. Estos valores

se relacionan rcn las medidas de_aceleracidn en el campo,

Whitman {1570) mencicna los factores cque afectan los resultados ¥
su influencia en Jla interpretacidn de los mismos:

1, Frecuencia de vibracidén

2. Duracién de vibracisn

3, Tamano ¥y geometrfa del recipiente

4, Caracteristicas de defdrmacidn del recipiente

5. Meétodo de colocacidn de la muestra

6. Control del drenaje

7. Aparatos de medicidn de deformaciones

8. Presidn confinante

Finn, Emery y Cupta (1971} mencionan las ventajas de usar grandes

muestras ¥ mesa vibradora.

Tael vez la principal cbjecién al usc de recipientes rfigidos scbre

mesa vibradora es gue no representan las condiciones de campo.

Con objeto de superar esta dificultad Dfaz, Weckmann e Iturbe (1873)
proponen combinar la utilidad de las condiciones de corte simple

finciso b) y la ventaje de utilizar muestras grandes (30 x 60 x 90 cm)



18

en un recipiente de paredes mdviles para ensayar arena saturada en

mesa vibradora.

METODOCS PARA EVALUAR LA SUSCEPTIBILIDAD
A LA LICUACION DE IOS SUELOS

En relacitn a la prediccién de la susceptibilidad a la liceacién de
- depbsitos de suelos granulares saturados considerable cantidad de
investigacién se ha dirigido hacia el desarrollic de mejores métodos

de prediccifn y t&cnicas de ensave,

Los métodos se pueden clasificar en tres categorias:

i. Métodos empiricos, basados en la comparaci6én de las condiciones

de los sitics en donde ocurri$ o no licuacién con las condicio-

nes del sitio gue se desea analizar.

Dentro de esta categorfa se clasifican los primercs cuatro méto

dos gue se describirin en este capitulc.

2, Mé&todos simplificados. Consisten bisicamente en comparar la re

sistencia obtenida en pruebas de laboratoric, con los esfuerzos

gque provocari el sismo.

En esta categorla;se clasifican los métodos propuestos por Seed

e Idriss (1970) y por Casagrande (1%76).



15

3. M&todos de anflisis de respuesta del terrenc. Son m&s refinados

gue los antericres,.utilizan. programas de computadora.

i - + E_ r .- I
Criterio del WES [Waterwaya Experimental Station]) .

L T A . LAt 0 LRI

Este criterio fue desarrolladn para analizar la establlidad de terra

plenﬁs a 'le largn dEl 'R0 Mississipi, en el qpe se producen flujos
de material producides por el incremento de ia pregsi&in de poror cri

ginada por los cambios del nivel del rio.

' . ok, rpe ) -

Criteripo de Florin e Ivanov ' aa

Este criterin{ desarrqlladn_en Rugia, permite estimar la suscepti-

‘bilidad a la licuacién de suelos por medio de pruebas de campo. Se

. wl- - Tlea
investigan los 10 m superiores de suelo hac;endc expletar sucesiva-

mente tres cargas de dinamita de 5 kg colocadas a una profundidad

media de 4.5 m y determinando después de, cada explosibn, el asen-

taniento medio, de la superficie dentro de'un radio de 4.5 m. La
cantidad y profundidad a la que.se coloca el explosivo se-eligen'

de forma que no haya expulsién de suela durante 1a explosiﬁn. 51
4. F
ol asentamiento promedioc es menor de 8 g lD cm y la relacién de
1 - 1
asentamientos entre exp1n51ones sucesivas es menor que 0.6 se puede

afirmar- que ese suelo no-es susceptible a! licuacién. -t

- _ o

Criterio de Kishiﬁa

Este eriteria estf hasado en el andlisis de las condiciones del sue
1o de 3 sitios en.los que ocurris. licuacién,(Kishida,196%). Bajo
sismos de igqal magnitud,'puede ocurrir licuacifn si el nivel frefti
co estf cerca de la superficie, si 1éﬁ-caracteristidas‘granulamétri

cas satisfacen las relaciones: 2mm™> D_, > -, 074 mm; Cu <10 v

.

-1 . S S
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CONCLUSIONES

La liéuacidn se presenta fundamentalmente en arenas finas, uni-
formes, de origen reciente y aluvial, y ton coumpacidades relati
vas inferiores E 40‘5'5D% dependiend& de la presifn de confipna-
mients. La ExPEriencia de que se dispene indlca que arenas con
una compacidad relativa > 50% no son susceptibles de evperimeﬁ-

tar licuacifn,

Fl

Para estimar la susceptibilidad a la licuacién de arenas existun
procedimientos empiricos vy aﬁali£ico§. Ambos hacen uso de la
cxpe£iencia, y el segundo tipo ﬁqce uso de los resultados de
pruebas de laboratorio ejecutadas sobre muestras representati-

vaé dal suelo,.

Los procedimientos empliricos relacionan el comportamiente del
suelo con factores tazles como el espesor de los estratos bajo
consideracifin, sus caracteristicas granulométricas, etc. Su
aplicacibén es limitada a condiciones similares a las que les

dieron origan,

Los procedimientos analiticos hacen uso de la experieﬁcia, la
tecfig; v 1os resultados de pruebas de lsboratorio en donde se
determina la respuesta de muestras del suelo, sujetas a condi-
cianqs-de esfuerzo y deformacifn que se supone duplican las

condiciones existentes In situ.

Los procedimlientos analiticos responden a dos enfogques princi-

pales: (a) el basado en el concepto de relacifn de vacios cri-

tica; aplicable para identificar la susceptibilidad a la licua
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cién de arepas bajo carga monoténica y clclica, y (b} el bns£d¢
en los resultadeos de pruebas ciclicas; de utilidad para estiﬁar
el sgumento en la presibe de poro y las deformaciones in situ
después de considerar gue el mecanismo que controla el desarfé
.1l0 de estas variables in situ es diferente al mecanismo gue

controla el desarrollo de estas mismas va;iahlea en =1 labora-

torio.

Parece sar gue un enfoque diferente y realista al problema de
la licwacibn de arenas consistirfa en efectuar investigaciones

detalladas de dep8sitos naturales.
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METODOS DE ANALTSIS DE LA RESPUESTA
DINAMICA DE DEPOSITOS DE AREHA”

Un nlmerc creciente de métodos de anilisis de la respuesta dinf§
mica de suelos granulares sujetos a cargas sismicas se encuen-

tran actualmente {1%79) en uso.
Los m&todes difieren entre 'si en:

a) Las hip&Stesis de partida
b) la representacifn de las relaciones esfuerzo-deformaci®n
c) la generacifn de la presifn poro:-

d} los mé&todos para integrar las ecuaciones de movimiento
Tres de 1os m&todos més utilizados son:

i. SHAKE (schnabel, et al, 1972) desarreollado en la Universidadg

de California, Berkeley

2. CHARSOQIL (Papadakis, 1973} desarrcllado en la Universaidad

de Michigan

3. DESRA {Lee y Finn, 1978) desarrcllado en la Universidad de

British Columbia, Canadi

A contipuacidn se dard un breve bosquejo de los tres métodes,

sefialando sus principales caracterfsticas y limitaciones,

T... SHAKE ‘

Es un método de anflisis sn funcidn de eafuerzos totales, trata
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la no~linealidad de los suelos, mediante un procedimiento lineal

aquivalente,

El mddulo G equivalente se calcula con la pendiente de la 1f-
nea gue une los puntos extremos del lazo de hist&resis y los fac
tores de amortiguamiento viscoso cquivalente se calculan con el

frea del lazo.

El m&todo exhibe las caracteristicas de la respuesta dindmica
elistica, como la de gue el sistema regrese a au posicifin de
equilibric y no se tengan distorsiones angulares permanentes al

casar la excitacién.

La integracidn de las ecuaciones de movimiento estf basada en la
teorlia clisica de propagacifn de onda ~usande funciones de trans

ferencia.

La solucién exhibe marcados efectos de resconancia cuando el pe-
rfodo predominante del acelerograma corresponde con el perfodo

fundamental del depdsito.

?2. CHARSOIL

Es un m&todc de anilisis en.funcifn de esfuerzos totales, aungue
versiones recientes (1978) permiten utilizarlo en funcidn de es

fuerzos efectivos.

Es un método no-lineal muy similar al DESRA. Las relaciones
esfuerzo-deformacidn estin represgsentadas por una curva Ramberg-0s
good para la curva del eagueleto y de criterio Masing para las

curvas de descarga y recarga.
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La integracifn de las ecuaciones de movimiento estf basado en

el método de las garacteristicas,

3. PDESRA

Es un mé&todo para conocer la respuesta dinfmica en funcifn de
esfuerzos efectivos. Es un mBtodo no-lineal en el cua)l las ecua
cicnes de movimientoe no-lineales se integran directamente usando

el método de Newmark (1959).

El conjunto de ercuaciones gue rigen el métode se dan en la Ta-

bla I.

DESRA: puede realizar anflisis para tres condiciones diferentes

de drenaje.

a) no permitiende redistribucién de.la presifn de poro
b} permitiendo redistribucidén perc no permitiendo disi
pacifn de la presifin de poro

c) permitiendo disipacifn

Los resultados obtenidos con DESRA muestran claramente la influen
cia de las condiciones de drenaje sobre €l desarrollo de la pre-

sién de poro.
El método permite calcular:

a. la histo;ia de aceleraciones {x), deformacicnes de cortan-

te[T},x_lcs egfuerzos gortantes (1) en cada capa,.

k. El desarrollo de la presifn de poro (u}.
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. El inigic de la licuacifin,

PROCEDIMIENTOS PARA ESTABILIZAR DEPQSITOS

DE ARENA SUSCEPTIBLES DE LYCUARSE

En lo anteriormente tratado se bosquejaron los métocdos para co-
nocer si un depbsito de arena es o no susceptible de experimen

tar licuaci&n.

Concoclendo gque el fenfmeno se puede presentar, el siguiente paso
serd tratar de evitar su ocurrencia. De acuerdo con los factores

gue afectan el fenfimeno s5€ ocurre dos procedimientos:

1. .Aumentar la compacidad relativa {Cr] -+~ DENSIFICACION

2. PFacilitar la disipaci®n de la presifn de poro + DRENAR

Dentro del primer grupo se pueden presentar varias alternativas
para densificar el dep$sito hasta la profundidad que indigue

los cllculos (como minimo) :

VIBROFLOTACION

El principio de la densificaci&n de dep&sites de arena suelta
medliante vibroflotacitn fue aplicado primeramente en Rusia, desg
pués en Alemania y en 1939 fue introducideo en los Estados Unidos

de Norteamérica.

La vibroflotacifin es una t&cnica gue consiste en la aplicacidn

simultinea de flujo de agua a presibn y vibracifn.



- 56 =~

El equipo consiste de: un vibroflot, una grfia, un sistema de

bombeo, una fuente de potencia y un cargador frontal,

Las dimenslones aproximadas del vibroflot {componente principal

del sistema)l son:

didmetre = 15"
longitud = 6!
Deso T 2 ton

fuerza centrifuga horizontal = 10 ton

El sistema de bombeo requiere entregar un gasto de = BOgpm a
una presifn de 80psi. La velocidad aproximada de densificacidn

eg de 30 om/min, el Area de influencia tiene un radio de 2,7m.

El procesc de vibroflotacifin es ilustrade en la fig 21.

PILOTES DE COMPACTACION

Los pilotes de compactacifin son hincados con el propf&sito de den
gificar arenas Ssueltas mediante dos efectos:
a, Desplazamiento de material de un volumen igual al
del] pillote

b. wvibraci®n debida al hincado

En este procedimiento generalmente se usan tubos metélicos llencs
de material granular compactc gue tienen una tapa falsa en la
punta gue permite su extraccidn una vez gue se alcanza . la pro-

fundidad deseada.



- 27 =

El afecto de la densificacién se extiende de 3 a {4 didmetros,

lateralmente y de 2 a 3 didmetros en la punta,

En el segundo grupo el cbjetivo es facilitar la disipacién de la

presidn de poro generada mediante un sistema de drenaje eficien

te.

DRENES VERTICALES DE GRAVA

Como se dijsc anteriormente, 21 la presidn de poro generada por
carga ¢liclica puede ser disipada, tan répidamente como es gene-

rada, entonces el peligro de licuacifn puede ser evitado.

Por tanto, un procedimiento para estabilizar .un depSsito suscep
tible de licuarse es instalar un sistema de drenes de grava como

el mostrado en la fig 22.

El disefioc y andlisis de tal sistema Se puede hacer mediante algu
no de los programas de computadora gue hay para tal efecto como
por ejemplo, el LARF (fiquefaction enalysis fon radial §Low)

desarrcollado par Seed y Bocker (1976).
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I. RELACIONES CONSTITUTIVAS -

Al CARGA INTCTAL

T =%Tﬂ1+%—‘f} (1)
Gy = 14760 Ei?f = e’ El +32K°} 2 _ -*E:,‘ (2)
T, le mn¢w2;{£%jﬁzfﬁ:¢ 3)

B) DESCARGA ¥ RECARGA
1 ; T Gy (Y ; Y s G| :;;tvru ”
T =G V/(1+ %ﬁt Y] (5

II. GENERACION DE PRESION DE PORGC Y ENDURECIMILCNTO

an=F%_ -« Ae ]

T vd (61

be g = €, (Y = Creyg) + CatédK{Y Qe q)  (7)



III.

Iv.

