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PROPAGACIGN DE ONDAS ELASTICAS EN UN MEDIO SEMINFINITO'
) . i
poa

Francisca J Sinchez-Sesma

Inutiduto dt_Ingtnienin, Uriversddad Kacdonal iuzﬁnnna de Mixico

1. INTRODUCCION

Laz pondas sf{smicag =& propagen desde la fuenta de acuerdo
con las propledades mecﬁﬁicaa del medio en gque viadan y,.
por supueste, dependen tambifn de las caracteristicaz de
la fuente. La descripcifn del funﬁnenu ﬂ; podido hacerse
de forma satisfactoria al recu:rtr a simpl1ficaciunes -
-hipﬁtenil que llavan & la fﬂrmuluciﬁn de modelus que repre
sentan los aspectus mis Impartantes de la propagaciﬁn de
nndas en la tierra. E5 usvel aceplar que la tlerra es un
mecio ¢listice lineal, homogdnoo elisuérﬂpicn. En uﬁ me -
dic de exta naturalera can e:tepsi&n 1limitauds se uedea
propagar do8 tipas de ondasx el3gticas; lag ondaz P o da
compresiSn y la®s gndas S q da ccrtahte. Lags primaras ce
propagan cnn mayor velocidad y por eso =ze lesg suaia liamar
primarian mientras que las zogundes reciben el nombre de

fecundarias. Existen diversas socluciones para lag ecua-

ciones gue gabie%nan al fen&meﬁu de propsgazidn,  Axg, P:ra
una fuente puntual se podrfa hablar de ondae esféricas,

que a grandes dlstanc!an-de la fucnte se pueden represen
tar como pndag planas. En algunom casog =8 nndéiu ¢l pro
hlema de propagacidn como bidimensfonal y lag scluciones
para una fuenta #¢ AR en t&minos ds ondas cilindrican,
gue tambifn a qr;ndes distanci?n 6Ch aproximadanments planas.
un buen nﬁmégo de solucicnes da lag scuacfones fundamenta-

las puede epcnntrnrte'en el ﬂiculun;e texto de Ewing,

Jardetzky y Prexs {1957). .

La existencia de una supsrficle libre introduce reflexicnes

v

da las eondae al llegar a eéta. Para.ustudiarl;y natureloza

da las reflexicnas dicha superficia debe considerarse libre
dp asfuerzos., Dads gue a granﬂes distancias de la Fuenta
iag condas pueden suponerse planas y que pPara las 1nng1tud¢.
de onda de 1ntrrEI la curvatura da Ia tierra €8, comparati-
vnmente, pequehn e estudiard &l problema de reflexidn de

gndas planae por la superficie 2e un medio elfstico semin-

finito. Dicha superficie ze supondrd plana.

A vontingacidn te.preséﬁtan algunog aspectcs de la pro-
pagacifn de ondas en un medic Elﬁnticu de eatensidn 11imi
tada y s exprosan las ncuaCIﬂnLH quo goblernan al fenbme
no en tfrminos de rotenciales de Acsplazamiento, Puutnr

riormente e Jiscute la reflexién de ondas planas por la



. ) ‘ ) L _ ' -
Un segundo sjesplo simple se obtiene 81 se yupone que . ?** i gtl_ {8)

u=w=0 yguev=vixti. .De lag ecs 1 se obtiens que
#*

r

Asi, por ejemplo, una solucién de la ec 7 gue repregenta ona

3ty aly ) -
W5y = p —= (%) onda plana de compreeifn que viaja en una direceidn arhitrg

- ria estd dada por

¥y la solucifn tiene la misma forma que la ec 4 pero repra )
" . -

. : _ : . i . XEdyms
senta ondas gue viajan con una velocidad B, donde pi=yp/p. ¢ = {t- = um 0y {3}

Debe notarse que &l movimiento es perpendicular & la Si-

4 -

*

reccién de avance. Puede demostrarse que las solucionas . donde L,'m, n'= cosenag ¢e los iugulos formados por la direg

de 12 ac 5 reprenentan ondax de cortants, min canbio de cibn de viaje y 103 tres ejes coordenados, respoctivaments.

volimen, ' ' . sfT -.{x, ¥ 2} Y b= {t, m, n} donde T = vector de Posi~

cifn ¥y n = vector unitarioc qué da 1z direccifn de propaga-

Laz ecuaclones de mevimlento pueden resolverse de una ma - cign, la ec 9 pusde emcribirse como F~

-

rera mis gonersl por medio de potfenciales de desplaozaricnts. .
' ¢ = f{t-r-n/u) {10)

-1 el yegtor depplazamiento so &rr3esi Como

Ez. evidente qee solucicvnes similares pueden encohtrarse pa

LT e ; Viy, eon 7-F . 0 - . ) (6} - ) ra los tres componenteg del potewcial u?ctorial-y roepresen

tarian ondas de cortants viajahdn copn una valocidad E.

donde ¢ af un potencial escalat ¥ ¥ e un potencial vecto

»ial, puede fumostrarse gue la egf B representd una sclu- En coocrdanadas rectanguiares la ec 6 se decarrolla como
iftn de la cc 2 [0 da la ec 1 en cosrdenadas ractangula-— -
c r as ng ‘ T 3#1 ) EEL
res} 6L ¢ ¥ ¥ smetiefacen, respectivamente, las ecuaciones ax oY 8z
ap ¥
. iy _ 2 x
de onda: . .o o= 3% 32 * o1 (i1}
. ‘ ’ w
1 a? : - : we SE . Y. X
E'& - T —g?%— £7) . ar o FR

dende § = (¥ . ¥, ¥ ).

Y
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( Cndo pl;:no
Pl

cno horizontol

fig 1, Nomeaclafura para ondad planas
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Fig 3. Ondas SH ircidinte ¥ reflcjada

{i3)

ip

la onda reflejada estd dada simplemente por

'tr-]_-flrt_:ltﬂs‘ri-!;gnl_‘}

[14]

agul 1 = Sngulo de incidencia. Pueda verificarse qui

N P )

satisface la ec 12 ¥ la condicidn de quae
¢l plano % = 0 ectf libre de esfuerzo pues los Gnicoe en-

fuarzce rnléyanteﬂ cstfn dados por

a1 - H (1%5)

y combinando las ecs 13, 14 ¥ 15 resvlta que 1xr-=u an
x = 0, Debe observarse gue en estas condicicones al movi-
miento en x = ff, la superficie 1libre, gs pueds excribir

Ll %)

v =20t -2 ’Eﬂ—l ), {16}

por lo gue el factor de amplificacidn ea dow,

.
v

Fn la propagaci®» de ondas P y 5V ¢1 movimicnto astd on el
Flanc %z, o4 decir u = ulx,z,t], w = wix, 7,t) ¥y v = 0, En

csta cake lag ecuéciunes de onda gue deben satisfacer los

4

FDLﬂncillﬂa,.si o= —_—
’ 3% ats _ v a's
2x? ' G371 a? YL {17]



13 . 14

et

ll."f'ﬂ.r . . '

. - Tkx -lkx, +Tkz _lwt
. - +

gque loa potenciales sean finitom. Al definir L como imagi- .o - v ,ﬁPil '2. be . [{2}

naric negativo con b = w/c s chaerva qua el producto . )

donds t = w/c, m = wll/a? ~1/et) A ¥ K = w(1/8! ~1/e) 2.

E-Ilz Elut1_=|uft-zfc} (27) E1 By = ¢ se tienc el cazo mostrado on la fig 4 de incider-

cia de ondas P. En cambio i A.'I. w 0 pe tendrf incidencia

- dm pndag 5V. Sustituyendo las eck J1 ¥ 32 en lag ecy 21
represente una onda arnSnica que viajs en la direccidn peo-

¥ 22, haciendo que @ =T, . =0 &n x=0 y resolviendo el siz
sitiva de z con una velocidad de fase o, £l ¢ es5 negativa

- x x

. teza de ecuaciones resultante se obtiene que
la direccifin de viaje es &n la dirgccién nagativa de z.

En términos de los Zngules de las rtq-' 4 ¢ 5 se tiene gue .
a) Fara B, ={

' 1
a E . y 1
- = 28 A b coty, coty, - lcoc? v, -1}
c sen Y, sen 1 (28) 2 . P 5 3 {13)
& Weaty, coty, ¢+ lcot?y, -7)2
1 F L] 5
{on estas definiciones M ¥ K deben ser o reales o Iinagina- 1
. B, L eot TF{tnt ys-l} .
rice pues, de las ecs 25 y 26, se tlene gue . . . Ay " W ot Yp €Ot T, + Teot? Ys Ty (34)
ME e z? - wlsal a1/ - 1/a) fze) . . donde Yp = Engule de incidencia. y da reflexitn da la onda
y . B . Py Ty ™ Snqulo da reflexiSn de la cnda 5V, Debe recordar
? H 2ot L 1 H : !
K*wl® ~w ‘fﬂ. - g {I;': - 1{“5 j . [3“} B que 1a VEchid-ﬂd lplrente aptk dada poxy
hxt, para £ < a< |c|, M ¥ ¥ Bon imaginarics: para © u . E : (35)
- . sen Y, ten Y,
fele| « o, M es real y X Imaginario; para jel = 8 < a,
y L son reales. . b) Fara A, = &
: e ! i 1 1al Ay - | hcotyglear? vo -1] )

i r < gk cf, s Ltienen Jos toncilales - - —
Para el pr m?? case ! 2 N re B, ¥ cot Tprot Ysi-TEﬂtt Tsvl]: {36}

o ! -1 Tl [wt ) " I

_ ¢ =14 e ux-+ﬁzc ll‘}e . i31) s, % cot v, <ot vg - [Fnt! T5"}! -

) T eaty, cotyg + (cottyg SYLE



17

E/Eine

[ i

Fig 7. *Radiz euadiads’ de fa relacidn de enengds aeflefada
& cheagla Lncidénte pata una onda S¢ incidenti En
una dupernflfede Libne

lz L eot Ysicutth-l}
- = - -~ 2T - (40}
: 1:9:’15 l_j’ 0 -cHaTl ™ cotY, sgnw
a - ]& ' 1. : .
] fcat?y -1} 34b1f1-c?/a?) "ot vy _t2gnw
'! - - 5 % 5 {hij
Y _[cut’rs'llz‘#I{I-:’In’} cot Yo sgnw

donde &gn w =f{-1 i we<b o 1 51 wrl}. En este caso, la in- |

cidoncia de ondas 5V con Angulos de {pcidencia Yo RAyores
qua sen > {8/8} genera endte O .1 Loizofiiie e se atenuan
can la prafunaiden,

ig

-

4. ONDAS DE RAYLZIGH

Fara el tercer casc, |c] ¢ B < o, se tiene que

4_'.2 .:nx .~Ilz eIut (t2)
¥, eTkx gl lut ' {41)

o 1
donde m = ju| {1/ - 1/’11’}‘5}'-1-: = lw[{1/e? - 1/8%) 'é. Em
han eliminada Ay Y 31 Puesa no representan ondag incidentea
con potancialea finito®. Lag ecuaciones de esfuerzos nu-

los an x = D conducen a

1
Ay - 21{1-c%/82) 4I55.5;|r1|1:.'r (44)
L ' i-c7/87 .
) A 3 Ak -
* F 3 - 2 - FR [l'S‘J
L 2i{l-c?/a?) # sgnw

+

como las oct 44 y 45 deben ser iguales ee cbtiene gua la
velocidad dn fage, ¢, debe satiszfacer la zigulente ecua-

cidn: . ) I
¥ r i . 2 1
NER S LRRNES 1255 ka0 (46)