- &0 -

= 1-m n-m
Er = ia{r} meZ{CF{m] { B)
1 /2
E o'
d v
G = Gmg {1 + Y. } (9)
mt mc ]
H1 + HaEvd {UVOJ
Evd }UL
T =T {1 + {10}
mt mo H3 + Hﬁﬂvd 0;0

Ju _z 98,k u = EEvd
3t E:r 3?{?; ) Bz} * J:-"'r at Ell}_

ANALISIS ACOPLADO DE RESPUESTA DINAMICA Y DE PRESION
DE PORD

[M] (%} + [e] (%} + [K] {x} = - [M]iig{t} {12)
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INTRGIUCCION A LA TEORIA DE PROBABILIDADES

POR: DR. OCTAVIO A. RASCON CHAVEZ

SIMBOLOS DE PESTGUALDADES:

< menor que

A

menor o igual que

> mayor gue

| v

mayor O igual que

v ai diferente dé

TEORTA DE CONJUNTOS

UN CONTUNTO ES UNa COLECCION BIEN DEFINIDA DE OBJETCS.

NOTACION: LOS CONJUNTOS SE DENOTAN USUALMENTE CON LETRAS HA?USCU—-

LAaS, Y SUS ELEMENTOS SE ANOTAN DENTRC DE UN PAR DE LLAVES.

EJEMPLOS

4)

B)

cy

D)

E)

F}

EL CONJUNTOD DE NUOMEROSE ANOTADODS EN UN DADO E?

s=1{1, 2, 3, 4, 5, 6 o

EL CONJUNTO DE LOS NUMEROS ENTEROS MENORES QUE 5 ES

§ = {==,....,=3, -2, -1, 0, 1, 2, 3, 4} B

S = {x; x ES ENTERO Y x4}

EL CONJUNTO DE LOS NUMEROS ENTEROS POSITIVOS MENORES QUE 5 ES

E={0, 1, 2, 3, 4}

E {x: ES ENTERQ Y (<x<4}

EL CONJUNTC DE LOS CONTINENTES ES

C ={ASIA, EUROPA, AMERIC&, AFRICA, OCEANIA}

EL CONJUNTOQ DE MARCAS QUE TIENE UNA MONEDA ES

M = {CARA, CRUZ}

EL CONJUNTO DE NUMERQS MAYQORES DE 5 PERO MENORES O IGUALES

QUE 10
8, = {x: 5<xz10}



FINITOS- CUANDQ TIENEN UN NUMERD FINITO .

DE ELEMENTOS
CONJUNTOS y )
' INFINITOS - CUZNDQ TIENEN UN NUMERO INFINITO

DE ELEMENTOS

hear

. SUBCONTUNTOS
PARA EXPRESAR QQUE UN ELEMENTC PERTENECE A UN CONJUNTO SE USA EL

SIMBOLO e. PARA EXPRESAR QUE N0 PERTEMECE SE USA EL SIMBOLO ¢.

EJEMPLO

SI &, = {X:5<X<10}, ENTONCES.

I ¢S 578 : 8¢5

1 10c S

1 1’ 1

PARA EXPRESAR QUE UN CONJUNTO E5TA CONTENIDY FEN OTRO SE USA EL

S5IMBOLO C; SI Eﬂ ESTA CONTENIDO SE USA EL SIMBOLO £.

PARA QUE UN CONJUNTO ESTE CONTENIDO EN OTRO SE REQUIERE QUE TUDOS
5US ELEMENTOS LO ESTEN, ES DECIR, QUE TODOS SUS ELEMENTGS PERTE-

NEZCAN A AMBOS COUJUNTOS.

EJEMPLO

SEAN E«{3,51% F={3,8}; G={7,9}. EgS, ; FgS; ; GCS;

51 UM CONJUNTO, B, ESTA CONTEMIDD-EN OTRO, S, SE DICE QUE B

ES. SUBCONJUNTC DE S,

EJEMPLO

B = {X:3<X<B} Y §,={X: 5<X¢10}
EJ ESTE CASO:

(1'..‘51*5 ES SUBCONJUNTO DE 51
EES]_-}E NO ES SUBCORJUNTO DE 8

1



SE DICE QUE DOS CONJUNTOS SON IGUALES CUANDO CONTIENEN LOS

MISMOS ELEMENTOS (NO IMPORTA EL ORDEN EN QUE' ESTOS SE ESCRIBAN)

EJEMELD
SEAN A={1,3,5,7}, B={7,5,1,3} ¥ C={7,5,1]

EN.TAL CASO, A = B#(C
CONTUNTE VACTO

DE LA MISMA MANERA QUE EXISTE EL CERC EN LOS NUMERQS, EN LA

TEORIA DE CONJUNTOS EXISTE EL CONJUNTO VACIO, EL CUAL NO TIENE

ELEMENTOS. USUALMENTE SE DENOTA §,

EJEMPLO
CUAL ES EL CONJUNTO DE ELEMENTOS, X, TALES QUE 2X=7 Y X ES
ENTERQ?

SOLUCION - ES EL CONJUNTO VACIO, @.

A @ SE LE COWSIDERA COMO SUBCONJUNTG DE CUALQUIER CONJUNTOC. ASI,
POR EJEM, TODOS LOS SUBRCONJUNTOS DEL CONJUNTO

$ =02,5,10} SON: {2};{5};{10}:{2,5} ;{2,10};{5,10};{2,5,10} Y #.

LSFACTY DE EVENTOS

ASOCIADO A& UN EXPERIMENTO SIEMPRE HAY UN CONJUNTO DE RESULTADQS

POSIBLES; A DICHO CONJUNTO SE LE LLAMA ESPACTO DE EVENTOS,

- BJEMPLOS

FL ESPACIO DE EVENTOS ASOCIADO AL EXPERIMENTO DE LANZAR UN DADO Y
ANOTAR LA CARA QUE NUEDA HACIA ARRIBA ES

$ ={1,2,3,4,5,6)
EL ESPACI{O DE EVENTOS CORRESPONDIENTE AL EXPERIMENTO DE LAHNEZAR

DOS DADOS Y ANOTAR LOS NUMEROS QUE QUEDAN HACIA ARRIBA ES



I (1,1),(1,2),(1,3),(1,4},{(1,5),(1,6) ]
{2,1),02,2),0(2,3),1(2.,4),(2,5},(2,86)
(3,1),03,2),(3,3),(3,4),(3,5),(3,6)

(4,2),(4,2),04,3),(4,4), {4,5), (4,6)

{5»‘1.}; {5r2.]r {SfB}r (5,4) [Srﬁ} ;{srﬁj

4 Iﬁ.ll,fﬁr2!115.3],(Er4};{5;5lrlﬁpﬁ}

SI EN ESTE EXPERIMENTO LA OBSERVACION DE INTERES FUESE LA SUMA
DE LOS DOS NUMEROS OBSERVADOS, ENTONCES EL ESPACIO DE EVENTOS
DEL EXPERIMENTCO SERIA '

5= {2,3,4,5,6,7,8,9,10,11,12}

A TODO SUBCONJUNTO DE UH‘ESPHCIb DE EVENTOS SE LE LLAMA EVENTO. A

LOS EVENTOS QUE TIENEN UN SOLCO ELEMENTO DEL ESPACIO SE LES LLAMA

 _EVENTOS STMPLES.

5T AL REALIZAR UN EXPERIMENTO SE OBSERVA UN ELEMENTO DEL EVENTO

A, ENTONCES SE DICE QUE _OCURRIQ 0 SE_VERIFICO EL EVENTO A. POR

EJEMPLO, ST A={2,4} ¥ AL LANZAR UN DADO SE OBSERVA EL 2 O 4, SE
DICE QUE OCURRIO EIL EVENTO A; SI SE OBSERVA CUALQUIER OTRO NUME-

RO, ENTONCES SE DICE QUE NU OCURRIO A,

i DISCRETOS » SI SUS ELEMENTQS PUEDEN NUME-
RARSE O CONTARSE. TIENEN UN NUMERO
ESPACIOS DE " FINITO © INFINITO NUMERABLE DE ELEMENTOS.

EVENTOS
CONTINUOS+ 51 SUS ELEMENTOS N( PUEDEN

ENUMERARSE. TIENEN UN NUMERO INFINITO NO

NUMERABLE DE ELEMENTOS



EJEMPLO

LOS ESPACIOS DE EVENTOS 8,={CARA, CRUZ}; 5,={1,2,3,4,5,6,};
S,={VERDE, ROJO} SON DISCRETOS. LOS ESPACIOS DE EVENTOS
§,={X: -=<X<Gl: S (Z: E23}; S ={Y¥:3:vc80]

SON CONTINUOS.

EJEMPLD

{QUE TIPOS DE Espabxus DE EVENTOS CORRESPONDEN A LOS SIGUIENTES
EXFERIMENTOS?
A) CONTEO DEL NUMERO DE GRANOS DE UNA MAZORCA DE MAIZ
$={0,1,2,3,...,=}, ES DISCRETO E INFINITO
B) MEDICION DE LA LONGITUD DE UNA ESPIGA DE TRIGO
5={X: 0<X<=},X EN CM, ES CONTINUQ E INFINITO
C) MEDICION DEL EFECTC DE UNA VACUNA, EN TERMINOS DE "EXITO" O
"FRACASO"
S={EXITO, FRACASO} ES DISCRETO Y FINITO.

AT EN 1D O

D} MEDICION DEL . . .3 DE UN ANTIBIOTICD --- -

EN UNA CAPSULA

S={Y:0<¥«wm} ¥ en mg, ES CONTINUQ E INFINITO.

COMPLEMENTC DE UN EVENTO

EL COMPLEMENTO DE UM EVENTO A ES OTRO EVENTD QUE CONTIENE TODOS LCS

ELEMENTOS DEL ESPACIO DE EVENTOS CORRESPOMDIENTE QUE NC ESTAN EN A,
USUALMENTE SE DENOTA CON UNA TILDE SOBRE EL SIMBOLO QUE CORRESPON-

PE AL EVENTO QUE COMPLEMENTA, A.

EJEMPLOS

S s={1,2,3,4,5,6} ¥ &A={1,3,5) 'ENTONCES A={2,4,6}.
ST S={X: 0<X<58)} Y A={X: 3«<X<17}, ENTONCES A={X: 0<X<3, 17<X238}



EVENTOS MUTUAMENTE EXCLOSTVOS

CUANDD DOS O MAS EVENTOS NCO PUEDEN OCURRIR SIMULTANEAMENTE AL
REALIZAR UNA SOLA VEZ UN EXPERIMENTO, SE DICE QUE EST0OS SON

MUTUAMENTE EJ(CLHSIW?S; ES DECIR, DOS EVENTOS SON MUTUAMENTE EXCLU~

S1IVOS- CUANDO NO TIENEN NI UN SOLO ELEMENTC EN COMUN,

o

EJEMPLO

A) CUALQUIER EVENTO Y SU COMPLEMENTO SON MUTUAMENTE EXCLUSIVOS.
B) ZSON E={Y: 0<¥<25} ¥ A={2,50,100} MUTUAMENTE EXCLUSIVOS?

RO, PORQUE TIENEN EL ELEMENTO 2 EN COMUN,

OPERACIONES CON EVENTOS

LA UNION DE DOS EVENTOS ES OTRO EVENTO CUYOS ELEMENTOS SON TODOS

LOS DE AMBOS. LA OPERACION DE UNION SE DENOTA CON EL SIMBOLO U.

EJEMPLOS

#1 §I A={2,4,6} Y B={(1,6,12}, QHTUNCES

G=AUB ={1,4,6,12,2} |
B) ¢SON A Y B MUTUAMENTE EXCLUSIVOS? NO PORQUE TIENEN EL 6 EN COMUN.
C} SI D={¥: 0sY¥Y<13} Y E={Y: 20<¥<50},

ENTONCES

DUE={Y: 0<¥<13, 20:2Y<50}
D) SI F={¥: Bs<¥<20}, ENTONCES

.DUF={Y; D<¥<20}.

E) ST G={¥: 3z¥<ln}, ENTONCES

DUG={Y¥: 0<¥<13)= D; OBSERVESE QUE EN ESTE CASO GCD. EN GENERAL,

51 ACB, ENTONCES AUB=E.

EN GENERAL, LA UNION DE VARIOS EVEWTOS ES OTRC EVENTOQ CUYOS

ELEMENTOS SON TODOS LOS DE LOS EVENTOS QUE SE UNEN.



EJEMPLO

AUBUF = K = {1,2,4,6, y: 8< y <20}
INTERSECCION

LA INTERSECCION DE DOS EVENTOS ES EL CONJUNTO DE ELEMENTOS QUE

PERTENECEN SIMULTANEAMENTE A AMBOS. PARA DENOTAR LA OPERACION

DE INTERSECCION SE USA EL SIMBOLC N ,

ETEMPLOS

A) A

{2,3,6) ¥ B = {2,6,10} ENTONCES ANB = C = {2,6}
B} D = {¥: 4s5¥<5}, ENTONCES AND = {.

' OSSERVESE QUE EN ESTE EJEMPLO A ¥ D SON MUTUAMENTE. EXCLUSIVOS,
YA QUE NO TIENEN NINGUN ELEMENTO EN COMUN. SIEMPRE QUE DOS EVENTOS

SON MUTUAMENTE EXCLUSIVOS, SU INTERSECCION ES EL CONJUNTO VACIO.