La ralz rosl de esla eevacifn, ¢p, encofitrada por vez pri-
mara per Rayleigh, ‘da la velacidad de las llamadas ondas

de Rayinigh, En la fig 8 ae presentan valeres Jde ¢, para

R



%x#=H
Hoo By
=0 —=——J~——=hr
- B2.Bz. vz

Fig 16. Notaeifn pata un estrate sobre un semicapacdo
efdydLien

-

Para 81 estrato y

3%y Bty :
. 2,2
FEE IR TS al 52\'2-0 (ug)

dende Rﬁi - wfﬁi; 1 - }'2,_ para el semiespacio. -,

Haciende uso de soluciones del tips de las gcs 23 y 24 ze
- . b .

purde escribir que

v =(a 2 FY1¥ B elex} eFk{z-CtJ

1 +

{49)

v u—k'f!x EIk{z-ct]

F (Ea)

! . .
donde Y, " {l-czfﬁil & ¥y, = {l—czfﬂii ﬁ. Sz chserva gua

8 ¢ < 32, Vg, O cuandg x =+ w_

22

Las condiciones de frontera son gue v, = v

o . on 9 1 2 Y tTxyjl {Txyjz
on x=0 ¥ que'-txy = 0 en x =-H.' Estas condiciones conducen
a up sistema de cocuacinnes homogfnes en A, B y €. Para

gue e tenga solnciSn diferente de cers el determinante

> del gistema debe anglarse. aAsf, sSe tiens que

- 1
H,Y w, (1 - e2sp2) AR
k) 2 2 .
tan RTIH* I I {51)
1M1 u tei/a2) . .

a3 la equacitn para chtorer la veloeidad dm las ondas de

1 Love,

B5i al < ﬂz 1la ec 51 da valores reales de ¢, en ol intervalo

"B < e< f,, mue dependen de k ¥ H. Pueden obtengrse ondae

de Love de férma'generul guperponiendo ondas de Love del

tipo de la ec 49 con diferentes k. . . "

La dependenc1a de la velocidad de p*opagaciﬁn de la frecuen-
clia grasiona el fenbmeno ﬂE dLarensidfn ¥, =n gEhEral este

T or

€6 el rasn en medies estratificados.,
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EFECTOS SISMICDS EN SUELUS GRANULARES

v

por

Furzhas DIaz Rodrigueszt

INTRODUCCIDN

El comportaniento adecuade de los suelos ¥y las cimentacivnes duran
te la courrencia de temblores es esencial para evitar dafios swve-

rss A toda clase do oEtructurans.

Las condicicnes bajo las cuales 1oy stelod [coqo parte de 1a cirpen

taciin o Ccom? material de cohstrucci%n) piorden ung parte signiii-

cativa de su resistencla, conduciendo a fallas inducidas por tamblo
res, ho Bon. a2l meros hasta la Eecha {Jundo, 1977) completacente

esptendidas ¥ constituyen un campo foptil de investigacidn y de gran

utilidad para la prictica profesicnzl de la Ingenterfa Civil.

La importancia de los efectos que los siakas pueden {nducir en los
erelos granulares se debe a los graves dafios gue ne han obserwvaiu

21 numarosas ocaslones durante lpg Leshlores pasados.

' auin Jde la Feaciln de hecfnica de Suelos y profewvnr de la DI-

vieifn de Estudios de Posgrado, Facgliad de Ingenfieria, UNAM

-7 .
-1

ps 1E81 2 1946 ge ha Informado de 229 deslizamicatos, gue caus
ron el desplazeniento total de 25 millones da o' de arena., En

4

Bolanda, a orillas de los nunerosos estrechos fque exiszten, ha
habido gran cantidad de deslizamientps gue han pravocada el rey
piniento de digues y, por tapte, la {inunde<ifin de grandes exte

gicnes do terreno.

En HExico existen‘evidnncias de gue durante el sfsmé de 1958

(Marsal, 1951}, ﬁn gran tramo de 1a margen [zgulerda dei rla

‘Coatzacoalcos tuvo CesplazAmicnios verticales y horizontalss di

importancia. Muchas instalacicnes gulla zona do astilleres ou-
frieron hundimientos bajo la cimentacifin ¥ £1 aEentamients geng
ral fue notable despefs del s{snc. Alguno: tramog de loa mue-

1les cimentacns sobre pllotes motillicos do 10 © de lomgitud su-
f:&aron deasplazamientes apreciakiles en direccifn horizoatal., Ua
de los ruelles ze desplazd hzeia el rio mis de 1/2 o, Tales og
vimientos =e han nt}ibuidc al fenboeno de licuaciln en lus map-
tom arenulimn;os y limcarencsos qua allf se encunntran-entre 1]

¥y B m de‘prnfundiﬂad.' En vista de las altas reinciﬂnes de vach
¥y de la granuicqetria unifnrne.de dichos éﬁelon, no puedes descy

tarse esta pogfbill =

Durante el tjnminr déhchile, en 195ﬁ, ri formaron Lxicnsag fona
de fella. La tierrz fue nrrastréda hacia el rar a lo laige de
iu costa de 500 m, llevando consigo tedas las watrusluras de re
tencifing las papedes del muelle eon LDFcIonES de 5 m de concrob]
reforzado }ucrun abatidan ¥ 1ue§6 arrastradas. En este migmo

temblor, fallfh una presa €rbira a la licuaciSn del suelo da ci-

mentocitn.
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A3 ESTUDIOS DE DENSIFICACTON

Zs wn hecho bien rz3tzblecido gque la aplicacién de carga ciélicn
E uvni nunstra d!_arenl, ¢a Cctao resultarde uwn decreciniento pro~
sresivo de volusen, afin en el caso de arepag denzas, los cuaiel
se camportirlan dilatantes bajo carga unidirescicnal o monotdnl
ta, Variag técnicas, tanio de 1 boratorle oome &2 carmpn. 898

han deearrollado (Broms y Forsshlad, 1569).

-2} wio de vibracicnes verticales para producir la EﬁnsificacIQn
-ﬁe kuestras de arena 5€ ha utilizado en ol pasado {D'h9pc1;nia'
y D Appolenia, 1%67; Tthitman y Ortigogsa, 1958}, ustos.estudins
han mostrasio g2 los cathios de peso volunbirico de lag mueneras

st Becpafos para aceleraciones meneres de 1 g (fios 4 y 5).

ios rambiloa tinto de volumen como de caractaristicas friccionan
tes de arenas secas indugidac por grandes aceleraciones borizon
tzles Yy un gran ﬁﬁméro de ciclor de peguefa amplitud se han in-
vasticgada utilizands - cajas de corte colocadad aobre mesas vibra

Zuras (Barkan, 1962; Youd, 1970}, ver fiq ¢,

Otres ectudios bas:des eon oensayes de corte sippla 7 assas vibra
&gras, can niveles de aceleraciéin } &mplitudcs de defnrqaciﬁn
vemejantos & lo8 eoperadoE on temblores intansos, Nan mestrado
cuer la amnlitud e deformacifn, compacidad relativa ¥ niicero
we cicins de carga son logs nrincipales factores ue Gohiernan

iz dentiffcacin da zuelos granulares secor o saturados bajo col

Giclones Grenadas [Silver y Ceed, 19€9: Youd, 1972}, ver fig 7.

‘Seed, Fyka‘y Martin (1%75), realizaron una serie de ensayes de

corte simple tanto en tha (K} coms en dos (x,¥y) direccicoes.
Se utilizaron dos patrones bisicos de rovimiento, ef los casa- |

}Es bidireccionales. |

Los reagultadnx de los ansayes urilizando movimientos aleclorios
ge resumen en la fig B, ap dondes Se encuentra e#l asentasiénto
para 10 eciclos de carga como funcifn de la relacifin, 1hf"v , an

donde 1, ¢ 5 el niximo esfuezze coztante horizopntal vy, a.
eg a) psfuerzo vertical agplicado. Estas prurbas confirmaze:
las ronclugiones de Silver vy feed [1971), gue para un nivel gz

deformaciones cortantes el asentamiento -inducido ea inﬂepﬂndiugl
te gel egfuerzo vertical, Sin o=barco, 51 se reallza ©=a oro2
ha bajo condiciones de asfuerzy controlado, las deformarcichus t
cortantes cficilicas, y por tanto los asentamientos, se intreman-
tan con el incremento- de 1a rolacitn de esfuerzos. FPara un va-,
lor dado de ]; relacifn d; apfucrzns se puede ver gue el asenta
miento causados por dos componentes de movimiento BE aFerimad£!

mente fgual a 1a suma de los arzatamientos causados por <ada

una de lod corponchtes.

fohre la hase de ectos resultades rarsce razonable postular gue,
' 1

para arepas gaturadas enszyadac hajo condiciones no dronadas,

el ‘nerceento de la oresisn de poro serd aproexinadziinte Gos VR

ces 1ayor baje dos componenies da rovicicnto Gue bajo wna scla.

+



bl Corveriis la historia da deformacionas g EcrtAnte de cadn’

capz a un nlmere equivalente de ciclios do do rnacfsn cortan

te g amplitud coastanta.
¢

. .
2] hplicar &7 aficere e ticlos de deforracisn cort -nte, deter~

Alrado en [(b) a cuestrag da arens ansayadas hajo condicionas
de corte simpla y ée;u:m nar Yas deforcaciones volumSkricas

Y a p?rtir de Estas conocer les gefenmaciones verticales ra

Fultantes, : '

) Fezeiir el proeedimiento de {c) para cada capa del cstrato

.u iniegrar las cafezmaciones verticales para obtener ol azen
tiionte total.

El paso {b] involucrz una aproximacién, Martin et al (1575%) ha

demost rafo gue nl efecto de una historia lrregular de deformacio
nes de cortante depende no Unicamentc da la marnitud de los pul
BeS cn el registro, comp tanbidn del orden on gue elles gon aplt

T, -
Chull. EI prncudimi%ntg para daterminar el nfimero eguivalento

de ¢icles no tema en cuenta el hecho antes mancicnado.

Ll expresar anallticamente la relacifin entre defortaciones de
cortente y los cambios de volumen, se pueden climinar los josos
h, ¢y & coup cucpde con el nﬂ{oda de Hartin ot al (1%75), ;1
ra3) ¢5 ipliceble al cllrulo de 2rxcniasientos da estratos de

iTGRA hofa O naiCfelnante saturada.

A 4 PERDIDA UE RESTSTENCIA 0F SUELL3 GRLANULARESSLICUACION IE ARENAS

Fichablemente ung de los efectob mi5 o StoEQE ¥ eSprotaculares
gue ;= puedan encontrar en ingenlesla sismica ae debzn &l fond

a1y de & licuarlfn ©2 zrenas.

El fenfmeno ws « *~plejo - alin no as clare y completarente oo
prendido, al yrade gue es & -silble encontrar interpretacicnes

diferentes 7 afin contradictorie+ de los hechos experimeﬁta]el

* "

axigtentes.

Ia discrepancia chmpieza con la propia definfeif del virmine 1%
cuncifn., Mientras que para Seed [1566} el t&rmino "Licuc.{fn
indedal” =s la condiciin Ge unad 1wbstra fa arona €n lz cual la
presitn de poro inducida por 1a apliéaciCn de carga ciclica al-
*canza al vailor de la presifn de venfinamiento y-el t&rmino "Ld-
cunni{ﬁ tatal" os la concicisn currespondients para gua la 1r@Gg
tra alcance una anplitud de deformaciin del 20%; Casagrande en
1969, utiliza lnﬁ términos licuacsifn y movilidad ciclica gue
-despuﬁs modf fica lCnsaérande. 14976]) ﬁefiniendu por "Eicuacidn
seal” n la respue;ta do una rweslia de arena suelta y satuorads
cuando sn 1l somete & deformationes o impactos que dan como re-
gultado una pérdida sustzncial da resistencla ¥ &n casos extTa-
mop A flujo de italudes, ¥ p;r rricoapidn elefien® la respuesta
da uvn ccopécimen dilatante de AInnd cudride s6& 1" orsavi L0 chmas-
ra triawial ciclica y la presifn de poro se elava en forza in-

cremantal hasta igualar la presin de écnfinnmIEntu._
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P . .
d) Macn{tud dcl esfuerzo repetids _afacta la relacifin de esfuer:os {—2-&-.—1 que provoca la licdacidn

L . haptx en un 200% .

toaljuier depfisito eon una relacibn dea vaclos mayor que suo e ‘1 .
min .
es rus.zcptible e sufris pBroida sarelal ¢ total de regiztencia, g) lLanzo de ngiperzo Eestenido

el la ercitac:®a ex de int i I
: e intensicdad sufizfente. Experiencias de laborate io indican que muesizas Idfnticas so-

uvidencizs de cenpo deruestran gue depSsitos de arsna puelta han _T'Etid“ 2 cargas sosten. .2¢ por pericdos que var{aron ce 0.1 a

- -
reststico sisros de poca intensidad [0.005 g} y se han licuado }DD dias wntes del ensaye, se vieron alcetadar en la relagi&n

de cafuerzog hasta en un 253%. Estos resuleiadss permiten supo-

ante la acelifn g2 efemes intensaos (D.16 g}, [Seed & Idrimeg, 1%71). .
. ‘ner que el efocto de la edad dal desdsito as un factax fnpartar

La resiztenela 2 l_a liccacibn decrece Al avcentar 1a magnitod del te. I:uebidn;l la enorme diferencia do eecalas de tiemmo entre

exl .
aEiuBIIo loboratorio y campo $e puede suPoneT una payer Aiferencia gue

*

) Eﬁmﬂrﬂ da ciclas gg_g;fuerzn _ . la A=l 25% oghciorada arriba,

vodos kos cstedios de Jzloratorio indican gue eh unMa puestra so h} Bistoria previa de deformeciones -

#ta & carga pegid 1 ral 3 £ . "
J=ta cargd repecida, con un nivel ce cs5fuerzo o deformacifn Este importante factor fue sefialade por Finn et al en 1870, Ge-

Freserito, el nizio de lz licuacitn deperderd do la aplicacitn mostraado que las caractwecisticos de licwacisd de las arenas =ob

4
ce un namcro recuerido de cicloa da esfyarzo. ) -

influenciadac por la historia previd ée¢ deformacicnes, £1 <on-

Esto s¢ confirmd en Anchor_aée, durante el temblor de 1564, ya - cluyd: ’

gutr los deslizemientos occurrderon despufis de %0 seg de Iniciase *la dependencia de fz sesisenciz a fa biczaeifn para

' aviriento. \- . .
el movd n una ehend cod L2 lirorda de Jefstmacdoncs cenduee

’ - H r Lt 4 -
rectentes invostigaciones (1973 a la focha) hen aportado nueves : @ 2a corcbusdfn de que Lo nealdleizda de ot deplsite

gatos de Jos fattercs quo inZfluyen en el fenimeno de LicuaciSa no putde dea deftiminnds s anz fzing confizhic me-

£2 ATQNAS, CIMS 5307 diznte &f entane de muprfras foroadus on oL Loborg-
nas, c an3

Zonde alin y cuzndp te Zenta LA misma acdacddn o

RS - wic{os que ¢l depfaifo, Fanece gur la Acsisleneia

Tyvka (1974}, Ladl 11974 y 1576} v Nolilis at al [1975), han Bn ) a fa Licugedln afife pmuede sen confdaclemente dofeh

sontuado que nl mitcdo de prevaracisn do la FueBtra {estruckura) rinadi en roesthas fmalichaday®
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LMlor {atrfbuvendo ol wetzds 2o ﬂefnrmacicngs del suelg a 1a

Eropagazifin de ondre ©  oortante}),

iea v Jeplizito &z sSvelo con superficie horlzontal, sntes del
bklir, el eestado de nsfﬁerzns pueds =ar ldealizado cormo ce

uestira en la fic i1l.a . Duragte el =ismo 105 esfuerzos cor-

tant2s gonerados supefpusftos a Lok esfuerzos normales e mues

trar an la fig 13k,

s cimara triaxial efeclica trata de simular las condiciones
Yuazlizadas descritas. tn espécimen saturado de forma cilin-
drica’se coneolida a un esfuerzo o ¥ postariormente con el
€renaje ¢errado se suMeke a o esfuarro axial cfclico de mag-
nitud - Lo, (fig 14), este rrecedimlienta proeporcicn: esfuerzos

tortantes eleclicas 1, €n un planc a 45*.

Son varias las limitacicnes da la cizzca trisxial ciclica y
@atas se wencicnzn en la literatura, ciends wna de las princi-

pules 1a falta de entendimicnto de la condicifin de campo gue

repressnta,

El cormportamients de las muestras de arepa Evwelta, semetidas
2l cnszye con edmara triaxial cielica, se caracteriza par un

avmonto gradusl dz la presifn €o poro sin Que haya defarmacidn

&riel ipreciehie, hasta fgue se produee el incremento gque eleva

Ya pregifn de poro hanta el valor de la prediln confinante, ﬁg

-
maata a partir del cual la zuestra se deforma sChitamente =3s
dal 20%. Lax arenas en estado :oﬁpnqtn cxhiben uwn eomporta-

w!cute cinilar r1 de las zrenas sveltas, pero 2l licgar a la

“cién horizental no pueden ger vaiformes).

"ticueeibn indclal® no so przcenta &ha defnrmuciﬁn'grande en

forma sthita, sino gque la deformacifn se Incrementa gradual-

manta.

Leglin el concepto de Seed y Lee [19£6), cualquier espfcinan de
ArCNA €5 sugcoptlble de licuarse np iepartands sy compacidid

relativa, Los parineiros kis importantes ;eglin estes fpvas: i
gadores son: al nhmerc de ciclos de e5fuerzg tHa]z para alcan
zar la condieciln- o = %1 » la reiacitn entre ¢l esfuerze cor-

. T
tante mAiximo ¥y el esfusrio confinantem, (—3=) ¥ la relacitn de
[ 3 "\ a -
- [}

vacios.,

Cestro {1%6%) Al realizar sus eneay@s en cimaray triaxial clcli
ca ohsesvd éun dv-ante la prucka se desarrollan hetercgencida-
de® en las muenlras, da manera supecial en la zonma superlor.

h?rihuye a enisx heie:ngnneldadea, inducidas por €l en=zaye, el

gua cspecimenes densos &lgencen la condicifin u = E;
i

Ertare de coale simple cledice

La prueba de corte si{rple ¢iclica se desarralld con la fdes da
conbuguir mayol kprozinacifn a las condiciones de campo cue la

logrades con cdmara triaxial.

-

Uno de los primeras aparatos ce corte simple fue el derarrclls

do por Swraish and Neawegdnn Ceafpehndiead Tasdditictes {Eiallenn,

. 1%51}. Sin embargo, este abaratn tenla el inconveniente de wti

" 1izar muestras cillipdricas (los esfuarr¥os cortaptes gen unfd BEC—
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can flujor de paterial preducidos }3: el 1ncrumentu de la pre-

nitn de pero originnda por lox cambios ﬂﬂl nivel del rio,

riteric de Flordn e IVancy

Cete crli-rio dosarrellido en Rusia, en 197, permite cEtimar
la zumczptikiiidad a Ya iizvaclén de suelos por medio de prue-
bas de carpo, Ee {nvestigan lox 10 n superiores ée suelo ha-
ciendg explotar sucesivamente tres cargas ﬂu.dinamita de 5 Kg.
qalo;aﬂas a una profundidad podia de 4.5 m v detartiqa;dn deg-
fpu&s de cadz explosién, =l ésentaniqntﬂ proswdio de la superfi-
cle';gntrc de un radip de 4.5 R. La cantidad y profundidad a
WA que 50 colock @l exploesivo su eligen da forha qus no haya

vrpolrifn de suelo Jurante Ja explosifn, 51 el asentamiento
prowedio ez nenor de £ 2 10 ¢a y <& srelacifn de ascpiaaienton
antre explocicones sucesivas of Penor cue U.6 g2 Dueds afirmar

cue cpe coelo nd e rusceptible & licuacifn.

Criterio de Kishida

EFete criterio estd besado en el anilisis de las condiciones -

del guerla de 3 sitios en 105 gue oeuarcid 1icunciﬂn* {Kishidn, =
* o
1969}, Bajo cisnos de iuual nagnitud, puede pourrir 1icuaciﬁn
1.- o ...u.’

51 ¢l nivel freftice estd cerca’de la super:icie, i las oa~
razteristicas granuvlométricas satisfacen las relaciones:
TEmor Doggr SBT4 EE éu « 10 ¥y
adands sl se cuiplen las siguienics condicliches:
- Ei ecpesor del estrato €4 suslo oo licueble, arriba del
-est: tg, lfcuatle fs mener que 6 =

- La relacidn de los esPQEEren del eatraio Ko licuable al

R+ I

licuable &= r=nor gque L.

Fishida tambidn concluye q&i los suelos RO BOR rtzoeitibles =z
la licuacifin sl 2 Al
- La premisn sfectiva Je confinamiants rs supericr a 2
xg{:m? O, ]
- La compa:idnd relativa as supzriof & 758.°

Criterio de Oshaki

Este crite;in [Oshaki, 1959{ eptablere gue loa sttelos coen nivel

froftico corcano & 1n superficie pueden licuvezsz 51 am pIeBEn-
] .
tan lae sigulentes caractgriﬁticas granglomfiricas:

2mm > Dgg » 0.2 oy Dyp < 0.1 mm

»

v

Adfcicnalmente, establece que estos zueles tendrin poca proba-

bi{lidad de licvarse si el hGmere €e coipes N__ en prucba da pe-

Ep
netracifin estndar es mayar gue 2, €n gue ¥ es la Ernfundid&d

«n metro.