EN GENERAL, LA INTERSECCION DE VARIOS EVENTOS ES EIL CONJUNTO DE

ELEMENT(OS QUE TODOS ELLOS TIENEN EN COMUN.
EJEMPLO

ST A= 1(2,3,6,8}); B={2,3,10,100}; C={Y: 0<¥<3} ¥ D={Y¥: 2<¥<4}/
ENTONCES

ANBACAD

E ={2,3)}

LA OCURRENCIA DE UN EVENTO'Y OTRC IMPLICA LA OCURRENCIA DE AMBOS

L LA VEZ, ES DECIR, QUE SE VERIFIQUE LA INTERSECCION. LA OCURRENCIA

DE UN EVENTO O'ALGUN OTRC, IMPLICA LA QCURRENCIA DE CUALQUIERA

DE ELLOS, ES DECIR DE LA (UNION,



DIAGRAMAS DE VENN

UNA MANERA DE ILUSTRAR GRAFICAMENTE LAS OPERACIONES CON CONJUNTOS

ES MEDIANTE LOS DIAGRAMAS DE VENN. EN ESTOS, CADA CONJUNTQ SE

REPRESENTA POR UNA CURVA CERRADA QUE ENCIERRA LOS ELEMENTOS

OUE LE CORRESPONDEN.

Puntas comunes a 4g y Ajlinterseccidn, 4g N 4;)

Evento A'DE SEuenm A,

Eventes mutuomente exclusivos {Interseccidn nula)

Evento 4 Evento 4,

Unidn de &g y 4 (Ag U4y

Diagramas de Venn (unidn ¢ interseccion de eventoss

EVENTOS COLECTIVAMENTE EXHAUSTIVOS

5 DICE DUE LQS EVENTOS B, , Bz,‘...,Bn'SDN COLECTIVAMENTE EXHAUSTI-

VOS5 CUANDO 1A UNION DE TODOS ELLOS E5 IGUAL AL ESPACIQ DE EVENTOS,

ES DECIR, S
B1UBzU...UB, = 5

i



11.

TEQRIA DE PROBABILIDADES

AL LANZAR UNA MONEDA NO PODEMOS PREDECIR CON CERTEZA CUAL CARA QUE-
DARA HACIA ARRIBA. LO UNICO QUE- SE PUEDE ASEGURAR, SI LA MONEDA

NQ ESTA CARGADA, ES QUE AMBAS CARAS TIENEN LA MISMA QPORTUNIDAD DE

SALTR, ES5 DECIR, QUE LQ5 EVENTOS SIMPLES (CARA) Y {(CRUZ) TIENEN LA

MISMA PROEABRILIDAD DE OCURRIR.

COMO Y& SE DIJD La PROBABILIDAD DE QUE OCURRA UN EVENTO ES UN&

MEDIDA DEL GRRDO DE CONFIARNZA QUE SE TIEWE DE QUE ESTE CCURRA &AL

REATLIZAR EL EXPERIMIENTO CORRESPONDIENTE,

AXIOMAS DE LA TEORIA DE FROBABTILIDADES

LAS PROBABILIDADES QUE SE ASIGNARN A LOS DIFERENTES EVENTOS RELACID
NADOS CON UN FENOMENO ALEATORIO DEBEN CUMPLIR CON LOS SIGUIENTES

TSES AXIOMAS:

AXIOMA 1: LA PROBABILIDAD DE OCURRENCIA DE UN EVENTC A ES UN NUME
MERO, P(A), QUE SE LE ASIGNA A DICHO EVENTG, CUYO VALOR

QUEDA EN EL INTERVALO

< P(al 21
AXTOMA 2: SI S ES UN ESPACIO DE EVENTDS, ENTONCES
P{(§} =1
AXIOMA 3: LA PROBABILIDAD, IKC!, QE La UHIdN, C, DE DOS EVENTOS
MUTUAMENTE EXCLUSIVOS, A ¥ B, ES IGUAL A LA SUMA DE LAS
PROBABILIDADES DE EST0OS, ES DECIR,

P(AUB) = P{C) = P{A) + P{B)

EXISTEN POR LO MENOS CUATRO MANERAS DE ASIGNARLE UNA PROBABILIDAD A
L]

UN EVENTO:



11 Bis.

EN TERMINDS DE LOS RESULTADOS DE REPETIR VARIAS VECES UN EXPE-
RIMENTO (METODO FRECUENCTAL},

APLICANDO LA DEFINICION CLASICA DE PROBABILIDADES.

CON BASE EN UN MODELOQ HATEMATICD.[PRQBABILISTICD} DEL FENOMENQ
DE QUE SE TRATE.

MEDIANTE UN nNALisrs SUBJETIVO DEL PROBLEMA



12.

METOPO FRECUENCTAL

SI N{A) ES EL NUMERDC DE VECES QUE SE OBSERVA EL EVENTO A AL REA-

LIZAR N VECES UN EXPERIMENTO, LA FRECUENCIA RELATIVA DE A, DEFINIDA

COMD N(A) /M, SE COMSIDERAR COMO ESTIMACION DE LA PROBABILIDAD DE A,

_ . N{a).
P{A) T
L _ lim R{a)
YA QUE, EN EL LIMITE; P(a) = i L

EJEMPLO

DE UNA URNA QUE CONTIENE BOLAS EDJAS, BLANCAS Y AZULES, SE SACO

UNA BOLA, SE ANOTO $U COLOR Y SE REGRESQO A LA URNA., SI ESTE EXPE_

RIHEN;D S5E REPITE 20 VECES Y LOS RESULTADQS SON
b,b,a,r,r,r,a,b,r,a,b,b,a,r,b,r,r,a,r,a, DONDE

r = ROJA, b = BLANCA, a = AZUL

JQUE PROBARTILIDADES LE ASIGNARIA A 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}=8, N=20

3

. = E - 3- = B = —4

S
[ 1= ]

POR LO QUE P(B)=

NOTESE QUE LOS EVENTOS B, A ¥ R SOW MUTUAMENTE EXCLUSIVOS, YA QUE

50N EVENTOS SIMPLES, Y QUE

2.4 1= prs)

Y10t 1o

-
i L)

P(B} + P(A) + P(R) =

EN DONDE S = ({r,b,a}
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DEFINICION CLASICA DE PROBABILIPADES

S5I M({A} ES EL NUMERO DE MANERAS IGUALMENTE PROBABLES EN QUE PUEDE

OCURRIR EL EVENTO A Y M ES EL NUMERQO TOTAL DE ELEMENTOS DEL ESPA-

CIO DE EVENTOS CORRESPONDIENTE, ENTONCES LA PROBABILIDAD DE A ES
P(A} = ﬂﬁﬁl

EJEMPLOS
A) 51 EN UNA URNA SE TIENEN 5 BOLAS BLANCAS Y 15 NEGRAS, Y SE VA
A SELECCIONAR UNA AL AZAR, (CUAL ES LA PROBABILIDAD DE QUE

SEA BLAMCAA={BLANCA}}?:

i p

M= 5+15=20; M{A]-54;p[g}=§%=

B) 51 SE LANZAN .DOS DADOS, ¢(CUAL ES LA PROBABILIDAD DE QUE
1. SALGA UN 2 Y UM 5 (EVENTQ B)?
2, LA SUMA SEA 7 (EVENTC A)

PARA EL INCISO 1 EL ESPACIO DE.EVENTOS5 ES5:

- -

(1,1} {2,2){1,3) (i;4) (1,5) (1,6)
{2.1) (2,2)(2,) (2,4) (2,5} (2,6)
(3,1) (3,2)(3,3) (3,4) (3,5} (3,86)

4
H
A
Y

(4,1) (4,2)(4,3) {(4,4) (4,5) {4,6)
(5,1) (5,2)(5,3) (5,4) (5,5) (5,6)
| (6,1) (6,2)(6,3) (6,4} (6,5) (6,6} |
SI EL DADO NO ESTA CARGADO, cADA PAREJA DE NUMERQS ES IGUALMEHTE

FROBABLE. EN TAL CAS0, M=36 v M(B)=2 ( APARECE {2,5) O (5,2))}

= P{B)=2/36=1/18,

PARA EL INCISO 2 EL ESPACIC DE EVENTOS ES
Sl={2,3,4,5,6,?,3,9,10,11,12}

PERO NO TODOS LOS ELEMENTOS (EVENTOS SIMPLES) SON IGUALMENTE PROBA-
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BLES, YA QUE, POR EJEMPLO, EL 2 SOLO APARECERA SI SE OBSERVA LA
PAREJA (1,1), EN CAMBID EL 3 APARECERA SI OCURREN LAS PAREJAS
{1,2) O (2.1}, ES5 DECIR, EL 3 TIENE EL DOELE DE PROBABILIDAD
QUE EL 2. POR ESTD, PARA CALCULAR Lh PROBABILTIDAD DE QUE LA ﬁﬂﬂﬂ
SEA 7 ES NECESARIO TRABAJAR CON EL ESPACIO S Y CONTAR LAS MANERAS
POSIBLES DE QUE LA QUMA SEA 7, LO CUAL OCURRE SI SE CHESERVA CUAL-
QUIERA DE LAS PAREJAS (6,1}, (5,2), (4,3}, {(3,4), (2,5) o {(1,6),
ES DECIR, HAY 6 MANERAS IGUALMENTE PROBABLES DE QUE OCURRA EL -
EVENTO A, POR LO TANTOC

pea) =R = 2= 2
PROCEDIENDO DE ESTA MANERA SE TUEDEN CALCULAR LAS PROBARILIDADES

DE QUE LA S5UMA SEA'2,3,4, ETC, LOS RESULTADOS SOQON:

P{2)) = 3z P{IN) = 3¢5 PC(4Y) = 3z PU(S}) = 1gi
PUSI) = Jgi PUTH = §gi PUBNI= Jgi PUI9)) = 3y ) DISTRINION
P{{10}) = EE ; Pi{11}) = %E y ({12} = %ﬁ PROBABILIDADES

12
{OBSERVESE QUE [ P({i})=1
1=2

ASTGNACTUN DE PROBABILTDADES MEDIANTE UN MODELO MATEMATICO

MEDIANTE ESTE METODO LAS PROBABILIDADES SE ASIGNAN A PARTIR DE UN
MODELO MATEMATICO QUE INVOLUCRE TODOS LOS FACTORES POSIBLES QUE

INTERVIENEN EN LA ALEATORIEDAD DEL -FENOMENOC.

ASIGNACION DE PROBABILIDADES MEDIANTE UN ANALISIS SUBJETIvd CEL

* PRUBLEMA,
t

EN ESTE CAS0 LAS PROBABILIDADES SE ASIGNAN DE MANERA SUBJETIVA, COM

BASE EN LA EXPERIENCIA QUE SE TENGA SOBRE UN PROBLEMA SEMEJANTE, -

PROFIA O AJENA, DE CARACTER TECRICC O EXPERIMENTAL.



15.

EJEMPLOS

A) EN EL PROBLEMA DEL LANZAMIENTO DE UN DADO QUE NO ESTA CARGADO
SE PUEDE ASIGNAR A CADA NUMERO (A CADA EVENTO SIMPLE) UNA PRO-
AARTILIDAD DE 1/6, ST A={2,4} Y B={5,6}, ENTONCES, PUESTO QUE
A ={2)y {4} ¥ B={5}u{6}, Y QUE LOS EVENTOS ELEMENTALES SON MU~

TUAMENTE EXCLUSIVOS ENTRE S1, APLICANDO EL AXIOMA 3 SE OBTIENEN:

PRl =p({2) + p({4}}

L]

1 2
tr¥T g °

i
o

p{Bl=P({5} + P{{&]])

Luif =

1 1 2
gt =g ~°

ST C=AUB, Y DADO QUE A Y B SON EVENTOS MUTUAMENTE EXCLUSIVOS:

1

PIC} = P(A) + P(B) = 5 + 5= §

LIl

' ADEMAS, OBSERVESE QUE SE CUMPLE CON LOS AXIOMAS 1 y 2, YA QUE

B{S} = P({1}} + P({2}) + P({3}) + 2({2})y + P{{(5}) + P{{6})

= % + % + % +

th| =

tErzeg =1

FEJEMPLO

EN EL PROBLEMA DEI, LANZAMIENTC DE DOS DADOS, ¢CUAL ES LA PROBABILI-
JAD QUE AL REALIZAR UNA VEZ EL EXPERIMENTO LA SUMA DE LOS DOS NUME-
205 QUE QUEDEN HACIA ARRIBA SEA 7 U 117 ESTO ES EDUI?ALENTEIA PRE
GUNTAR POR LA PROBARILIDAD DE QUE OCURRAE EL EVENTO

< ={7} U {11}. PUESTO QUE {7} ¥ {11} SON EVENTOS MUTUAMENTE
LXCLUSIVOS:

PICY = PU{T)) + P{{11}) = —oz + 52 = 4 = &
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EJEMPLO

EN UN LABORATORIO SE PROBARON 100 VIGAS DE CONCRETC REFORZADO NOMI
NALMENTE IDENTICAS, Y SE ANOTARON LAS CARGAS CON LAS CUALES FALLO

CADA UNA, DE ESTA SUCESION DE EK?ERIHENTDS SE ASTGNARON, EN TER

MINOS DE LAS FRECUENCIAS RELATIVAS CORRESPONDIENTES, LAS SIGUIENTES

PROBABILIDADES :

ST & = {X: 0<X320 tcn?; P (A} = 0.17 (17/100})
SI B = {X:20%X340 ten}; P (B} = 0.24 (24/100)
ST C = {X:40<Xg60 ton}l: P (C) = 0,27 (27/100)
SI D = {X:60<X<B0}; P (D} = 0,13 (13/100)
8I E = {X:B0<X<100}; P (E} = 0,11 (11/100)
SI F = (X:100<X}; . P (F) = 0,06 ( B/100)

EP(.} = 1.00

8I'SE REALIZA UNA VEZ MAS EL EXPERIMENTO, CALCULEMOS LAS SIGUIENTES

PROBAHILIDADES:

Al QUE LA RESISTENCIA SEA MENOR O IGUAL QUE 80 TON, PUESTO QUE

G = {X: 0<X<80 ton} SE TIENE QUE G= AUBUCUD, POR LO QUE

B{G] = P(A} + F{R) + P{C) + P(D}) = 0.17 + G.27 + 0,27 + Q)13 =

= 0.81

B) LA PRCEBABILIDAD QUE RESISTA MAS DE 60 TONS5. PUESTO QUE

H = {X: 6Q<X<»} 0 H={x: x>60} SE TIENE QUE H = DUEUF,

POR Lo QUE P(H) = B{D} + P(E} + P(F) = 0.13 + .11 + 0,08 =0.32
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17

LA PROBABILIDAD QUE RESISTA MAS DE 40 TON, PERO CUANDO MUCHO
130 TONW. 10

PUESTO QUE I = {X: 40<X<100} SE TIENE QUE T = CUDUE

POR LO QUEMP(I} = P{C} + P(D} + P(E} = 0,27Y + 0,13 + 0,11 = 0.51
' i

oG

(g)

rJ 'I'I £
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TEOREMAS
D05 TEOREMAS IMPORTANTES QUE SE DEDUCEN A PARTIR DE LOS AXIOMAS
SDN'. 1

TEOREMA 1.

SI A E5 UN EVENTO DEL ESPACIO S5, ENTONCES P{A)=1-~P(A)

DEMOSTRACION

PUESTO QUE A Y A SON MUTUAMENTE EXCLUSIVOS
Y ADEMAS AUR=S, ENTONCES, P(S)=P(A}+P(A)=l
= P(A)=1-P{A)

CASO PARTICULAR: PUESTO NUE p(§)=1-P($)=0 ¥ B=g, SE TIENE QUE

Pi(g)=0



Lu.

TEOREMA 2.

51 A Y B R0ON DOS EVENTOS CUALQUIERA DE 5, ENTONCES

P{AUB)=PF (L} +P(B)-P (ANB)

DEMOSTRACION

SEA EL DIAGRAMA DE VENN:

s | @
| Z

4 B

AUB= {ANB)U(ANB)U(BNA), PUESTD QUE ANB, ANE Y BNA SON MUTUAMENTE
EXCLUSIVOS, SE TIENE QUE P(AUB)=P{aNB)+ANB}+P (BNK),

SUMANDO Y RESTANDC P (ANB) Y AGRUPANDO TERMINOS SE ORTIENE
P{AYB) = [P{AﬂBHPﬁ{Aﬂﬁ}]+[PI{P;HB}+P(EHE]]—P{AF\E}

FERO A=(ANB)U(ANB)=>PF (ANB)+P {ANB)=P(A)

Y B={hnB}U{Bnil#}P{AHBJ+P[BHE}=P{31, POR LO QUE

P (AUB) =D (A} +P (B) ~P (ANB}



_EJEMPLO

20.

EN UNA URNA SE TIEWEN 2B TIRAS DE PAPEL Y EN CADA UNA SE ENCUEN-

TEA ANOTADA UMA LETRA DISTINTA DEL ALFABETQ, CALCULE LA PROBA-

BILIDAD DE QUE AL EXTRAER AL AZAR UMA TIRA:

A}
B)

C)

Di

SE OBTENGA UNA VOCAL

SE OBTENGA a O Z

OCURRAN C Y D, DONDE Ce={x,y,z} v
D={b,c,y,z}

OCURRA € O D

ReAptiestas

A)
B)
o

D)

:rn

h={ﬂ.f'&ri;0pu} -}Pth}=

B={a,z} =>P(B) = 3¢
F= CND= {y,z} =>P(F) = ==
E)

i

E 'CUD= {b;crerrz} =:'P[

o PIE}=P{C)+P(D)~P{CND}

P[CHD]=P{F}-§_—B DP(E)= 35 + 55 -

i IE e
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TEOREMA DE LA PROBABILIDAD TOTAL

SE DICE QUE UN GRUPO DE EVENTOS ES COLECTIVAMENTE EXHAUSTIVG SI LA

UNION DE TODOS ELLOS ES EL ESPACIO DE EVENTOS CORRESPONDIENTE.

A“\ /-Espa:in de eventos

L]
BIUBEU"'UBH=S

EN UN GRUFPO DE EVENTQS COLECTIVAMENTE EXHAUSTIVOS Y MUTUAMENTE

Excwsrvos, Bl, Bz,...,an, S8I A ES5 UN EVENTO CUALQUIERA DEFINIDO
EN EL MISMO ESPACIO, ENTONCES, APLICANDO EL AXIOMA 3, RESULTA
i=n
PlA} = P[AnBl] + P{AHBZI +, ..+ PtAan} = I P(MBil
i=1

YA QUE LOS EVENTOS ANBy SON MUTUAMENTE EXCLUSIVOS. y{ans )U(ANBz)U...=A

TOMANDO EN CUENTA QUE P(ANB,) = P(B;)P(A|B;), SE OBTIENE FINAL-
MENTE LA ECUACZION

i=n
P({a) = 151 P{Bi}PmIBil
CON LA CUAL SE DEFINE EL LLAMADQ TEOREMA DE LA PROBABILIDAD TOTAL,
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TEOREMA DE BAYES

CONSTIDERANDO QUE P{BjﬂA}=PEAﬁEj], SE TIENE QUE

Ptajna] P{An31)
PijlA’ T TP T PR
DE DONDE
P(B_)p(A]B.)
] |
P{Ej!M I=n

151 P[Bi}P{A|Bi}

ESTE. RESULTADO SE CONOCE COMOD TEOGREMA PE BAYES. A LAS PROBABILIDADES

Ptﬁii QUE SE ASICGNAN A LOS EVENTOS Bj ANTES DE OBSERVAR EL EVENTO

A, SF LES DENOMINA A PRIQRT 0 PREVIAS; A LAS PROBABILIDADES P (B,|A}QUE

57 QRTIENEN DESPUES DE OBSERVAR FL EVENTO A, SE LES LLAMA A PQSTE-
PTORT £ POSTERTORES,

—
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EJEMPLO

. TRES MAQUINAS A, B Y C PRODUCEN EL 50, 20 ¥ 30 %, RESPECTIVA~ .
MENTE, DEL TOTAL DE ARTICULOS QUE PRODUCE UNA FABRICA. LOS
PORCENTAJES DE DEFECTUQS0S QUE CADA MAQUINA ELABORA SON 1, 3
¥. 5, RESPECTIVAMENTE. SI SE SELECCIONO UN ARTICULOS AL AZAR
¥ RESULTO DEFECTUOSO, CALCULAR LAS PROBABILIDADES DE QUE HA-
YA SIDOC PRODUCIDO POR CADA UNA DE LAS MAQUINAS.

Solucildn

Sea D= [ARTICULOS DEFECTUOSOS):; ENTONCES

P{A) P(D|A)
P(a) P (D|a) + P(BY P (D|B) + P(C} P(D|C)

p(a|D)=

CON P{A)= 0.5, P{(B)= 0.2, P{(C)= 0.3, P{D|A)= 0.01,
P(D[B)= 0.03 ¥ P(D|C)= 0.05

SE OBTIENE

0.5 x 0.01 . _0:005 _ . .4
0.5 x 0.01 + 0.2 x 0.03 + 0.3 x 0.05 ~ 0.026

P(A|D)=

ANALOGAMENTE,

p(a|p)= 0:2 %X 0.03 _ 0.006 _ 4 54
0.026 0.026

pc|py= 0:3 % 0.05 _ 0.015 _ , oo
0-026 0.026

OBSERVESE QUE

P{A|D} + P(B|D) + P(C|D)= 0.19 + 0.23 + 0.58 = 1.00
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VARTABLES ALEATORIAS

CLASITICACION DE VARIARLES

VARIABLE:
TODA CABRACTERISTICA QUE

PUEDE ASUMIR VALORES DI
FERENTES
/ , b i
VARIABLES ESCALARES: VARTABLES NOMINALES: -
SON LAS VARIABLES QUE SOLO SON LAS VARIABLES QUE S0LO
ASUMEN. VALORES NUMERICOS ASUMEN VALORES NOMINALES
{NOMBRES, ADJETIVOS, ETC)
VARIABLES CONTINUAS: VARIABLES DISCRETAS:
SON AQUELLAS QUE PUEDEN SON AQUELLAS QUE PUEDEN ASU-
TOMAR UN NUGMERO INFINITD " MIR UN NUMERC FINITQ O UNO
NO NUMERABLE DE VALORES INFINITC WUMERABLE DE VALO-
LES DISTINTOS

UNA VARTABLE ALFATORIA ES UNA VARIABLE TAL QUE NO PUEDE PREDECIRSE

CON CERTEZA EL VALOR QUE ASUMIRA AL REALIZAR UN EXPERIMENTO,.

POR EJEMPLO, LA RESISTENCIA G CARGA DE FALLA DE UNAS VIGAS ES UNA
VARTABLE ALEATORIA, YA QUE ANTES DE ROMPER UNA VIGA TQMADA AL AZAR
NCO SE PUEDE PRECISAR CUAL SERA SU RESISTENCIA. EN LA SIGUIENTE

TABLAPSE PRESENTAN L0OS RESULTADOS EXPERIMENTALES CON 15 VIGAS DE
CONCRETO REFQRZADO, OBSERVANDOSE QUE ESTOS VARIAN DE UNAS A OTRAS

DE MANERA2 ALEATORIA.
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TABLA 2. PRUEBAS DE VIGAS DE CONCRETCQ REFQRZADO

Numero de Carga de agrieta- | Carga de falla,
la viga miento, en kg, X en kg, Y
1 4700 4700
2 3 840 4220
3 3270- 4 36l
4 2310 4 680
5 2950 4270
6 . 4810 1810
7 270 4 590
8 270 4 450
9 4310 4310
10 2950 4 630
11 4220 43220
12 2710 4 140
13 2T 4 340
14 2630 4770
15 2950 4 630

A TOLO EXPERIMENTO SE LE PUEDE ASQCIAR AL MENOS UNA VARIABLE ALER-
TORIA, DEPENDIENDO ESTA DEL PROBLEMA ;:!'UE S5E TEN{GA FLANTEADD. POR
EJEMPLO, EN EL CAS0 DE LA RESBISTEN(CIA DE LAS VIGAS DE VARIABLE
RLEARTORIA P}JEDE SER DIRECTAMENTE " . _DICHP. RESISTENCIA, ER CUYO
CASQ 50U ESPACIO DE EVENTOS SERIA

5, = (X3 O0<Xawl]
Lh VARIABLE TAMBIEN PUDO HABER SIDO UNA CUYO ESPACIO DE EVENTOS

FUERA
5, = {EXITO, FRACASO)

EN DMONDE EL EXITO OCURRIRIA SI LA VIGA RESISTIERA MAS DE CIERTA

CANTIDAD, POR EJEMPLO 4600 KG, Y EL FRACASO OCURRIRIA SI RESISTIERA

MENOS, ES DECIE:
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EXITOs SI X>4600 KG

FRACAS0: SI X<4600 KG

LEYES DE PROBABILIDADES

EL COMPORTAMIENTO DE UNA VARIABLE ALEATORIA SE DESCRIBE MEDIANTE
SU LEY PE PRUBABILIPADES ; LA CUAL PUEDE ESPECIFICARSE DE DIFERENTES

FORMAS. LA MANFRA MAS COMUN DE HACERLO ES MEDIANTE sSU _PISTRIBU-

*_CION 0 DENSTDAD DE PROBABILIDADES,

A FIN DE EVITAR OONFUSICNW , SE EMPLEARK UNA LETRA MAYUSCULA PARA DENOTAR
UNA VARIABLE ALEATORIA, Y L& MINUSCULA CORRESPONDIENTE PARA LGS

VALORES QUE PUEDE ASUMIR, SI LA VARIABLE ALEATORIA X ES DISCRETA

¥ PUEDE ASUMIR LOS VALORES X;, SU DENSIDAD DE PROBABILIDADES,

fx{xJEERA EL CONJUNTO DE LAS PROBABILIDADES

Px{xij = BF{X = xil

LA CUAY, SE LEE "PROBABILIDAD DE QUE X = xi". ESTO ES

fx{:ic] = {Px [xi]}

PARA QUE UNA DENSIDAD DE PROBABILIDADES SATISFAGA LOS TRES AXIOMAS
DE LA TEORIA DE PROBABILIDADES, SE DEBEN CUMPLIR LOS SIGUIENTES
REQUISITOS

A}y 0<P_ () «1 PARA TODA X,
o= Xy - 1

n . .
B} £ Py (x,} = 1, DONDE n ES EL NUMERO TOTAL DE VALORES QUE
i=1 '

PUEDE ASUMIR X

i=y
C) Plx, ¢ X<y ) = I Pylx,} i mMSI  DONDE LAS x

ESTAN
i=m '

i
ORDENADAS EN FORMA CRECIENTE, ES DECIR,

Xi": Xz“: x3< uf-ﬂxn
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W PISTRIBUCTION DE PROBABILIDADES ACUMULADAS O FUNCION DE DISTRIBUCTION