-

.2 H&tn&as simﬂlificadns. Ennsisttn bisicamente en ccaparar la

- ] + -

resistencia obtenida an p:uchaa de 1nboratorin, con 190E es—
fucrios qua provacarﬁ el sizmo, calculndos en forma pimpli-

ficada.
-2

én esta categoria - se clacifican lons mitcdps propucatol bor
Seel o Xdriss (1970} y por Catigrande (1976).

Fitodo ce Seeé ¢ Idriss

Este rftpdo consiste en coirarar los eofuerzcs lnduciden por
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log csfuerios oue provocardn le lieunacifn en uyn suelo & ona. com

+

Facidad relativa dada, .5& pusen deducif en forma poroximada de

los experimentos llevadod & cabo por Aiversos investigadares,
Lioto ¢n cizares tria:inlé: como en aparatos de corte simple.

A partir de pruchss en clmaras trizxiales se han obtenide grifi
CaE que per7itén estimar sl geurrird licvacifn en un suelo some
tico a un dete-ainada nimero de cicles (10 o 30 usualrantsa)
sera via relacifSn da esfuerszos E;SE} dada y determinada t:znmafio
de lag parti::l?s (representads por el Cspl. En las figs 18 y
19 pm presentan erntas grificas para‘ﬁnq compacidad relativa da

L1103

Para dvierminar la relaciin de nsfueézos cnrrespnndieﬁte & otra
srizacidad relativa se csa el hercho euperinental de gue la rela
€iln da asfuerzocs E;gg} ey aproXinadooente propercional & la
compacidad rel, vy {gig 18 ¥y 13]. Ea lzs miskas figuras, se
obeerva gue £] materlal nanpg resistente corresponde a wh

Dgp = 0.074 pan. ) -

Tatinndo an cuenta gue el osfuerzo ris signifi:ntiﬁu, en la li-
vuacidn de-un-stelo baje la acclin de un terblor, es el esfusr,
e cuétante actuante e¢n el planc ha}izdntalg ia prusbha de corte
sirple e% la goe sojor aseonja las ccaciciones de defosmacitn
Ifp-pitw. & I tinto Irporriante correlascicrar los reruvltacos
thtorjeres, uﬁteniCns tn ciraras triariales, con lcs obicnides
en pruibes do Eﬂftﬂ. Las Investigaciches Ilevadag a cabo por

feed e Idreliss, permitieren concluly cue, para Zines pricticos:

.= 25 =

o .
(*=¢) corte sirole G ([=55) triaxfal
uy _ a 2°c

en quE,Cd_dEpﬁndE_ﬁgql;|tﬂ::s:ijaﬂ relativa [(fig 20},
- S

Comparapdo los esfuerzos producidos en el terrenc por un ton¥iot
y log esfuerzos gue el moterial es capaz de soportar, =r - oaibly
deterninar =i el wuelp presentzri o no el fenfmeno de licoacilin,

para lzs condiciones particulares supuestas,

Seed e Idriss preftntan un prn:eiinientc Eimplificads gue permi-
te aplicar rl méEledo anterior en fomma expedii- rediznie grifi-
cas de penstracifin estirdsr contra la profundicad, elzboradas’
para 2 profunajdadcs tfpicds d=1 nivel freftico ¥ para 2 ac-la-
raclones mEximas del terrenc {figs 21 y 22). En cestas. crificas
ge deiimitan trcs TORas: Un, en 1a cual no habrd liceacifng
étra, en ta que podrie v no preseatarse licuvaeisn depeniiendo
de las cazacteristicas grarulonétricas del materizl y ée la rag

nitud del tenblor: y la tercera en la cual s muy probable gue

. 0] material se Jicfle., Las fronteras cntra lags zonas antericored

s& detorminaron para una compacidad relativa de 30% y correspen

den a eondicicpes extremd® en cuanto al nfimereo de ciclcs signi-

ficativos proeducidos por uvh texbhlor y a la granulcmatrka del ma
terial. La froplera a 12 izguierda de la cual e concluye gue
hebrf licuacisn fue obtenida usando el mindne ndmers co ciclaos

razorable ;Hsﬁ = 10} pombinedo con Ia grinulomoiria Q22 5 ote-

rial mouas suscoptible &2 la 1rue=dibn {Dgp = 2 1wl la frontera
1

' ] '
a 1n derrcha do 1a cual ee dice no halrd licuacifin =e cbtuvo

corbinanio el fixine nbmero Je ciclos rarondble IHE? = 30} con
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edelos desanccliadaos en Lo Univexaided de Cat{j&nniq, Bealbeley

nE aclelps desarzpllades en la ‘Unlversidad de California. tiche

sn mzpacteristicag princinzles:

)
¥

75t Blece 3 = scuaciores de roviplento en funcifn d!.fﬁfter-
oo totALes . '

Consideran el problema de despl, zamientos pecilencs.

El comportamiente no-lineal de loz suelos se tratad ya Sea me

disnte un prozedimiento 1fncal sguivalente o medin.te un crl

terio tipo Mesing, gue puede ser uh Hanherg- Osgood ¢ un Har

!

‘e o

tin-Lavidenkow, -
Ia éenerucién de la presiSn da poro se calcula a partir de
resultados de prucbae triaxialos ciclicas consalidadas-no
drenzaas (Lee y Ribaese, 1374}, cuyas varinbies 500
esfuerzo de corsolidacitn

edfuenze desviadon edefier

"{ug}ﬂ . paésiﬁn de poao genchada para N elelos

" N, , rimens de edclos parg provocea ta dfcwacddn -
- _
.1 represontar las relacioncs N{NL Vs E% g8 obtlena URA
' ]

fras<a angosta ce forma peculiar gue se represents pediante

L u_ |®
=— u| L{1~coe EE}

HL '

e et va pErfnsizo gue dormde del tipo de aresna y de las
condiciones de prueba. Al aplicar Ja cxpresidn para ura

historfa fzregular de cicles de esfuerzos es peccsario

transformar dicha historia an un ntzero de ciclos eguiva-

lontem, de smolitud constante, segfn el criteric descrite

5) lrg ecunciones deo movimiento se inthg!aﬁ con el nitedo del el

- oroont

- 3p -

por  Secd ef al 15275,

rento finita ya sea con el criterio del método !Zneal equiva—
lente o Liep en forma Ipcrescrtal. La intearacifn re wcto al
tiwerpo 58 lleva a cako meciante un esquena gue ctilice nl domi
nic de la :recuenéia: o bien una directo, paso a ;ase oh el dc

minio del tiempo.

£) Fl emortiguamicnts conalderads cs el lineal .oguivalente (Seed

N

e Idriss, 15710} o bien el goe resulta de considerar un medelo

higterético.-

-’

La disipacfﬁh de la praslén ée pore Be calcula c€on base on 1a
gL eracién de la piecidn de poTo conocida ¥y la Teorla e Con-

tolif--i8&n Unidirensional.

£} Para problemag bidinensionales la retpuesta dinfmica ge cuanti

fica con el mEtodo linmal eruivalonte, RientrAS gue pard ios
brablenas no lineales ilpncrecentaleas fe considerd CGofca..ecnte el

cagn unigdimonsionsl. - '

El mitodo cexhibe lzs ta;actcrkstital de la respuesta diramica 13

tica, coms la de gue el sigtera regrese & =u pooiciin de egalfli-

brio y no se tengan disterciunes ﬂﬁgularas permenentes al caoscr 1

éxciticiﬁn-

La uolucifn exhibe meicados efccties de rescnaneia ooz do el pa-

rfoda preﬂcéinhntﬁ ¢ol acelerogrema correspondes con el parfeodeo

furdamantz] del denfisito.
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G ¥ t se detarming fegtin Harden y Direvich [(1972].

=0

Lag crayactarize da doscargs y recargh se describen esdfante el eri

terio tipo Fasing  [(Pyke, 1975}

1-f; c iy-y_} G Jiy-y 3! .
__;_E_ - JEE_;_,_E# / ﬁ 1+ mn £ !}
. . ; ztun .
donde -
Y. ¥ T, son 11 deformacifn cortanie ¥ esfueris cortante dulf
runto donda ocurre 1z invtrtiﬁn de eExfuspeC
g r ton e} mSdulo al cortanta ¥ =l efq.qr:n COrLante red=

pectivatante para el civia W, expresndon pori

E.ﬂ-ﬂm 1l + =
Ry * Hp ‘vd -va . :

. . " ]
T =7 tw "" . )
- mo |1+ [—1 152 . -z
Hy * Mo €4 "
dcnde
E.a . &3 la deformacidn volerftica acuoclada

Hi,H, 8 ¥ M. Fun Constantes exparifwntalea

ECh 1os esfuerpos verticllul Lfectivo: ch el ciclo N
e infctal re rpectivamente

a'_ ¥y '

v ¥

ll La genaracifin de 1a presifn de porp se calcula rediante el caﬁj
io do volumin acusulade, cbtenide experimentalments. La Exptﬁ
Eifn dal facrerantw del canbio de volumten ce:
CJ \rd o

=g, i3 -cC o+ R
1 2 .
vk “vd T L, .3

[
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cll 'Eza C] ¥ t'
te gl tipo de armnd y Ja compacided relaciva,

Aon constanbtes cxpErimencaies gue toman en Cuen-

En vondiciones no-drensdag y completa satuiacitn, ol Iincretanto
de la presitn da poro furanta cadr inicrvale dx tiezpo de Inke-
gracifn %= calcula sediante

LAY Er hEvd
donde

?t eg gl mSdulo de recuperaciln elistica anidemenxicnal

5] Las ecvaciones 4m movimiento se resvmlven con al PEtodo de dife-

b

rapciag finftad ¥ la Integqracifin sa lleva &2 Coalbg con ol mdtodo
hata & Neumark. i

6) Ademds Qel aoortiguamlentn histerftico, sa pusds Inclulr amarti-
cuamients viscosa, de acuerds con el criterio da Rayleigh.

7} La disipaciSn dm la presiGn &a poro s= calcula con base &0 la
Teoria & la Coneslidacifn vafdimansional.

&) El modelo es unldimenelanal y las @Cuaciones de mavinientd y lanm
do disipacisn do la presiSn de poto se Intequan en forms indepen
diente. ; _ :

EX modelo permite rwalizar anflisis parw tres condiclones diferen--

tos da drendaje.

a} no permitigndo rgdistrlbuclﬁn de La presiﬁﬁ du porc

b} permiticndo redlsiribucidn para ne permitiendc disipacidn de
la presifin de poro

£} permitionds disipasita

Los resultados obtenldos muestran claramente la Influencia de Jas
condiciones de drenaja sobre el degarrello de 14 presidn de poro.

El mitodp permit= calcular: r

a. la hictoria &a acrleraciunes (%}, dularmacinn.‘:; de corvante fryil
¥ lop 2pfuerzof Corcantesg {ri an cada czpa,

b] E1 deuarrollo d# la preslin de poro f[u),



- 37 -

wjecplo. el LARP jfdquefzzlion analysis foa aadiad [low! Sesarroila
do por Beed y Booker {197E). )
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Whaltever (he calegons Lo which ooweisine rish prooblieg elotes, § readines
the prdiction of probability disiibulives of eerias pround suttiog ‘c‘.‘.nr-
aweleriviies (el us peale prowned nevelermlion or velotily, socelral dinsity,
Fespainse or Folirier speeta, duralinn) @l o givin site turing o osingle shock 6:
of masimanm vatues of s 08 [l characleristies i carthoaakoes aoouTing
durunt given ol fntemals Wien the relerenee Interval tosds wo infinity, e
roibility distrivution of U niaimum value of 2 given elaractoristic an-

*20 - -
. . LY
rroaches thot ol iLS maximum pessble voiue, Bronwse differnnt systoms or
sthsysterns are sensitive to diferent ground motion chameleristics, the torm
intensity charseleristic will e used throurhout this chanler to menas 3 partic-
i purameler or seioof notemelers of onoearthouake mohion, I torms ol
wiich the response is 1o be poodivted. i

Uinus, when desling with the failure
r

-probaaillly of o ostraciure, Btensity can be allesmatively measured — with

-

gilienent degvoes of comelnton with structural respoase — by the ordinatc of
the sesponse spectrum for the comespanding period and damping, the peak
ground acceleration, or the pealk ground velocily.

In peaczad, loesl instrumental nformetion dees rnet suffee for eslimatins
the prolability distribulions of meximum ntensity chasseleristizg, and use

s o b made o dola on subieclive mezsuses of ndensilies of past carfe-
Gunises, o models o Jocul sefsnilclly, antd o oxprossions relating chiraatoris-
tics with magnitude and site-to-source dislance, Models of local stismicity
consist, 4* lnast, of expressions 'rc*.:nting marniludes of carthousiacs generaled
in glven volumes of the carth’s crust with Lhedr retumn periods, Mere oltwen
than not, 2 mere detaiied deseription of lacal saismicity s roquirad, ingluds
ing eslimalos oo fhe marimops minpsibede dhat enn be penerated im these
YOI, =5 woh as probabiilstic (stoshastic process) mouels of the paossibl

Histaries olseizmic events {defined By mamsitudes cod coondincies).

Tris chapter desls with the vodious stops Lo be fellowed intie ovaluation
of scismic risk ab siles whore information olhor than diceed Insbrumental
recon!s al intensitles has 1o be used: idontilying neotentis! sources of ac-
Liyity near the site, Jormulaling mathematica! models of locai selsmicity Tor
caell sputoe, oblaining the contriouiion of cocl source toscismiin risk at i
site aned z2dding un condeibuticns of the various sources and combining in
formation obtsined from local? geimlcity of souncs near N slie with dala
oninstriimental oo subijcedive tntensitics chsesvetl at the siie

The loresoing stops consider use of informution stemming frem sources of
different nature. Quaniitative values desived theredrorm are acdivarily tied to
wide uscertmnty marcins, Henee they demand praobabilistic evaluation, even
fhough Lhey cannot always be nterarcted interms of selative lioovencics of
cuteomes of piven experiments, Thus, reologisis talk of the moxinum mag-
nitude Uil can Le penevated inoa given aren, asiessed by loodineg ub the di-
monsions & the peological acecidents and Ly exirapciating the obsayvations
ol Gihur medions which nvallalle evidence allews o brnpd as simiiar 1o the
gne of interesty the eslimnates produced are obwipnsly waceriain, and the
degeee uf uncerinindy shoull bhe expressed teputher with the miost probable
value. Foligwing nearly paralle! luses, some geopaysicisis estitnale the enerpy
toad ean be Sbeonted by o single shock in o oeven area by masing quaastitalive
assumptions aboul source dimensions, dislocalion ampiitude und siress drom,
cansitent with teclonie models o) the moging wsd, ogai, wit: comparisons
witi areos of similar tectenie characteristics.

Uncertaintios altneaed 19 eslimates of tao Wyne Just desevibed aoo in Jon-
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cral extremely naogpe: somie slodies relatiigr Taull ruplure area, slress tlrop,
and magniturle (lleene, 1968) show Lhat, considering not unustally hiph
stress drops, iU docs not Like very lurge sotree dimensions Lo pet magnitudes
8.0 wul preater, aned those studies are practically resteicted Lo Lthe simplest
types of faull displcement. 1L is nol clear, therefore, that realistic bouruls
can always he assigneld Lo poleotial mymitudes in given areas or that, when
this is feasible, those bounds are sufficiontly low, so that tesipning sinictures
to withstund the corresponding intensilics is eeanamically sound, particalar-
ly wihen accurrenee of those intensitios is notl very likely in the near futura,

Because uncertainties in maximum feasilile magnitudes amd in olher param-

elers deflining mapnitude tecurrence lows can be as significant as their mean
values when trying Lo make rational seismic desipn decisions, thos: uneer-
tunlies have Lo be explicitly recopbized and accounted for by means of
adequate prubabilistic criteria. A corollary is that geoiysically Lased esti-
males of seismicily paramelers should be accompanied with carresponding
uncertainly measures. ’ '

Seismic risk eslimales are often based only un statistieal inlocmation (oh- .

served] anagnitudes and hy pocentral coordinaies). Whan this is done, # wealth
of relevant peophysical informalion is neglecied, while ke probabilistic pra-
diclion of the future is made Lo rely on a sample that is often small and of
Jitile value, particutarly if the sampling period is short as compared with the
desirable return period of the evenls capable of severely damaging a piven
AAR

The criterion advocaled here intends to unify the foregoing approaches

and ralionally to assimilate the corresponding pieces of infermalion. Its -

philosophy corsists in using {he geolopica), geophysicnl, and alt other avail-
abie non-stalistical evidenee for producing a set of alternate assumptions
rancerning a mathematicad (stochastic process) model of seismicity in a given
ource area. An initial probalility distrihulion is assigmed to the set of hy-
rotheses, and the statistical information is hea used Lo frprove that probabil-
ty assipgnment. The critenion is based on application of Bayes theorem, also
alled thie theorem of the probabilities of hvpatheses. Since estimates of
isk depend largely on eonceplual models of the geophysical processes in-

‘olved, and these are known wilh different degrees of uncertainty in iffer-

it 2unes of the carth's crust, those estimates will be derived from stochastic
wrocess medicls with ubeertain fotins or parameters, “Ibe degree to which

hese uncertainties ean he reduced depomds on the limilations of the state

f the art of geophysical scicnces and on Lhe efiort that can be pul into

ompilation and interpretation of geopliysical and stalistical information.

[his is an cconomical problem that should be handled, formally or informal-
y, by the erileria of decision making under uncertainty,

18z
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ITENSITY ATTENUATION

Auailahle eriterin [or the evaluation af Lhe eontribution of polential seis-
mie sources Lo the visk at o silc make wse of (nteasity allenuation expressions
thal relate intensity characteristics with mapnitude and distance from site to

source. Depending on the applicalion envispped, the inlensity characteristie |

to be predicted can be expressed in a numiber of manners, manging from a
subjective index, such as the Medified Mercalli infensity, 1o a combination of
one or more quantitative measures of pround shaking (se2 Chapter 1)

A number of expressivns for attenualion of varicus inlensity characteris-
ties wilh distance have bren developed, but there is litlle agreement among

most of them [Ambraseys, 19730 This is due in part Lo discrepangies in the -

delinitions of some paramelers, in the ranges of values analyzed, in the acs
tual wave propagation properties of the peological formalions lying between

source and site, in the dominating shock mechanisms, and in the forms of )

the analytical expressions adopted a priori.

Most inlensity-atienualion sluslivs concern the prediction of earthquake -

characterislies on rock or {iom pround, and assume thab Lhose characteristics,

" properly medified in terms of frequency-dupendent seil amplilication fae-
tors, should canstitule the basis for estimating their counterparts on soft -

fround. Observaltions about the influence of seil properties on earthquake
damage support the assumption of a strony correlation bulween Lype of local
ground end intensity in a given shock. Attemptis to analylically predict the

1
characteristics of motions on soil given those on firm ground or on bedrock

have not been too successful, however {Crause, 1973; Hudson and Udwadia,

1973: Salt, 1874), with the exception of some peculiar cases, like Mexico

City {ierrera et al, 19G5), whore local conditions [avor the fulfillment

" of the assu mptions implied by wsual analytical models, The following para-

graphs cencentrate on prediction on intensities on firm ground; the influence

of local soil is discussed in Chapter 4. .

§.2.1 Intensity attenuation on firm ground

When isoseismals {lines joining sites showing equal intensity) of a given
shock are based only on intensilies obscrved on homopeneous ground cons
ditions, such as firm prownd {compact soils) or bedrock, they are roughly
clliptical and the oricidations of the corresponding axes are often cotrelated

wiih local or regional peological trends (Fips, 6.3—0.3). [n some regions — for

instance near major {auls in the western United States —those Lrends are well
defined and the correlations are clear enough as te permil prediclion of in-
tensity in the near and far fields in lerms of magnitude and distance to the
penerating fault or 1o the controid of the energy liberaling vu]umic. ln_nt.her
regions, such as the castern Uniled States and most of Mexice, isoscismals

secermn to clongate systematicaliy in a direction that is s Iunct.’fun of the epi-
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Fig, 6.1, soseismals of en varthquake in Mexico. (After Figueroa, 1963.)

contral ecordinates {Dellinper, 10730, Fipucron, 19630, T that case, intensity
should be expressced as a {unclion of masnilide and coordiuates of source
aned site. For most arcas in the wotld, inlensity has to be prdicted in terms
of simple — and cruder .~ expressions that depend enly on magniiude and

- -

4

distunce from site Lo instrumenlal hypocenter. This stems frum inadequate

knowledpe of peoteclonic conditions and frem Bmited inlormation caon-
cerning the volume where energy is liberaled in each shock.

A comparisen of Lhe rates of altennuation of intensitics on firm ground {or
shocks on wesleen sl castern North America has disclosed systematio dif-
forences Letween those rates (Miloe and Davenporl, 1969}, Tiis is the source
of a basic, but often unavoidalile, wealiness ol most intensity-atlenuation ex-
pressions, Lecuuse Lhey are based on Leteropgeneous dala, tecorded in dil-
forent zones, and the very nature of their applications implies that the less is
known about possihle systermalic Jdevialions in a given 2one, as a conses
quence of Lhe meagerness of loeal informatien, the groater weight is piven
to prediclions with respect to observations.

£.2.1.1 Maodificd Afcrcalli intengitios )
An analysis of the Modified Mercalli intensities on fiem ground reported
for carthquaukes occurring in Mexico in {he last few decades leads to the fol-

4
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LEGEND
=B Ellintical isoseismals _

Fig. 6.2. Elongation of

1972.) woseismals in the suuthelulern United States. {After Bullinger,

- aa

lowing expression rolalin i
: € mapnitude M, hypocentral di in kilo-
meters) and intensity J {Esteva, 19G8); ¥ . .1slt.anl:e R tin kilo- -

A= 1450 ~57log,o R+ 7.9 (6.1

The prediction ertor, defined as the difference between ohsorved and .

crr:uuputcd inwnsi_ty, 15 rouzhly normally distributed, with a standard devia-
tion of 2.04, which means that there is a probability of 60% that an ob-

served Intensily is more than ene de i
el oten | gree prepater o .r.lrnalln:r than its pre-

€.2.1.2 Peok pround accelerations and velocitios
A few ol the available

s]n:;;-r how cautiously a designer intending to use
ousner studicd the altenuation of peak i '

; : ground oecelerations in several
Tegions rnf th;e United ?tates and presented his results graphically (19G3} in
L_e;ms of fault I_engT:h {:_n tum 2 function of magnitude), shapes of isoscismals -
an areas experiencing intensities greater than given values (Fig. 6.4 and 6.5), . -

e siould proceed.