OTRA FORMA DE ESPECIFICAR LA LEY DE PROBABILIDADES DE UNA VARIA-
BLE ALEATORIA ES MEDIANTE LA DISTRIBUCION DE PROBABILIDADES ACU-
MULADAS, Fy(x}, QUE SE DEFINE COMO EL CONJUNTO DE LAS SUMAS PAR~
CIALES DE LAS PROBABILIDADES, Px{xil, CORRESPONDIENTES A TODOS

LOS VALORES DE X MENORES O IGUALES QUE x,. POR LO TANTO, ESTA

ii
FONCIQN DA LAS PROBABILIDADES DE NUE LA VARIABLE ALEATORIA TCME

VALORES MENORES O IGUALES QUE x_ PARA CUALQUIER m, ES DECIR

Fol2) = {F (x )} ; m=1,2,...,n
EN DONDE
i=m
Folxp) = I P (x,) = Pixox)

I=]
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EJEMPLO

SEA X LA VARIABLE ALEATORIA DISCRETA "NUMERO TOTAL DE CARROS QUE SE
DETIENEN EN UNA ESQUINA DEBIDO A LA LUZ ROJA DE UM SEMAFORO". SI
ILLAS PROBABILIDADES ASOCIADAS A CADA VALUR, DETERMINADAS POR FL

METODO FRECUENCIAL, SON

(6.1 sT x=0
0,2 ST % =1
0.3 SI x = 2 P
P (x) = §0.2 SI x=23
0.1 SI x =4
0.1 SI x=5

1] 51 x

Iy
o

LA DISTRIBUCION DE PROBABILIDADES ¥ LA DE PROBABILIDADES ACUMULADAS

CORRESPONDIENTES SERAN

X fx{x} Fx{x] )

<0 0 —Jyo0 0, SI x <0

0 9.1470-1 0,1,5T 0 ¢« x <1
1 D.2£7ﬂ.3 0.3,8T 1 < X < 2
2 | 0.3450.6 O SEA  F,(x) =ﬁn.ﬁ,51 2 < X< 3
3 n.zéyn.a ~ 10.8,8T 3 ¢ X« 4
a -ﬂ.lé;-,u.g 0.9,SI 4 ¢ X< 5
5 0 1471.[] “1_!3_‘1r §I 5 < X

56| 0 Lo

LAS GRAFICAS DE ESTAS DISTRIBUCIONES SE FRESENTAN EN LA FIGURA

DE LA SIGUIENTE HOJA,.



0[ I I I 1 L A o
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a) Distribucién de probabilidades
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" |
i
0.6 |- I_J
i ]
|
0.4 - ]
l_'
0.2 - !
S
0 1 1 L } ] i 1 L r—
O } s 3 4 5 ) T X

b} Funcidn de distribucidn

Ley de probabllidades del efemplo del trdfico
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EN EL CAS50 DE UNA VARIABLE ALEATCORIA CONTINUA, X, LA PROBABILIDAD

DE QUE ESTA TOME UN VALOR COMPRENDIDROD ENTBE x Y x + dx ESTA DADA

POR fx[x}dx, DONDE fxix} ES LA DENSIDAD DE PROBABILIDADES DE X, POE

LO TANTO, LA PROBABILIDAD DE QUE X ASUMA VALORES COMPRENDIDOS EN

£

EL INTERVALD xlixixz ES

P{xlﬁxsle = f
X
Xy

LA INTERPRETACION GRAFICA DE ESTA PROBABILIDAD ES QUE CORRESPONDE

AL AREA BAJO LA CURVA DE fx{x} COMPRENDIDA ENTRE X, Y Xy -

PUESTO QUE F, {x) = P(X:x]) = P(~%<X<x}, Y EN VIRTUD DE LA ECUACION
ANTERIOR SE TIENE QUE LA FUNCIQN DE DISTRIBUCION ES;

£ (s)

x F}{?:ﬁJt)

X
Pplx}-= Js__ £ (U)av -
DONDE 4/ ES SOLO UNA VARIAELE MUDA DE INTEGRACION. EL VALCOR DE ESTA

INTEGRAL E5 IGUAL AL AREA BAJO LA CURVA DE Fgfk] & LA TZQUIERDA

DE x. DE ESTA ECUACION SE CONCLUYE QUE

defx}
T = E; {.l"_h fX{U]dU] = fx[x}

ALGUNAS PROPIEDADES DE F {x) SON:

Gch{xlgl
in-w] =
Fx{ m] =1

F lx + €)>Fy(x), ST 20
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Foi{xy) =~ F (%) = P(x, <XzXx,)

PARA SATISFRCER LOS AXIOMAS DE LA TEORIA DE PROBABILIDADES SE

HECESTITA QUE
£,(x) > 0 PARA TODA x )

.I_W f lx} dx =1
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EJEMPLO

SEA UNA VARIABLE ALEATORIA CONTINUA CUYA DENSIDAD DE PROBABILIDA-

DES ES DE FORMA TRIANGULAR DADA POR LAS SIGUIENTES ECU&FIDHES:

fY[y] = %- Yy + % ; BI =2<Y<0
_ 1 1
fY{y} = - 33 ¥ * 350 O0zvzd
£ ly) =0 SI ¥<2 0 ¥»4
T{y(,hf)
r,fi& T
ha

21 1
f‘x’ fyj—gw 5

S DN

-2 -1 & 7

LA DISTRIBUCION DE PROBABILIDADES ACUMULADAS ES, ENTONCES:

SI -2:Y¥<0
Foto) = ¥ ¢ (wau = +¥ (2 u+ Lau
y'¥ e ¥ ) o 3

2

y
F,ly) = F,(0) + [
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FY{F} =0 51 <=2
Folyl =1 ST y»4
ey
ff— - - o
3 T — -
540 - - i
. L]
VE_/‘. r
F .. |l .
/Ifﬂ { ! ;
i A e S I S

531 SE DLSEA CALCULAR LA PROBABILIDAD DE QUE AL REALIZAR UNA VEZ
EL EXPERIMENTO OUE INVOLUCEA A DICHA VARIABLE, EL VALOR (QUE SE

OOSERVE CAIGA EN EL INTERVALD 1<¥<2, ENTONCES

i x -y° 2 s
p{1c¥<2] = Il{—2y+3.:. dy = | 24+§J1=ﬁ
o
P{ic¥s2] = F (2) - F 1) = % . g = _2_3
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FUNCION DE DISTRIBUCION COMPLEMENTARIA

EL COMPLEMENTO, Gx{xj, DE LA DISTRIBUCION DE PROBABILIDADES

]
ACUMULADAS SU UTILIZA CUOANDO LAS DECISIONES SE TCMAN CON BASE
EN PROBABILIDADES DE QUE S5E EXCEDA UN VALOR DADD DE LA VARIAGLE.

LA FUNCION DE DISTRIBUCION COMPLEMENTARIA SE DEFINE COMO

Gx{xl = P [X»x) =1 - Fx(xj

EJEMPLO
PARA EL PRORLEMA ANTERIQOR DE La VELOCIDAD MaAXIMA ANUAL DEL VIENTO,

CALCULEMOS LA PROBABILIDAD DE QUE ESTZA SEA MAYOR DE 140 KM/H:

Gx{lflﬂ} = P(X>140} = f-:n 0.33e ~0,033x

140

dx = 0.0099

0, ALTERNATIVAMENTE

F
~0,033x140, __~4.62_ o 000

=

P(X2140) = 1-F, (140} = G,(140)= 1-(l-e



65 .

MEDIDAS DE TENDEMCIA CENTRAL

LA _MEDIA O ESPERANIA , E[X], DE UNA VARIABLE ALEATORIA, X, SE CALCULA
OE ESTA

CON LAS ECUACICHNES ANTERIORES PARA .EL CASO EN QUE giX)=X
MANERA, ST LA VARIABLE ES5 DISCRETA, S50 ESPERANZA QUEDA DADA POR

I=n
BIX) =;I, x, Py

DOHIDE n ES EL TOTAL DE VALORES OQUE X PUEDE aSUMIR.

PARA EL CASO DE UNA VARIABLE ALEATORIA CONTINUA, LA MEDIA ES

o

m, = E(X} = J xﬁxix}dx

fot-!



OTRAS MEDIDAS USUALES DE TENDENCIA CENTRAL DE UNA VARIABLE ALFA-

TORIA SOW LA MEDTANA Y EL MO, LA PRIMERA SE DEFINE COMO EL VALOR

50%, Y LA SEGUNDA, COMO EL VALOR DE LA VARIABLE AL CUAL CORRESPONDE

LA MAYOR PROBABILIDAD.

__EJEMPLO

5T LA DENSIDAD DE PROBABILIDADES DE LA VARIABLE ALEATORIA X CORRES-
PDNDE_H LOS ERRORES EN UNA NIVELACION, ES LA DE LA SEGUNDA COLUMNA

DE LA SIGUIENTE TABLA, LA HMEDIA DE DICHA VARIABLE RESULTA S5ER 4 167
LA MEDIANA 4000 Y EL MODO 4000 HICRAS. LOS CALCULOS CORRESPONDIEN-

TES SE LOCALIZAN EN LA TERCERA COLUMNA,

X ., EN MICRAS | P, (x| ' xLPX[xil,EN MICRAS Fx{xi]
0 6/60 0 6/60
1 000 2/60 2 000/60 /60
2 000 4760 8 000/60 12/60
3 000 8/60 24 000/60 20/60
4 000 13/60 52 000/60 33/6020.5
5 000 12/60 60 000/60 45/60
6 000 7/60 42 000/60 52/60
7 000 4760 28 000/60 56/60
8 000 2/60 16 000/60 58/60
5 000 2/60 18 000/60 60/60
]
TOTAL: E{X] = 250 000/60=4 167 MICRAS
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EJEMELO

CALCULAR LA ESPERANZA DE UNA VARIABLE ALEATORIA CON DENSIDAD DE

PROBABTLIDADES EXPONENCIAL

£ix} = 2™
= e, -IX e~ T
E(X] = / xf{x)dx = 3 /' xe "Tdx = 3 [———{l+ix}] =7
- 1] . 3 1]
A ?f;['a]
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MEDIDAS OF DISPERSION

UNA MEDIDA MUY OOMUN DE LA DISPERSION ¢ VARIABILIDAD DE LOS VALORES QUE
PUEDE ASUMIR UNA VARIABLE ALEATORIA ES LA VARIANCIA, LA CUAL SE
DENOTA COMO o (X) © VAR (X), LA CUAL SE DEFINE COMO LA ESPERANZA
DE LA FUNCION ¢{X) = [¥-E{x)]2. AST, PARA UNA VARIABLE ALEATORTA

— e ———— e

DISCRETA

o’(x) = VAR(X) = I  (x; - E(X)7 P (x,)

i

¥ PARA UNA CONTINUA

fre)

L, (x - E(XDF, (x)ax

I

aEIKJ = VARI(X)

DESARROLLANDG EL INTEGRANDO DE ESTA ULTIMA ECUACION:

afx) = s (x-2xB(X)} + EZ(X)E, (x)ax

—T

¢ x5 G0ax - B0/ xE (0 Ax+ES (0 £y (x)dx = E[x°]-E%[x]

—_——n —il —

It

ES DECIR, LA VARIANCIA S5E PUEDE CALCULAR CCMO LA DIFERENCIA DEL

VALOR MEDIO CUADRATICO Y EL CUADRADO DE LA MEDIA DE X.

OTRAS MEDIDAS DE DISPERSION DE LA VARIABLE ALEATORIA X SON LA

PESVTACION ESTANDAR, o(X),LA CUAL ES IGUAL A LA RAIZ CUADRARA DE LA

VARIANCIA, ¥ EL COEFICIENTE DE VARIACION OUE SE DEFINE COMO

v(Xi=c(X)/E{X) , SI E(X)#0
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_EJEMPLO
SI X ES UNA VARIABLE ALEATORIA CON DISTRIBUCION DE PROBABILIDADES
EXPONENCIAL, CALCULAR SU VARIANCIA, DESVIACION ESTANDAR Y CLE-

I'ICTENTE DE VARIACION:

2

a®(X) = E-E[x])1% = s (x-£[x]) Zae" M ax = 3 ﬂm[xz—sz[K]+E2[K]}E
= ) -éwxze_lxdx #2E[X]1€MXE-lxdx + B2[X] r¥e M ax .
o
2 11 1 1
= -2 &+ = 2
12 U7 L2
YA QUE E(X) = 173 ¥ E(x%1=2 /2%,
USAMDO LA FORMULA o2 (X) = E[xz] - EZ[H], Y TOMANDO EN CUENTA QUE

E{x?} = 2/»% SE OBTIENE:
o%ixy = 2% - a2 = 12

BN COMNSECUENCIA, LA DESVIACION ESTANDAR ES

s(x) = /1% = 1

Y B, ZOEFICIENTE DE VARTACIONM

viX) = o(X)/E(X} =

rn*rua
H
P—l:
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DISTRIBUCTIONES PARTICULARES
VARIABIES ALEATURIAS DISCRETAS

DISTRIBUCTION BINOMTAL O DE BERNOULLT

LA DISTRIBUCION BINOMIAL O DE BERNOULLI SE EMPLEA COMO DENSIDAD

DE PROBABILIDADES DE VARIABLES ALEATORIAS DISCRETAS ASOCIADOS

2 EXPERIMENTOS EN LOS QUE SOLO HAY (0 SQLO IMPORTAN) DOS RESUL~
TADOS POSIBLES, URO DE LOS CUALES USUALMENTE SE DENOMINA "EXITO"

Y, EL OTRO, "FRACASO" (S = {EXITO, FRACASO}).

SEAN p= PROBABILIDAD DE OBSERVAR "EXITO" AL REALIZAR UNA VEZ
EL EXPERIMENTO
g= PROBABILIDAD DE “FRACASO" = l-p
X= VARIABLE ALEATORIA "NUMERO DE EXITOS OBSERVADOS AL REPETIR

n YECES EL EXPERIMENTO "COON REEMPLAZO"

LA DISTRIBUCION DE PROBABILIDADES BINOMIAL ES

—X =0, 1,...,n

n. X n
)= sty P G
SE PUEDE DEMOSTRAR QUE LOS PARAMETROS DE ESTA DISTRIBUCION SON
2
E(X} = np , o (%) = npg

REFERENCIA: W. BEYER, "HANDBOOK OF TABLES FOR PROBABILITY AND

STATISTICS", THE CHEMICAL RUBBER, CO. (1966).
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EJEMPLD
5I SE LANZA AL AIRE SEIS VECES UNA MONEDR HOMOGENEA,

Ly JCUAL ES LA PROBABILIDAD DE OBTEHER DOS "CARASM™?
B} JCUAL ES LA PROBABRILIDAD DE QBTENER POR LO MENOS CUATERD "CARASY
{3345?
) JCUANTO VALEN LA ESPERANZA Y LA DESVIACION ESTANDAR?
SOLUCTON |
A} BUESTO QUE LA MONEDA ES HOMOGENEA SE TIENE p=1/2 Y q=1-1/2=1/2,
DDE v ES5 LA PROBABILIDAD DE QBSERVAR "CARA" (CARA = EXITO) ENW

UN LANZAMIENTC. POR TANTG

: 6! 1,2 6-2_ 6! 6 _ 15
P{X L .2] = fxizj = -ﬂ'iﬁ_—Tﬁ_l{E] {1!”2} = 21 4!{13}21 54

(UE LA TABLA: P(x=2}=P(x<3)<P(x<2)= 0,3438-0.1094 = 0.2344)
B) PARA QUE SE CUMPLA X>4 EN SEIS LANZAMIENTOS, SE NECESITA QUE

SE OBSERVEN 4,5 o & CARAS. PUESTO QUE ESTOS TRES EVENTOS SON

MUTUAMENTE EXCLUSIVOS, SE TIENE
P[x>4] = Flay + £.(5) + £ (6)

CALCULANDO LOS5 TRES SUMANDOS COMO EN LA PREGUNTA ANTERICR, RESULTA

P R L Y YA TS V2 SR L S SR SV TR ve LS Ve SAL C Ve S e
_ 15, 6 11

1_——=
7 Y gr t gz T 37 = 0.3438
(DE LA TABLA: P(x>4) =1~P(x<3)=]=0.6562 = 0.3438)

¢l E{X] = np = 6{1/2) = 3

6*[x]= npg = §(1/2){(1/2) = 3/2 , o{x) = /372 = 1.22
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" DISTRIBUCION DE POTSSON

UHA DISTRIBUCIOW DE PROBABILIDADES PARA UNA VARIABLE ALEATQORIA LIS~

CRETA, X, DE LA FORMA
2
folx) = S—g— 7 x =0, 1, 2,..

SE LLaMA DISTRIBUCION DE POISSON, EN ESTA ECUACION A ES UNA CONSTAN

TE. GSE PUEDE DEMOSTRAR QUE LA MEDIA ¥ LA VARIANCIA PARA ESTA DIS-

TRIRUCION QUEDAN DADAS POR

gx) = %

X——-'——"—_
x=0 x! .

0 = ko N7 A -

UNA VEZ CONOCIDA A, CON ESTA DISTRIBUCIQW SE PUEDEN CALCULAR LAS PRQ
BABILIDADES DE QUE UN EVENTO OCURRA x VECES.
ES POSIBLE DEMOSTRAR QUE LA DISTRIBUCICON DE POISSON PUEDE EMPLEARSE

i
COMO UNA PROXIMACICN DE LA DE BERNOULLI, TOMANDC A = np, CUANDO n

ES GRANDE Y p PEQUERA, PERO DE TAL MANERA QUE npq > 1, AL RESPECTO,
SI n=20 y p=0.0%, ENTONCES EL ERROR QUE S5E TIENE AL USAR DICHA APRO
XIMACION ES MENOR DE 3 POR CIENTO PARA VALORES DE X MENQRES DE 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 CONDICION DE QUE npg SEA MAYOR DE UNO,

YA QUE npg = 20x0.05x0.95 = 0.95
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EJEMPLO
UNA COMPARIA ASEGURADCRA DESPUES DE MUCHOS ANQOS DE EXPERIENCIA HA 3
iih ESTIMADO QUE EL (¢.004% DE LA POBLACION FALLECE ANULAMENTE PFOR AC-
CIDENTE AUTOMOVILISTICO. SI ESTA COMPAfIA TIENE 40,000 ASEGURADGS,
sCUAL ES LA PROBABILIDAD DE QUE 2 DE. ELLOS MUERAN EN UN ARO POR ESTE

TIP0 DE ACCIDENTE?

LEA X EL HUMERCO DE PERSONAS QUE MUEREN ANUALMENTE DE ENTRE LOS ASE-

GURADOS, POR ACCIDENTE, LA MEDIA DE X ES
E[X] = 0.00004 x 40,000 = 1.6 =3

ADRMAS . TOMANDO EN CUENTA QUE npg»1, SE PUEDE USAR SIN GRAN ERROR

La DISTRIBUCION DE FOISSON:

Plx=x] =

MR LO QUE

2
= = _ ND.201% x 2.56 _
P [x'_zl = i: - 2 = 'D.EE

L&A DIZTRIBUCION DE PRCBABILIDADES PARA ESTA VARIABLE ALEATORIA ES:

X 0 1 .2 3 : 5 &
‘f..{x] 3. 202 0.323 0.258  0.13% 0.055 0.018  0.005
LY

‘ !
0.8 £.0
0.7
0L -
¢ 1 2

N —

S
4 5
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FPROCESD ESTOCASTICO DE POISSON

oM BASE EN LA DISTRIBUCION DE POISSE0ON SE PUEDE DEDUCIE QUE LA DISTRI-
BUCION DE PROBABILIDADES DEL NUMERO DE OCURRENCIAS DE UN EVENTO

DURANTE UN FPERIQDC t QUEDA DADA POR

£, (x) = P[x = x EN UN LAPSO t]

[At]x e_lt

! P Xx =0, 1, 2,,.,
1

fx{x‘.i =

DONDE

A = NUMERG MEDIC DE OCURRENCIAS POR UNIDAD DE TIEMPQ.

LN ESPERANZA Y LA VARIANCIA DE EESTE PROCESO, PARA UN LAPSO t, SON

At

E(X)

szX} L E

PARA (QUE ESTA DISTRIBUCION SE APLIQUE SE REQUIERE OUE EL EVENTO

DCURRA CADA VEZ DE MANERA INDEPENDIENTE DE LAS QCURRENCIAS PREVIRS,

Y QUE X SEA CONSTANTE. A A SE LE CONOCE COMO INTENSIDAD DEL PROCESO;

A SU RECIPROCO, 1/:» SE LE DENOMINA ' PERTODC DE RECURRENCIA.

S ) Tl R e s
Z, ¢ iy &, Lo £, &3 Lo
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SE PUEDE DEMOSTRAR QUE
CUANDO UN EVENTO QCURRE SIGUIENDC UM PROCESO DE POISSON, LA VA-
RIABLE ALEATORIA "TIEMPCQ ENTRE UNA OCURRENCIA CUALQUIERA Y LA

S5IGUIENTE” TIENE UNA DISTRIBUCION DE PROBABILIDADES EXPONENCIAL.

EJEMPLG

5I LOS MAREMOTOS QUE SE REGISTRAN EN UN PUNTO DE LA COSTA ME-
XICANA DEL OCEANOD PACIFICO OCURREN SIGUIENDO UN PROCES0 DE POI-
SS0N CON ) = 0.01, CALCULAR LA PROBAEILIDAD DE QUE ENTRE Ul
MAREMOTO Y EL SIGUIENTE TRANSCURRA UN TIEMPO

a, MAYOR DE 100 ARQS
L. ENTRE 50 Y 100 AfQOS

[ ]
a. Pt > 100) = f A A% = @70-01 ¥ 100 _ 7l 56 g0
100
100
b. P(50 < t < 100) = f 0.0 e 001 tatr < r(100) - F(50)
50
-— Lo Lot .5
s (1 . om0.01 x 100, o 0,01 % 50, _ Q.5 <l

0.6065 - 0.3679 = 0,2184

'
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_EJEMPLO_
EN UNA CENTRAL DE COMUNICACIONES SE TIENE UMA DEMANDA MEDIA DEL
SERVICIO DE 8 LLAMADAS CaDA MINUTO. CALCULAR LAS PROBABILIDADES
DE UE EN 2 MINUTOS NO SE SOLICITE EL SERVICIO, DE QUE SE SOLICITE

SOLO UNA VEZ,Y MAS DE UMNA VEZ,

{lt)ﬂ E-ExE

0!

= e718 - 0.00004

f [0y = piX=0| =
o (0 [x=0]

1 -1¢
167 e -
fxflj = T 0.00064

P{X>1] = 1 - (0.00004 + 0,00064) = 0,99832
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MEDIANTE UN ESTUDIC ESTADISTICO SOBRE LA OCURRENCIA DE MAREMOTOS

EN LA COSTR MEXICANA DEL OCEANO PACIFICO SE ESTIMO QUE UNA OLA

DE 4m DE ALTURA O MAYOR SOBRE EL NI*EL DE LA MAREA TIEWNE UN PERIOQ-
DO DE RECURRENCTA DE 100 AMOS. CALCULAR LAS PROBABILIDADES DE QUE
E LOS PROXIMOS 10, 506'y 100 AMOS NO 6CURRA NMINGUN MAREMOTO EN DICHA
REGTON COYA QLA MAXIMA EXCEDE DE 4m, SUPCNIENDO QUE L& OCURRENCIA

LE 105 MAREMOTGS SE PUEDE MODELAR MEDIANTE UN PROCESO ESTOCASTICO

DE POISSON,

L& DISTHIBUCION DE PROBABILIDADES DE LA VARIABLE ALEATORIA X=NUMERD

DE MARENMOTOS CUYA OLAX MAXIMA ES-MAYOR DE 4m, CON »=1/100=0.01 ES -

_(Fe* (0, 01eyg" 01t
x!

3
4:{-{:{} i

POR L2 TANTO, FARA t=10, 50 Y 100 ADNOS, SE TIENE, RESPECTIVAMENTE,

IE:

5y E (0) = m'm*“l”;?e_ﬂ'mm « e %% < 0,905
5) £ l0) = {a‘ﬂIXEUé?E_U'HIXSO « e 95 = 0,507
9 £ (o) = {D.Glxlng:ﬂe_ﬂ'ﬂhﬂui _Epl _ o 368

PARA ESTE MISMO PROBLEMA, LAS PROBABILIDADES DE QUE OQCURRA Al MENOS

N1 MAREMOTO COM OLA MAXIMA MAYOR DE 4m SON, RESPECTIVAMENTE,

L



cl P{X=1]

)

fl

1-£_ (0}

1-0.607

1-0.368

1-0,905

0.393

0.632

0.095

94.
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DISTRIBUCION NORMAL

UNA DE LAS DISTRIBUCIONES DE VARIABLES ALEATORIAS CONTINUAS MAS

UTIL BS LA DISTRIBUCTON NORMAL © DE GAUSS, DEPINIDA POR LA ECUACION
AX) Lamins 50 %

2 2
fx'.‘xfl = E-{x-u} /20

a¥2n

A - P r——— —

DONDE ¢ ES LA MEDIA Y v LA DESVIACION ESTANDAR DE X.

51 S5E HACE LA TRANSFORMACION

- - 1

EHTONCES LA ECUACYION ANTERIOR SE REDUCE A LA LLAMADA FORMA ESTANDAR,

CU¥YA ECUACION ES

2 LYy
Z e 2 = /20

EN ESTE CASO LA VARIABLE ALEATORIA 7 TIEWE DISTRIBUCION NORMAL CON

MEDIA TGUAL A CERD ¥ VARTANCTIA TGUAL A UNO.

EXISTEN TABLAS PARA CALCULAR LAS PROBABILIDADES DE UNA WARIAELE ASO-
CIADA A UNA DISTRIBUCION NORMAL ESTANDAR. EN LA SIGUIENTE FIGURA
SE MUESTRA LA FORMA DE CAMPANA DE ESTA DISTRIBUCION, OBSERVANDOSE

L& STMETRIA RESPECTO A Z=E(2}=0 ¥y QUE ES ASINTOTICA AL EJE Z.