34
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expressions will be deseribed. Their comparisen will .
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Fig. 6.3, Isomeismals in Calllornia. (After Dolt, 19700

He showed that intensitics attenuate faster with distance on the west coast
than in the rest of the country, This comparison is in agreemant with hlilne

and lavenport (190%), who performed a similar analysis for Canada. From-

obscrvalions of slrong carthguakes in California and in Jritish Ceolumbia,

they developed the {ellowing expression for e, the peak ground acceleration, |

s a fraction of gravity:

efg = 0.0069 o}5M(1.1 "M+ R ' ' (6.2)

Here, R is epicentral distance in kilometers. The aceclerulion varics
rouphly as eV 4% 27 [or larpe 22, und oy e%*%Y where 7 approaches zoro.
This rellects to some cxtent the fact that energy is released not at a single
paint but fram a {inite velume., A Iater study by Davenport {19723 bed lum

o . b
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Ipﬁ- q

wnt .
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miley
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A:celunrmn "5"-:;
FE: 6.4, Ideslized contour ]J.Ml of-intenalty of ground shaking, (Aller Housner, 1965.)

Fig. £.5. Area in squuare miTes experiencing shaking of x %y or greater {or shocks of differ-
ent magnitudes, {After Housner, 1969}

to propose the expression:

a!fg = (.20 {fﬂ'mf}'R]"ﬂl‘ . - I 1 [6.3]

The statistical crror of this equation was studied by fitting a lognarmal
probability distribution to the raties of observed to computed aceelerotions.
A standard deviatien of 0,74 was found in the natural logarithms of those_
ratios. .
Esteva and Villaverde {1973), on the basis of accelerations reported by
Hudson (1971, 1072a,b), derived expressions fcr peak pround accelerations
and -..-uI-::.-cu.:es as {ollows:

afg = 5.7 "R + 4032 —_— : ] T (6.4)

p =32 eMi(R + 25y o (6.5}
Here v is peak pround velocity in cmfsec and Lhe other symbols mean the

" same as above. The standard devialion of the notural lopgarithm of Lthe ratio

ol observed Lo predicted inlensity is G.64 for 2ccelerations and 0.74 for
veloeities. If judped by Lhis parameter, vgs, 8.3 and 6.4 seem equally reliable.
However, a8 shown by Fig, 6.6, their mean values differ sipnificantly in some
mnges. |,

With the excepllon of eq. 6.2, all the foregoing ettenuation expressions
are products of a function of R and a function of Al This form, which is ae-
ceplable when the dimensions of the enerpgy-libserating scurce are small com-
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Fig. 6.6, Comparisan of several altenualion expressions.

pared wilh R, is inattequate when dealing wilh carthgquake sources whiose

dimensions are of the order of moderale hypoventral distances, and often.

greater than them. Although equation crrors {(probabilivy eistrilbutions of the
ratic of ebserved to predicled intensitics) ave been evaluated by Davenport
(1972) and Esteva and Villaverde (149733, thicir dependence on Al and I has not
been analyzed. Beeause seismic rish estimates ore very sensitive l.::_r the al-
tenualion expressions in the rangc of lurge magnitudes and sho_rl. distsices,
mare dedaited sludies shouvld be undertaken, aiming ot improving thuse ex-
pressions in the mentioned range, and at ovalualing the inl‘lu.::lmc of Mand i
on equation error, Information on strung-motion records will probabiy he
scanty for those studies, and hence they will have to be Inr!;cly bnseld on
analytical or physical modpls of the generation and propagation o[‘smsr_'mc
waves. Allhough sipnilicont progress has been lately attained in Lhis dll‘i:_ctlon
(Trifunac, 1973} the results from such models have hard!y inlluenced the

.
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‘practice of seismic risk cstimation bocause they have remained cither un-

known to or imperfectly appreciated by enginecrs in charge of the cor
responding decisions. : :
. T '
6.2.1.3 Response spectra . LT -
Peak-ground acceleration and displacement pre fairly good indicatars of
the response of structures Possessing respectively very high and very small

", patural [frequencies. Peak velocity is corrvlated with Lhe response of intee-
'mediate-period systems, but the correlation is less precise than that tying the

former parameters; henee, it is natural Lo formulaile seismie risk evaluation

and enginecring design critena in terms of speetral ordinates,

Response speetrum prediction for given magnitude and hypocentral or
site-to-fault distance usually enlails a bwo-step process, according Lo which
peak ground zeeeleration, velocity end displacement are initially estirmated
and then.used as reference values for prediction of Lhe ordinates of the re-
sponse spectrum. Let the second step in the process Le represented by tho
operation y, = ay,, where ¥, is an ordinate of the response spocirum for o
given natural period and damping ratio, and ¥e 1s a parameter {such as peak
ground acceleralion o veloeity) that ean he directly obtained from the time-
history recurd of 3 piven shock regardless of the dynamic propertics of the
systems whose response is to be predicted. For given M anéd R, ¥, is random
and so is y, /¥, = o the mean and stapndard deviation of ¥, deperd on those
af y,; and o and on the coefficient of correlation af the laller variables. As
shawn above, ¥, can only be predicted within wide uncerlainty limils, aften
wider than those tied to ¥, (Esteva and Yillaverde, 1973). The coc!ivient of
variation of ¥, given A and R can be smaller than that of ¥, only il a and
Ye are ncgadively correlated, which is often Lhe case: Lhe greater the devia-
tion of an observed value of ¥, with respect Lo its expectlation for Piven A
and R, the lowor is likely to be a. In other words, it seems Uhat in Ui inter
mediate range of natural periods the expected values ol spectral ordinates for
given damping Tratios can be predicted directly in terms of mapgnitude and
focal distance with narrower {or at most equal) margins of uncertainly than
those tied to predicted peak ground velocities. For the ranges of very short
or very long natural periads, peak amplitedes of pround motion and speetrnl
ordinates approach each other and thoir standard errors are therefore nearly

equal.

McGuire (1974) has derived attenuation, expressions for the conditional -
values {given M and R) of the mean and of various perceniiles of the prol-
uhbility distributions of the ordirates of Lhe response spectra for given noturaj
periods and damping ratias. Those expressiung have the same form gs ens,
G.4 and 6.5, hut their parameters show Lt the rites of atlenuation of speg-
tral ordinates differ significantly from those of peak ground aceelerations ar
velocities. For instance, McGuire finds that peak pround velocity attenuates
in propontion to (R + 2577129 while the mean of the picudovelocily for a

L] - "
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MeCulre's allenuation expressfansy = 4, 10217 + 25)7%

¥ o by b2 by Viy} = coeff. of
' var. of ¥
aguls . 472.3 0.278 1,30 0.548
¥ cmfiet . 564 £.401 1.202 0.696
dem 0.3583 0.434 0.88% 0.883
Undamped spectra] pseudovelocities . ' ' T
T=0,1 acc 1.0 0.278 1.346 ) D941
0.5 T 2.0% 0.391 .00 D636
1.0 0.631 0.378 .549 0.768
2.0 4.0768 0.4G9 0.419 0.949
6.0 0,082 0.564 807 1.344
% damped specirat preudovelocilies )
T=0.15ec © 10,00 0.233 1.341 0.651
0.5 B.74 0.3506 1.197%7 0,581
140 0.452 0.390 0.704 0.703
X o122 0.466 0.G75 0.941
5.0 0.0706 0.557 ,0.838 1.193

natural period of 1 see and a dnmping ratic of 2% allenuates in proportion
to (11 + 25)7%%7, These resulls sltem from the way that [requency content
chanpes with 2 and lead to the conclusion that the ratic of spectral velooity
should be taken as a function of M and It

Table G0 summarizes MeGuire's attenuation expressions and their coef-
ficienls af variation for ordinates of the psendoveloeily spectra and for peak
ground acceleration, velocity and displacement. Similar exprossions wert
derived by Fsteva and Villaverde {1273), bul they are intended to predict
only the maxima of Lhe expected acccleration and velecily spectea, regard-
less of the periods pssocizted with these maxima, No analysis has been
performed of the relative validity of McGuire's and Esteva and V|I].werde 5
expressions 1'0: various ranges of A and M,

6.3 LOCAL SEISMICITY

The term lecal seismnicity will be used here to desipnate the depree of
wismie aetivity in a piven volume of 1he cart!t’s crust: it can be guanlitilively
deseribed acconding Lo various eriterla, each providing a different amount of
information. Most usual eriteria nre bBased on upper bounds te the mag-
nitudes of carthquakes Lha! ean arizinate in a given seismic source, on the

LY

amount of energy liberated by shocks per unit volume and per unit time or
on more detailed statistieal descriptions of the process.

E.3.1 Mognitude-recurrence expressions

Gutenberg and Richler {19541) obtained expressions relating earthquake
magnitudes with their rates of occurrence {or several zones of the earth.
Their results can be put in the form:. -

A= qe~¥ ' . ' {6.6}
where X is t.hc mean number af earthqu'tl-ms per unit valume and per unil
" time having mognitude greater Lhan M and o and {f are zone<dependent cone
stants; a varies widely [rom point to point, as evideneed by Lhe map of
epicenters shown in Fig, 6.7, while # remains within a relatively narrow
range, s shown in Fig, 6.8. Eguation §5.86 implies a distribulion of the en-
ergy liberateu per shock which is very similar to Lhat observetl in the process
of microfvacturing of laboratory specimens of severyl types of reck subjected
to pradually increasing compressive or bending sirain [Mogpt, 1962: Scholz,
1368}, The values of § determined in the Iaboratory are of Lthe samme ordur
s those oblaincd from seismic events, and heve heen shown to depend on
‘the heterogeneity of the specimens and on their ability te yicld locally.

Thus, in heteropeneous specimens made of Dbrillle materials many smal
shocks precede a major fracture, while in humogeneous or nlaslic materials
the number of small shocks is relatively small. These cases correspond Lo
large and small f-values, respectively. No general relslionship is known to the
wriler between [ and pgeotectonie features of seismic provinces: complexity
af ¢rustal stmiclure and of stress pradients precludes extrapolation of tab-
oralery resulty: and statislical records for relatively smal! zones of Lhe earth
are. not, a5 a rule, adequate for cstablishing local values of f. Figure 6.8
shows {hat for very high magnitudes the observed frequency of events is
lower than predicted by eq. 6.6, In addilion, Rosenblucth {1969) has shown
thal # cannol be smaller than 301G, since that would imply an infinile

. amount of encrpy liberated per unit time. llowever, Fip, 6.8 shows Lthat the

values of 1 which result from fitting expressions of Uthe form 6.6 to observed
data are smallet than 3.46; henee, fot very high values of M (above 7, ap-
proximalely) the curve should bend down, in accerdance with statistical
evidence. . : .
Expressions alicenative to eq. 6.0 hove been propaosed, altempling to rep-
resent mere adequately the observed magnitude-reeurrence data (ltosen-
blucth, 196:; Merz and Cornell, 1973). dosk of these expressions atsa [ail Lo
recopiize the axistenee of an upper hound Lo the magnitudye that can he gens
etated in a given source. Althouph ho precise estimates of Lhis upper bound
can' yet be obinined, recopnition of its existence and of ils dependence on
the geotectonic chiaracteristics of the source is inescapabie, Indeed, the prac.