Areg=68.27 %

Area=13.59 %
Area=2.19 %

—

e
1]

=3 -2 =1 o 1
P Area=95.945 %

a—

Aregq=99.73 %

Nestnibucitn nownal de wna vandable afeatorin condinua
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LA UTILIDAD DE L& DISTRIBUCION WORMAL ESTANDAR RADICA EMN QUE

- x‘z 12
Plr eXsxy] = [TE (x)dx = Pz <252,] = /°F {z)dz
X 2
1 1
DONDE
2 X
G C _ Xo.uw




COMO RESULTADO DE UNA LARGA SERIE PE EXPERIMENTOS FROBANDD A COM-
PRESION- SIMPLE CILINDROS DE CONCRETO, SE HA ESTIMADC QUE LA ESPERAN-
ZA DE LA RESBISTENCIA ES DE 240 KGfsz Y L& DPESVIACION ESTANDAR DE

30 KG/CH2.

K} ¢CUAL ES LA PROBABILIDAD DE QUE OTRO CILINDRO TOMADO AL AZAR

RESISTA MENOS DE 240 KG/CM2?

B, ¢CUAL ES5 LA PROBABILIDAD DE QUE RESISTA MAS DE 330 KGKCME?

)  (CUAL ES LA PROBABILIDAD DE QUE SU RESISTENCIA ESTE EN EL INTER-

VALO DE 210 A 240 KG/CM’?

SUPONCASE QUE LA DISTRIBUCION DE PROBABILIDADES ES NORMAL,

SQLUCTON
Al PARA EMPLEAR LAS TABLAS DE DISTRIBUCION NORMAL ES NECESARIO

ESTAMDARIZAR LA VARIABLE X, EMPLEANDO u=240 Y o=30, CON xl=240:

240 ~ 240

2 = 0 =0

RFCURRIENDC A LA TABLA DE LA DISTRIBUCION NORMAL SE OBTIENE

P[x<240] = P[2<0] = 0.5

G SKA, LA PFROBARILIDAD QUE CORRESPONDE AL AREA SOMBREADA DE LA 51-

CUTLITIE FIGURA:

Fig 1o, Distribucion nornmal correspondiente @l Incisa ¢ del ejemplo

v}
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B) EL VALOR ESTANDARIZADO DE LA VARIABLE, PARA x1=33i.'] KG;’CME ES

L

_ 330 - 240

W -2

=i

FOR LO QUE

- — E

Plx>330] = P{z>3] = 1-0.9987 = 0,0013

AUE ES EL AREA SOMBREADA DE LA SIGUTENTE FIGURA:

frtz)

257 oLt

—3.0—

Distribucion nonnol correspondiente al inciso b det cjemplo

C)} LOS VALORES ESTANDARIZADOS DE LA VARIABLE, PARA x1=21[] Y

x2=24ﬁ SON:

, = 210 - 240 __
) 30

_ 240 - 240 _
2= 730 °F¢
FOR LO OUE

P{210<X<240] = P[- 1:2<0] = 0.3413

WAL T

Ll 4
&=-1 La-0

Fig 15, Distribucidn normal correspondiente al inciso ¢ del efemplo
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CORRELACTONES ENTRE DI WERSQS PARAUETROS DE LOS TBIBLORES

M = MAGNITUD EN LA ESCALA DI RICHTER
R = DISTANCIA FOCAL (EN KM)

v =  VELOCIDAD MAXIMA DEL TERRENO (CM/SEG)

mix
a . = ACELERACION MAXIMA DEL TERRENO (CM/SFGY)
V 4. = VELOCIDAD ESPECTRAL MEDIA MAXIMA,CM/SEG (PARA g=0)
A s, = ACELERACION ESPECTRAL MEDIA MAXIMA, EN CuM/SEGE {PARA
c=0)
1 = INTENSIDAD EN ESCALA DE MERCALLI MODIFICADA
W = ENERGIA DISIPADA, EN ERGS
_ M -1.7
vos, © 32e (R + 25)
_ 0. 8M -2
a_.. = .5600e (R + 40)
_ M -1.7
L 250c (R + 60)
0. 8M -2
Apay = 069600 (R + 70)

NOTA: ESTAS CORRELACIONLES CCRRESPONNDEN A LAS COMPONENTES HORIZONTALES

DE TEMBLORES REGISTRADOS EN TERRENO DURG.

Fo=1.45M - 5.7 LOG R+ 7.8

10
LOG 14 vméx

LOG 2

APROPIADA PARA Tg10. PARA I»10 SE SOBRESTIMA I.
LDF1GW = 17,4 +« 1,5M
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between the reporied ohscnralions and calcutations is good. The two measurements
deviating mas! frem the calculations were recorded al Lima and Koyna. It is noled thal
meak accelerations measured al Lima have been interpreted by Cloud and Perce (1971}
to be anomalously high,

! T T T T T T 1 T TTT7T T T T

| I |

I
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I [ 1P4L

L1
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PELF ACTELERATION ¢

117111

[ N

TTTFTI

"al. 1 L W L RN
ml:l 'I'E1 1 'ﬂ]
FOCAL CNSTANCE, Kal

FiG. 1, Comparisan belween peab acceleraiion versus distance abserved from San Fernando carthquake
and caleulated fepm equation (6).

The comparisons shown in Figures 3 through 5 are encouraging and sugpesl thal
cqQuation {&6) may be uselul in predicling peak earthquake acoelerations for & reasonably
wide range of magniludes, epicentral locations, focal depihs and local distances. As new
carthquake groynd-molion dats are recosded, il i3 hoped Lhat more exlensive anslyses
will confirm the uselulpess of equalion {6) as wel! as delincale its range of velidity.
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Fic. 7. Comparisen belween 20 recorded peak welocises (A mbraseyy, 1969) and torrrponding caku-
lations using cyuation (7).
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Fua. B, Comparison beiween peak velocilies derived from the CALTECH strong-motion scerhe rograms
snd Corfesponding calculations using ogualion (7).
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mation accelerograms versus the corresponding data eomputed using equation (8L For
thiv data saompke, althouph there i consideralife scatter, equation (8) gencrally wnder.
evfimutes the mean of the dafa by about a faclar of lwo, The reason for thas discrepangy is
nol known and requires Turcher study. However, analysis of the data and the fagr this
the discrepancy between the dale and equatron (B} is approsimately a constant facio
suppests That the scaling of peab displacement with magnitude and local disiance is not
substanrially in error. The discrepancy may be due 1o an inaceurale delermination af the

1 .
w T T 1°7TTrT1] T T 1T 1 rrI
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Fii. 9. Comparison between peak displacements derived from the CALTECH sirong-molion accekero-
EfAME 1E-d_:afmmndins calkiulations vung equanon (B

conslant factor in equation {B) or 10 the infuence of local site wmplification efeets in the
CALTECH data, an effect not included in this analysis.

DnscussIon

1t 1y of interest tn examinc equativns {6}, (7, and (8) in terms of the classical correlations
between earthquake magnitude and epicentral inlensity, radigs of perceptibifity, and
maximum epicentral acceleralion.

Gutenberg and Richter (1956} suppesied that carthquake intensily is best related Lo prak
ground acceleration, Using the Guienberg-Richter intensity-acceleralion eguation ynd
equation {6), assuming a local depth of i 5 km, ane derives an equation relating magnilude
and epicentral inlensity. The equution so derived differs significanily from Gutenberg
and Richter’s empirical relationship. This suggests that carthquake inlensity may not be
closely related 10 peak scceleralion, a supgestion thal has been made previously by many
researchers.
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TRAZD DPE ESPECTROS DE DISENO ELASTICO

RECOKDEMOS. QUE LA ECUACION QUE RELACIONA LAS ORDENADAS ESPECTRALES
SUAVIZADAS PARA UN AMORTIGUAMIENTO ¢ CON EL DE AMORTIGUAMIENTO NHILOD
ES

L= 5 =1+ 3,77 %}'0'45 = R, (n

DONDE  § = DURACION DEL SISMO = 0.04e0¢74M

+(1.3R
£ = RELACION DE AMORTICGUAMIENTO

T = PERIODO NATURAL

CONSIDERANDO QUE EL ESPECTRO PARA = 0.20 COINCIDE EN PROMEDIO CON
LAS LINEAS QUE DEFINEN LA ENVOLVENTI! DEL MOVIMIENTO DEL SUELO SE
TIENE QUE

ME (1): A _. =R

=0 A (2)

0.20 70,20

SUSTITUYENDO LA EC. (2) EN LA {1) SN PUEDE OBTENER EL ESPLECTRO D'ARA
CUALQUIER VALOR DE ¢

_ £5.,-0.45
ﬂ; = (RQ.ZD AD_EG}{1 + 3.77 1Fj (3}
PARA ESPECTROS ELASTOPLASTICOS DE DISERO BASTA CON DIVIDIR EL ES-

PECTRO ELASTICO ENTRE w O ENTRE /2u- 1, SEGUN EL CRITERIO QUE
5E ELIJA PARA ELLO.
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Fig. IS Factor de reducgion por el amortiguamiento
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los temblores de Cabformia

{Segun G.W, Housner)
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CORRELACIONES ENTRE DT LERSOS PARMETROS DE LOS TBIBLURES

M = MAGNITUD EN LA ESCALA ¢ RICHTER

R = DISTANCIA FOCAL (EN EKM)

v = VELOCIDAD MAXIMA DEL TERRENO (CM/SEG)

mix
émﬁx - ACELERACION MAXIMA DEL TERRENO (CM/SEG?)
vmﬁx = VELOQCIDAD ESPECTRAL MEDIA MAIIHEJCMISEG (PARﬁ g=0)
Amﬁx = ACELERACION ESPECTRAL MEDIA MAXIMA, EN CM:’SEG2 {PARA
=)
I = TINTENSIDAD} EN ESCALA DE MERCALLI MODIFICALDA
W = ENERGIA DISIPADA, EN ERGS
- M -1.7
vmﬁx 32e" (R + 25) .
_ 0. 8M -2
Boae o 5600 e (R + 40)

Vv . = 2506 (R + 60) 17

ﬂeD+BH 2

A = 6960 (R + 70)°

NOTA: ESTAS CORRELACIONES CORRESTPONDEN A LAS COMPONENTES HORIZONTALES
DE TEMBLORES REGISTRADOS EN TRRRENQ NURD.

I = 1.45M - 5.7 LDG1G R+ 7.9

LOG 14 Vndx

LOG 2
APROPIADA PARA Igi0. PARA I>10 SE SOBRESTIMA I.

LOG, W = 11_4 + 1. 5M

10
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PREDICTION OF PEAX GROUND MOTION FROM LARTHQUAKES
Pl ..’:?rp/.?/j SR Eshy et
between the reporied uhscrvaliuns and calculalions is good. The iwe measarcments
devialing most lrom the calcutations were recorded al Lima and Koyna, [Uis nojed that
peak acceleralions measured at Lima have been interpreled by Claud and Peret [1971)
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FOCAL DNSTANGE, KM

Fiz. ), Compariton beiween peak acoeleration vorsus dislance observed flom San Fernando earihguake
and caleulated lrom equation ().

v

The campanisons shown in Figures 3 through 5 aie encouraging and suggest thal
equaiion (&) may be uselul in predicting peak earthquake accelerations for a reasonably
wide rangs of magnitudes, epiceniral iocations, focal depths and focal distances. As new
carihquake ground-motion data are recorded, il is hoped that more exlensive analyses
will confirm the uselulness of equation {6) as well as delineate its ranpe of vahidity.
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Fis. ¥, Comparisgn beiween 20 recorded peak welocites (Ambrascys, 19697 and corresponding cakou.
lations oging equation (7).
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Fui. B, Comparison berween peak velocilies derived from the CALTECH strong-motion acceberagrams
wnd corresponding Calculations wing equatson (7).



1572 13, .. ORPHAL AR 1, A, LAHGLD

molion accclernprams versus The corresponding dala campuled using equation (&) For
thiv dity sample, although There i consderable scaller, equation (8) pencrally under-
extimatey the mean ol the dala by abeul a Taciot of 1wo. The reason Tor this discrepancy is
not hnown and requires furiher study, However, analysis of the data and the Tact (i
the discrepancy belween the dula and equaltion (B) is approximalely a conslant facio
suggests that the scaling of peak displacement with magnitude and foeal distance & nal
substantially in error. The discrepancy may be due 10 an inaccurale determination of the

]
T T TTTI

10 T T T T TTT

L L1kl

L O i

A

1

OHSERWED PFAK O PLALT MEWT, LM

1
S
-3

. L5
4= 0.047)x /0

7l

3

1.0 r1ai

i

1 | I NN |

| i
CAILINAIID Fe ho DM ACF LT, D

L Bok.l 3]

| IR S N W i I

1o e T

Fui. 9. Comparizon between p-cah-displm:m:nls derived from 1the CALTECH urong-molion accelero-
ETams di_co"rﬂmndmn cakulalicnt wtmy equanon (),

conslant factor in equation {8) or 10 the influence of lacal site wmplification efects in the
CALTECH data, an effect not included in 1his analysis.