+
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Fig. 6.8. Scismicity af MACrezones, {Afier Fileva, 1963.1'

tice of seismic zoning in the Soviet Union has been based on this concept
tGzovsky, 1962; Ananiin et al., 1948) and in many countries design specira
for very important shiuctures, such as nuclear reactors or large dams, are
usuelly derived from {he assumplion of a maximum credibtle intensity al a
site; thoab inlensity is ordioarily obtained by toking the maximum of Lhe
intensities that resuit at the site when at each of the poetontial sources an
carthgunke with magnitude equal to the maximum feasible value for that
sobrce 05 generated at the most unfavourable location within the same
source. When this crilerion 35 applicd no attention is usually paid o the
wncortainty in the maximum foasible magnitude snor to the probability that
an eartiiquake with that magnitude will oceur during a given time period.

The need Lo furmulate seismic-tisk-related decisions that acceunt bath for.

upper hounds to mannitudes angd for thelr probabilities of oceurTence Sug-
gests adoption of magnitude recurrence uxpressmns of the form: ’

A=A G for M < MMy .

= Ay for Af << AN . : T

=0 for A1 > My o ' S ()]
where Afp, = Jowest ﬁm};nitude whase contribution t.c- risk ig &i gniﬁcaht.ﬂf v
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v

= maximum weasible wapoitade, and G = complomentary m'.nnul:utivﬂ
probabilily distribulion of mapniludes every Lime that an event (M ML
occurs. A particular form of G#[Af} that lends itself 1o ?nnlytical derivations
is

GA(M) = Ao+ Ay exp(—fM) — A, exp[—(0 — §,)M]

whers: |

Ac = AP exp[~f{ My — M)]

Ay = A(B - [,) exp{fid)

x‘iz_- Ap exp(—3; 48 + A1) )

A = [B{1 = exp[—f (My — M =B, {1 —exp{=fiMy — A1) 70

As M lends to My [rom above, eq. 6.7 approaches cg. 6.6. Adoption of
adequate values of My and B, permits satislying Lwo additiona] conditions:

(6.:8)

¢

the maximum feasible magnitude and the rate of varintion of A in its vicinity. ]

When 8, — w0, eq. 6.8 tends Lo an expression propescd by Cornell and

Yanmarcke (1969), 'I
Yuopulalp and Kua (1974) have applied the theory of extreme values to

estimabing the probabilities that given magnitudes are exceeded in given time

intervals, They assume these probabililies to fit an extreme type-111 di5+_

tribution given by:
Fa_  AMit) = expl—C(My — M)*t)  for M < Ay

=} for M > .FI:FU

Here Fyy, (M) indieales the probability that the maximum magtitide ol-
served in b years is smaller than M, A7, has the same meaning as above, and
C and K are zonedependent parameters. This distribution is counsistent

(G.9)

wilh the assumplion Lhal earthguakes with magnitudes preater than M lake -

place In accordunce with a [olssun pruciss with mean rate & cqual to Oy
— MY, Equation 6.9 proaduees magnilde recurrenes curves that {it glesely
the stalistical data on which thoy ace Lased for wapnitudes above 5.2 and
return periods fram 1 ta 30 years, even thouph the values of AF, that
result from pure statistical analysis ave nol reliable measures of the ugpper
bound Lo magnitwles, sinee in many cases they turn out in1dmissibty ligh.

For low magaitudes, only a fraction aof the number of shocks that take
plage is <lvtccted. As a consequence, dvadies based on statistical informa-
tion lie below those compuled aceonding to cos. 6.6 mad 6.8 Tor M smaller
than about 5.5, In arldition, Fiz. 6.9, taken from Yegululp and Kuo (1974),
shows thal the numbers of detected shocks fit the extreme type 11 in eq. (;-9
beiter than the extreme Lype-1 distribution implied Ly cq. 6.6., coupled with
the assumptinn of Poisson distribution of the mumber of events. It is not
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clear what portion of the deviation from the cxtreme Lype-l distribulion is
due (o the low values of the detectability Jevels and what poriten comes

from differences belween Lhe actual form of varialion of A with Af and that

given by eq. 6.6. The problem deserves allention becailse estimales of expect-
ed losses due Lo nonstruciural damage may be sensitive to the values of X for
sl magnitudes (say below 5.5} and because the evaluntion of Lhe level of

selsmic activity inaregion is often made Lo tupend on the recarded numbiersof -

small magnitude shucks ned on assumoed deteclabiiity levels, Le. of ratios of
nunmibers of detected and occurred curthquakes {Kaila and Narain 1971;
Raila el al, 1072, 1974},

Noqe of the expressions for L preseiled in this chapter possess the desir-
able property that its applicability over a nuniber of non-overlappiag repions
of the carth's crust implies the validity of an expression of Lhe same form
cver Lhe addition of these regions, unloss seme resirictions are lmposed on
the paramelers of each A, For instance, the wldition of expressions like 6.6
Fives place to an expression of the same form culy if /1 is the same for nll
terms in the sum. Similur objections can bie made to eq. 6.8. In what ollows
these forms will be preserved, however, as their accuracy is censistent with

T
L]

-
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the amount « _ilable Information and their adoplion offers significant
advantages in Lhe evalualion of regional scismicily, as shown luber.

8.3.2 Varigtion with deprlh

Depth of prevailing seismic aclivily in a region depends on is tectonic
structure. For instance, most of the activity in the wesiern coast of the
. United States and Canada consists of shacks with hypoeentral depths in the
rmnge of 20—30 km. ln other arcas, such as the spulhern coast of Mexico,
seismic events an be grouped into lwo ensemidles: one of smafl shallow
shocks and one of carthquakes with magnitudes comprised in a wide range,
and with depths wiose mean value increases wilth distance {romn the shorelipe
(Fig. 6.10). ligure 6.11 shows the depth distribulion ef varthquakes with
magnilude ahove 5.4 for the whole cireum-Pacilic belt.

6.1.3 Slochustic models of earthauche oecurrence

Mean exceedance rales of given magnpitudes are expecled averages during
bng Ume intervals. For decision-making purposes the times of earthguake
aecoumence are also significani. At present Lthose Limos can only be predicted
wilhin a probabilistic context, ) ;

Let &, (i = 1, ..., n} he the unknown times of oceurrence of earthouakes
generated in o given volume of Lhe earth’s crust during a riven time interval,
and let M, be the corresponding magnitudes, For the moment it will be as-
sumel Lhat the risk is uniformly distribted thyoughout e given volume,
and henee no allention will be paid to the lTocal coordinates of each shock.

Classical mothods of Lime-series analysis have been applicd by dilferont
researchers allompling to devise analylical models for random earthquake
sequences, The following approaches are often found in Lhe ltoratore:

{a} Ploling of histoprams of waiting times between shocks (Knopoff,

1964 Aki, 19G2). .

" (b) Evaluation of Poisson’s index of dispersion, that is of the ralic of the
sample varianee of Lhe number of shocks te its expected value { Verc-Junes,

1070: Shlien and Toksoz, 1970). This. index cquals unily for Poisson pro-

cesses, i sinaller for nearly perodic scquences, and is preater than one when
cvents lend to cluster.,

{c} Dotermination of aulocovariance functions, Lthat is, of funclions rep-
resenting the covariance of the numbers of cvents obscrved in given time
intervals, expressed in Lerms of Lhe Lime elupsed Lelween those inlervals

(Yeroddones, 19700 Shiien oand Toksiiz, 1970). Tl auwloeovariance function -

ol a Paisson process is o Ditoe della Tupclion. Flus feature is eharactonistic
for the Poiston model sinee il does nod bold fur aoy olher slochaslic provess,
{d) The hazard function ki), defined so thol Ay df s the conditional

probability that an event will take place in the inlerval {F, ¢+ df) given that -
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ne evenks have ocoucred vefore ¢ 1f F{1) 35 the eumitlative probability dis-
lribution af the Lime betweon events: | )

hit) = [N — ()] Co s

{G.10}
whoree f{E) = 0F{L)fot. o



. B § )
Mean gnoggd Awcher ol shacks per ynit depth, .
whose magnitude ercceds 5D ’
<] G Lo LOO bS50
o ¥ T T
- ===
epih hen t- — - . ) . )
200 r '
. 1 ’ - -
AW} ’
ﬁﬂﬂ%
&00 i b L

ig. 6.11. Variation of selsmicity with depth, Circusn-Tucilic Belt, (Alter Newmark and
Losenfuelh, 18731.) ’ ' '

-

‘or the Poisson model, A{(¢) is a conslant equal to Lthe mean rate of the pro- -
{ LA .

6.1.3.1 Paisson model
Most commonly applied stochastic models of seismicity assume that the

veats of carthquake occurrence constitute a Poisson process and that the
I's are dependent and identically distributed. This assumption implies
hat Uie probability of having N carlhquakes with magnitude exceeding M

uring Limao interval (0, ¢) equals:

s = [l‘..‘KF[—I'NI}I::'HI}N].-"J"-"I
liete ¥y, s the mean rate of excectlance of mannitude A in the given vol-

(6.11)

nne. |£ N i taken coual Lo zero in o, 611, one obtains that the probability |

listribbudion of the maximum magnitude duaring LUme inlerval s equal Lo
=iy £). I vy s given hy eq. 6.5, the extreme type-]l distribulion is ab-
aineed. }

Some weaknesses of this model became evidenl in the light of statistical
nfenmation amd of an aaalysis of the physical processes involved: the Mois.
on asstunplion implies that the distribuation of the wailing tine Lo the pext
wenl 15 wob modificd by the knowledpe of the tme elapsed sinee the List
ane, while physical molels of gradually aceumulated anpd swddenly releascd
negy call for a more general renewal process such that, unlike what hap-
wns jn the Polsson process, the expected Lime to the next event diecreases as
ime poes on {Esteva, 1974). Statistical dala show that the Poisson assump-

A — -
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don m acen . X ali i
i may be aceeplable whien dealing with lare shocks mrmluhnnt the

world {Ilrn-MfrnuInum, LUG), dmplying lack of correlalion butween < smici
tics of different repions: howeyer, when congidering small ‘;.-'ulu.mr-gn [[“::n-
enrth,ruf the arder of those Lhat can siptilicantly cn}itrillulc o SEi;{n":;u 'II.:
al a sile, dala uf!un conlradiel Poissan’s menie], wsually beciuse of t:-lusl in
al unril:qua_}:cs i lime: the abserved numbors of shorl intervals hqfrring :
c:.rvnl,s are significantly hipher Uian predicted by the r_-xpnnr-m[:;I uithﬁ'Lm
tion, and values of I'oison's index of thispersion are well nbcu.-rc unityl {:I .“‘
E:.12 and 6.13). [n some inslanees, however, teviations in the opposile di .
lmp hn:.rn_hr:n:n observed: waiting times iend to be more nc:u‘l:.-- pr'r::]?c-
Poissan’s index of dispersion is smaller than one, and the pracess;:l :L'::l
Irc*pr{*.scnlttd by a renewal muxlel, This condition has been repaoriy; imf :
inslance, tn the soulliern coast of aAlexico (Eatova 19743, and in t1 »T}:: o
ciml_.!m and Pamir—lindu Kusl regions (Gaisky, léﬂﬁ aml' 1067 TIIL nc:dn
cIs,_under‘disrumun also fail to aceount for clustering in spac‘e {EIE:T; i
1_955: Gajardo and Lomnilg, 1360}, for the evolutivn of seismiéit s:.-.:'nl.]l{
tl_me, and for the syslemalic shifting of nclive sources alung gzcn]nb:ic
cidents {Allen, Cliapler 3 of this beal). On account of its simplicit £ h .
ever, the l“-f;_issun process model provides a valuable tool far the fnrni;h:;;:
ef some spismic-risk-relaled decisions, particularly of those that are sm"t'v
only {o magaitudes of events having very long relurn periods. e