DiscussioN

Uiy ol inlerest Lo examing equations (6),{7), end (8} in 1erms of Lhe clasyical correlations
between carthquake magnijude and epicentral intensily, radius of perceptibility, ang
maximum gmeeniral acceleration,

Gulenberg and Richter (1956} suppested that earthquake intenstly is best refated 1o prak
ground acceleration. Using the Gutenberg-Richier inlensity-acceleralien equation and
cquation {8), assuming a Mocal depth of 13 km, one derives an equation relating magnilude
and epiceniral inlensity. The equalion so derived differs significamly from Gutenberg
and Richter’s empirical relationship. This suggests that earthquake intensity may not be
closely related to peak acceleration, a suggestion thal has been made previously by many
researchers. '
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TRAZ0 DE ESPECTROS PE DISENC ELASTICO

RECOKDEMOS. QUE LA ECUACION QUE RELACIONA LAS ORDENADAS ESPECTRALES
SUAVIZADAS PARA UN AMORTIGUAMIENTO ¢ CON EL DE AMORTIGUAMIENTO NULO
E5

N U R Il 8 (1)

DONDE S = DURACION DEL SISMO = 0.04e" 74M

+0.3R
£ = RELACION DE AMORTIGUAMIENTO

T = PERIODO NATURAL

CONSIDERANDO QUE EL ESPECTRO PARA ¢= 0,20 COINCIDE EN PROMEDIO CON
LAS LINEAS QUE DEFINEN LA ENVOLVENTE DEL MOVIMIENTO DEL SUELO ST
TIENE QUE

DE (1): Ay = Ry 50 Ay g0 {2)
SUSTITUYENDO LA EC. (2} EN LA (1) 51! PUEDE OBTENER EL ESPECTRO PARA-

CUOALQUIER VALOR DE ¢

_ £S5, -0.45
A, = Ry pp Ag 20) (1 + 3.77 33

4 (3)

PARA ESPECTROS ELASTOPLASTICOS DE DISERO BASTA CON DIVIDIR El, ES-
PECTRO ELASTICO ENTRE uw O ENTRE v2u- 1, SEGUN EL CRITERIO QUE
SE ELIJA PARA ELLO.
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DIRECTORIO DE ASISTENTES AL CURSO: STSMOLOGIA Y SISMICTDAD
{CEL 3 AL 15 DE JULIO DE 1%73)

NCMBRE Y DIRECTION EMPRESA Y DIRBCCIN

ING, HECTOR A. AVILA CASTAREDA PETRCLEDS MEXICANGS
Lago Patzcuaro No. 13 Bis Av. Marina Nacional Mo. 329
Col. AnShuac Col., AnShuac

MExlco 17, DUF,

Tel. 345-74-60 Ext. 3018

545-41-95

ING. J. JESUS BANDA LOREDG

Toltecas No. 44-201
Col, San Javier

Tlalnepantla, Edc. de Méx.

Tel.

ING. WILFREDO CARIAS PINEDA

Resid. Sta. Maria
Calle Los Ocasios E-1

San. Salvador, El Salwvador

Tel. 25-61-54

NG. JULIO CESAR CASAL
Espafia No.. 127 Horte

5.J. Argentina
Tel. 239-68

JESUS ANTCHIO CASTRD
Degellados No, 502-C
ILa Paz,B.C.5. :
Tel. 2-69%-13

I
L

IMNG, ANTONIO COWA RICS
urb. Villa Palacics
Calle 51-& Mo, NG16
Maracaiho, Venezuela
Tel., 42-36-£8

México 17, D.F.
Tel. 545-74-60 Ext. 3018

5. A. R, H. )

Sierra Gorda No. 23

Col. Icmas de Chapuitepec
M&xico 10, D.F.

Tel. 520-56-78 ~

DIR. GRAL. DE URBANISMD Y ARD.
1 Ar. Sur

san Salvador, El Salvador C.A.
Tel. 22-24-66 |

INSTTTUTO NACICHAL DE PREVEMCION
SISMICR

Foger Balet No. 47 Norte
Desanparados

San Juan, Argentina

Tel. 3-01-63 3-06-00

INST. TENCALOGICO RECICONAL [E
L& PAZ

Km. 3.5 Carreter al Sur

La Paz, B.C.S.

Tel, 2-24-24

INIVERSIDAD DEL ZULTA
FaC. DE INGENIERIAR ¢

Apartadc 526

Maracaibho, Venezuela

Tel. 51-22-09
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DIRECTORTIO DF ASISTENTES AL CURSQ: SISMOLOGIA Y SISMICIDAD

{DEL 3 AL 15 DE JULIO DE 1579)

NOMBRE Y DIRECCICH

ING. HERMAN CUEVAE AGSUILEFRE .
Av. 12 de Octubre No. 1135
Quito, Ecuador

Tel. 23-£6-82

ING. CESAR A. CHAOON PIRRANGO
BEdif. Cerrv Gramde Aptm. 535
Caracas, Venezuela

Tel. 69-16-15

BRAULIC DUARTE MOREND
Sangre de Cristo No. 39-A
Guanajuato, Gto.

ING. LULS EDGARRDO FRANCO RLFARD
Maz. 4 No. 932 CY

Col. Unidad Sta. Fe

Mexico 18, D.F.

Tel. 515-61-85

ING., BENITO GARCIA LOZADA
Manizalles No. 785

Col. Lindavista

MExioo 14, D.F.

Tel. S86-70-47

ING. JOSE ANTCONIO GONZAIEZ SIFUENTES
Gral. Pérez Treviip Ote. No. 1029
Saltillo, Coahulla

Tel. 3-67-64

EMPHFESA Y DIRECCION

PROWECTDS ESTREUCTURALES
INTWVERSIDAD CENMNTRAL BCUADDR
Av. de las Emericas

Quito, Ecuador

Tel, 54-79-98

FUNVISIS

Av. Washington

San Baernarding, Caracas
Tel, 52-597-11

ESCUELA DE INGENIERIN CIVIL
Judrez No. 27
Guanajuato, Gto.

S. A. R. H.

Sierra Gorda Mo, 23
Caol. ILomas Chapultepec
MExico 10, DuF.

Tel. 520-73-07

5. A. H. Q. P.
Constituyentes No. 947
Col. Belén de las Flores
MExico 16, D.F.

Tel, 2-71-30-00 Ext.. 309

FAC.DE INGENIERIA CIVIL
UNIVERSIDAD AUTCHNCMA DE
COAIHUTLA ’

Unidad Campo Redondo
Saltilio, Coah.

Tel. 2-15-51 1 :
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15.

16.
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DIRECTORTO DF ASISTENTES AL CURSO: SISMOLOGIA ¥ SISMICICAD

(DEl 3 AT, 19 LE JULIO DE 1979)

NOMBRE Y DIFEQCION

JODIY GRARRALOS BLOISE
Apartado 5856
San Jos&, Costa Rica
Tel, 32-73-89 Y 32-2{-43

FNRIQUE GRANELL (XRARFIJRIAS

Hda. Tecajete No. 10 Esg. Hda. Carretas
Col. Hda. del Rosario

MiEvico 16, D.F.

- Tel, 561-B8-95

NG, JORGE QUERREFRD FERERA
Medanos No. 160-1

Col. Ias Aguilas

México 20, D.F.

Tel. 651=-66-14

ING. ALFONSO LOPEZ FUENTES

Unidad Cujtlahuac Edif, 8 Ent B-201
. Nva. Sta. Maria

Mé&xico 16, D.F,

Tel. 556-47-58

ANTCNIO LOPEZ SANTOG
Hifios HErces HNo. 14
Col. 8n. Antonio

Chilpancingo, Gro.
Tel,

ING. ALFREDC MEDTNA PERA
Calle 2da. No. 12

Urb. Indeperdencia
Santo Damingo

Fep. boinicana

Tel, 532-49%-91

EMPFESA ¥ DIRBCCTICON

INSTITUTO COSTARRICENSE DE
ELECTRICIDAD

I.C.E, Apartado 10032

San Jos&, Coata Rica

Tel.

E.5.J.A. T.P.H.
tnidad Profesional Zacatenco
Col. Lindavista
México 14, D.P,
Tel. 586-96-44

5. A. R. H.

Sierra Gorda No. 23
Col. Lamas Chapultepec
MSxico 10, D.F.

Tel. 520-58-50

ESCUETA [E MNGENIERIA TE LA
U.A.G.

Av. de 1a Jwenitnd SN
Ciudad Iniversitaria
Chilpancingo, Gro,

Tel, 2-27-41

CORPCRACTCN DCOMINICANA [E
EIFCTRICIDAD .
hv. Independencia

Santo Domingo

Rep. Docminicana

Tel. 533-11-31
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DIRECTORIO LE ASISTENTES Al CURSC: SISMOIOGIA Y SISMICTDAD
(OEL J AL 19 IE JULIO DE 1579)

NOMERE ¥ DIREQCION EMPRESA Y DIRECCION

FAUL MOWTES VARELR UJ.A.G. ESC. DE THNGENIERIA CIVIL
Alvarez No. 41 Av. Primer Congreso de Anshuac
Chilpancinga, Gro. Chilpancingo, Gro.

Tel. 2-43-62 Tel. 2-27-41

AUFFLIO MORALES TOREES
Av. Huancayo Mo. 717

COMISIOM FEDERAL DE ELECTRICIOAD
Melchor Ocampo No. 469—?0 PISO

Col, Lindavista
Méxicoa 14, D.F.
Tel. 754-28-17

ING. MARIANFELA MOREND CEBALLDS

Dr. Batances Edif. {
Fepartn Faris

Sto. Domingo

Rep,. Daminicana
Tel. 682-23-27

ENRIQE NAVARR) RTZ
Andrés Figueroa No. 3
Col. Lamas Hizachal
MSxico 10, D.F.

Tel, 589-81-48

ING. DARIOD PTMEDA BOWILLA
Av, Canadi Mza. 14 Lote 14
Zan ILuais

Tel. 71-06-92

ING. RCEENDO PUIOOL MESA
Sabanilla Montes 4= Oca
San Joss&, Costa Rica
Tel. 25-93-15

Col. Annures -
Méxica 5, D.F,
Tal. 523—59-25

SECRETARIA DE ESTADO DF OBRAS
FUBLICAS

hve, San Cristobal

Santo Dormingo

Rep. Dominicana

Tel. 5£7-45-95

S. A. H, Q. P,

Av. Constitunentes No. 947
Col. Belén de las Flares
Mixico 10, D.F.

Tel. 271~30-00 Ext. 400-403

EMPRESA NACICNAL DE PUERTOS
{ENAPU-PERL)

QOficina Principal

Terminal Maritims Gel Callao
Pert

Tel. 29-92-10 anexo 338

MIVERSIDAD [F COOSTA RICA
San Jos8 de Costs Riea
Tel. 25-55-55

24-~24-08



1DI'REC'I'CRID DE ASTSTENTES AL CURSC: SISMOIOGIA Y SISMICIDAD

{DFL, 3 AL 19 DE JULIO DE 1979}

NOMBRE ¥ DIREOCTON

ING. RAMIRO RAYA VERDUZCO
El Marco EAIf, 54-303
Y¥ochimileoo

Col. Rinconada del Sur
MExico 23, D.F.

Tel.

ING. OSCAR GERMAN REYHOSD GOMEZ
R, Flores Magln No. 29 Edif.15
Ent, 5 Depto 302

. Col, Tlalteloloo

M&xico 2, D.F,

Tel. 597~-63~12

ING. ELGAR MANUEL RCBAYO ESPTNEL
Carr 56 No, 42-12

Bogota, Colarbia

Tel. 269-35-97

NG, ISATAS ROMEND PEREZ
Migaifn Loreto No. 51
Col. Ferrocarril
Mexicali, B.C.

Tel, 7-23-14

MIGEL ANGEL RUIZ CERVLNTES
(bmal No. 56

Col. Marvarte

México 12, D.F.

Tel.

J. BEFMARDO SALKCEDD FUIZ
Criente 229-B No. 121
Col. Criental

MSwico 9, D.F,

Tel.

EIMPRESA ¥ DIEECCIN

DIR. GRAL. DE OXISTROOCICH Y.
CPERACICON HIDRAULICK

San Antonio Abad Mo, 231-8
Col. Corera

Meiem B, D.F.

Tel. 578-33-90

E.5.T.A. "I. F. N. 1
Unidad Profesicnal Zacatenco
Col. Lindavista

Msxico 14, D.F.

Tel, bHE-UR-44

UNTVERSIDAD DE LGS ANDES
BOCOTA, COLLMBIA
Carrera la. Calle 18
Fac. Irg.

Tel. 289-40-11

INIVERSIDAD ALTONOMA DE BAJA
CALIPORENIA

Mexicali, B.C.

Tel. 8-17-50

5. AL H, Q. P,
Paseo de la Reforma Na. 77-20.P.
Col. San Rafael
MExwico 4, DLF.
Tel. 546—-67-09

5. A.R.H.

Sierra Gorda Mo, 23

Col. Lomas de Tecauachalco
MExico 10, D.F.

Tel. S20-73=07
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34,

DIFECTORIO DE ASISTENTES AL CURSO: SISMOLOCTA Y SISMICTIDAD

(DEL J AL 19 OE JULTO DE 1579)

NOMBRE Y DIRECCION

JCSE SLACEDD TIRA
Calle 106 Mo, 22-175
Col. Santander
Colambia

Tel. R47T-24

ING. ALFREDO TREJOS DE LA PENAR
Copiloo No. 300 BEAif. 10 Dpto. 304
Col. Coplleoo Universidad

Mixico 21, D.F.

Tel, 548-59-41

ING. LUIS VALIES ARRIAGA
Antillas Ho. 407

Col. Portales

Mixico 13, D.F.

Tel. 539-83-04

ING. A. HOMERD VINTINILLA OORDWE
Alfonso Borrero y Ado. Loja

Col, Azuay

Cuenca, Ecuador

Tel. 82-10-18

FMERESR Y DIFECOCION

INIVFRSTDAD THNEXISTRIAL, DE
SANTANDER U.1.5.
Santander

Coloabia

Tel, 561-41 Ext. 485

FETROLEDS MEXTCINCS
Marina Maciomal Mo, 129
MExico, D.F.

Tel, 531-72-22

OSUCASA OOLIDAR Y PROCESA
Borrerc 10-83

Col. Azuay

Cuenca, Ecuador

Tel. 82-72-00