6.8.3.2 Trigger modofs .

Smtistic_'n.l analysis of wailing Limes between carlthquakes daes not favo
the adoption of the Poisson model or of olher forms of rencwal prucl y
such as those that assume thal wailing times are mulually intln]wndunteifﬁt
lognormal or gamma distribulions (Shlien and Teksiiz, 1970). Allernativ
rodels _h:wu been developed, mast of them of Uhe "Loipger Ly et {Vuru‘.lunosu
1970y, L. the overall process of earthguake gencration s considered s tht:
superposition of 8 nunber of Lime serics, cach having a different aripi
wherg Lhe origin times are Lhe cvents of a Poisson process. In peneral liﬂl"';}
bf" llic number of events that taka place during Lime inLerval {0 i, 7 ,-Enri- '
gin Lime of the mth series, WV, (t, 7)) the corresponding num;mr'c?umm;

up to instant £; and »; the random number of Lime series initiated in the
mtur::l (f, £). The total number of events that oceur before instant ¢ is then:
N=2s W1, | ‘ '

i poy m[ Tm] . b {6-121

'I]r orijtin times are distriluted aceording to a homeeeneous Foisson Procoss
] §a - J H T . o
with mean rate p, and all B, 's are identically distributed stuchasiic Drocesses

‘with respect to (t — 1,,), it can be shown {Parzen, 1962) that the mean and

variance of N can be oltained from:

EWYy=» [E[W(t, 1)]dr |
Q .

4

{6.13)
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Parzen (109G ﬁivcs also an expression for the probability generating fune-
ion ¢y (Z; t) of the distribution of N in terms of ¢y (2] ¢, 1), the generat-

109

(6.14)

WnlZ; 1) = Zg Z0p (N = n)
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ing functii 4 of cnch of the component processes:

Un(Z:) = exp (-t +uf4,.r-,{z 1, 7)dr] ‘ (6.15)
where! . '
dulZit 1) = E 7z PUW(L, 7) = n} : (6.16)

and lhe probability mass functmn uf N can be nbtmned from vy (2;t) by

. recalling that;

expanding vy in power series of Z, and taking P{N = n} cquat to the coef-
ficlent of 2" in that expansion. For instance, if it i3 of interest to compute
F{N =0}, expansmn of yui{Z; 1) in 'l‘aylur 5 5eries wilh respect to Z = 0
leads to:

2 .
W (Z 1) = $ (0 0+ 29 (0; ”‘"’2| Yal0; ) + .. {‘EJ?:‘

where (e prime siznifios derivative with respect to Z, From the dul’lmlmn o[
Y, PN =0} = f. (0:0).

Decause the component processes of ‘trigger’-ty pe time series appear over-
lapped in sample historles, their onalyticnl representation usually entails
study of a number of alternative maodels, estimation of their parameters, and
camparisan of model and sample praperties ~- often second-order propertios |
{Cox and Lewis, 19G6}. )

Vere-Jones models. Applicability of some gencral ‘tripger” models 1o rop-



resent local scismicity pruct:!'ml:s was discussed in a comprehensive paper by
Nere-Jones (1970), who calibrated them mainly against records of seismic ze-
livity in Mew Yealand. In addition to sumple and compound” Peoisson preo-
cesses (Parzen, 1862), he considered Neyman-5cott and Bartlett-Lewis mod-
cls, both of which assume that earlhguakes oceur in elusters and that the
number of evenls in each clusler is stocasiically independent of its origin
Lime. In the Neyman-Scott model, the process of clustors is assumed station-
ary and Poisson, amnl each clusler iz defived by py, the probability mass
~functinn of iLs number of gvents, and A, Lhe cumulative distribulion funecs
tion of the time of an event corresponding to o given cluster, measurcd from
the cluster origin, T'he Dastlelt-Lewis model is o special case of the former,

* where each clusler is o renowal process that ends after a linite- number of -

rencwali. In those models the conditional probability of an event taking
place during the interval {f. & + dif}), given that the cluster consists of N
shocks, is equal Lo MM{f)de, where A(r) = aA(e)fat.

Becavse clusters overlnp In time they cannot casily be [dentified and
scparaledd. Estimalion of process parameters is accomplished by assuming
diflerent sets of those parameters and gvalualing the corresponding poodness
of it willy observed Jdath, . - '

“Various altemutive [orms of Neyman-Scott's model were compared by
VYere-Jones with oliscwved dala on the Lasis of [irst- and second-order statis-
 lics: hazard funclions, interval distributlions (in the form of power spectra)
and variznce time curves. The slalistical record comprises abou! ane thou-
sand New Zealand carthquakes with magnitudes greater than 4.3, recorded
frem 1942 1o 1981, Figures B.13—5.15 show results of the analysis for shal-
low New Zegland shacks as well as the comparison of ohserved data with sev-
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eral allemative models. The process of cluster origins is Poeisson in all cases, -
bul the distributions of clustér sizes (V) and of times of events within clus-
ters di.fer among the various instances: in the Poisson modal no c':usteriﬁg
takes place {the distribution of N is 2 Dirac delta function centercd at iV = 1)
while in the exponential and in the power-law muodels the disiriliction of N is
extremely skewed towards ¥ = 1, and A(¢) is taken respectively ag 1 — pmM
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anl 1 — foffe + 31" for £ Q, aud a5 zoro for €< 0, where &, o and § are
positive parnmeters, I Pigs, GULA=C10, & = 025, ¢ = 2.0 days, angd A =
0LOGI shocksfdiy, The significance of clustering is evidenced by the high
vidue of Poissen's dispersior index’in Fig. 6.13, while no siznificin: period-
igity can be inferred from Fig. 6.14. Doth Mpures show that Lhe power-law
mocle] provides the best fit Lo the stalistics of the samples. A similar analysis
for New Xealand's deep shecks shows much tess clustering: Yoisson's disper-
sion index equits 2, andd the hazard functipn s nearly constant with time,
T &l date reported by Gaisky (1967) have hazard functions Lhat surzesd
moelels whete e clusier origing ns well ns the clusters themselves may be
represenled by renewal processes. Muean relurn periods are of the order of
several months, and henee these processes do not correspondd, at least in the
Lime scale, to the process of aliernoie periods of activity and guisscense of
sonwe geological struetures eitead by Kelleher et al, {1973, whieh have led 1o
the concemt of ‘Lemporsl selsmic paps’, discussed below,
. Simplipwed trigoer models, Shlien and Teoksdz {1970) proposed -a simple
particular case af the Neyman-Scoll process; they lumped together all ezrth-
qualies taking place during no-overlapping Ume intervals of aglven length and
deaned them as cuslers for which M) was o Dirae delln funetion, Working
with one<day nlervals, they assuned the pumbeor of eveins per clustor Lo
oo distribuled in accordnnee with the discreie Pareto faw and zpolisd o maxi-
mum-likeliiwood  eriterion to Lhe Information consisting of 35000 eurth-
quakes reported by the USCGE from dangmry 1871 4o August 1968, The
muoelel proposed reprosents ressonably well both the distribution of dhe pum-
ber of carthquakes in one<day intervals and the dispersion index. However,
owing to the assunmyition thal no cluster Iasts more than one day, the moddel
fails to represent the autocorreladion funciinn of the daily numbers of
shoeis for sinall time fugs, The deypree of clustering is shown to be a repional
function, and to dimipish withs the magnitude threshold value and with the
focal depth.

Aftershock sequences. The Lripper proecsses deseribed have been branded
pe resonsble representations of repional seisemic activity, even whoen aftor-
sllocl: seguenees el varthguele swarms aye suppressed from statistical
reeonls, however aripitrary thal suppression may be. The most sipnificant
intances of clusiering are reluded, however, 1o aftershock sequences whicl

ofllen follow shillow shocks aned only rarely intermodinge and deep events,
Persizstonee of lnrpme numbers of afltershioeks for o few ¢days or weeks has
tropilinted the debaied stalistien] anilvsis of those sequences since last
comtury, Crmori {25800 pointed ot the deeay in the mean rate of afier-
shpck occurrence with £ the tine olased sinee the main sheck: he expressod
that rate as invesely proportiosal Lo ¢ + g, where g s an empivical constant,

Distt {1961) proposed a more peneral expression, propoeriional to (¢ + e¥

where & i3 o constant: Ulsu's proposal is consistent with the power-Inw ox-
yression for A{) presented above. -

Lomnite and Hax (28G6) proposed o clustering mode] Lo represent after-
shoek- sequences; b Bs o modified version of Neyman and Scalt's model,
where the process of clusier origins is non-homopgenesus Folsson with mean
rate decaying in accordance with Omori’s law, the number of events in each
cluster has a Poisson distribution, and A{f) is exponential. All the results
and methods of unalysis deseribed by Vere-Junes (19703 Tor the stationary
process of cluster origing can be applicd to the nonsttionary cise Lthrough a
transfommaiion of the time scale.-Filting of parameters ta four aflershock

the somple defined on a transformed dime scale. By opplying this eriterion to
carthquake sels having magniledes above different threshold values 14 was
noticed that the degree of clustering decreases as the threshold value in.
creasts. ,

The nagnitude of the main shock influrnees the number of aftershocks
and the distribution of their magnitudes dnd, althouah the rate of activity
decreases < il time, the distribution of magniludes remains stuble through-
out cach sequence (Lomnilz, 1966G; Utse, 1962; Drakopoulns, 1971). Equa-
tion B.6 represents foirly-well the distribution of maognitudes obsemved in
mo-t altershoek sequences, Values of 8 range from 0.9 to 3.9 und docrease
as the depth increnses. Sinee values of # for regular (main) earthquakes are
usually estimated from relatively small numbers of shocks pgenerated
throughout crust volumes much wider than those active during aftershock
sequences, no relation has Leen established mvony fealues for serics of both
types of cvents, The paramceters of Ulsu’s expression for the deeay of afier-
shock activily witht time have been estimated for several sequences, for in-
stanee these following the Aleutian carthguake of Much 9, 14957, the Cen-
tral Alastia cartheuale ol Apell ¥, 19568, and U Soatheaslern Alaska carth.
guake of July 10, 1958 (Ulsu, 18462), with magnitudes squal to 8.3, 7.3,
and 7.8, respectively: € {in days) was 0.37, 8.40, and 0.01, while ¢ was .05,
1.05 and 1.13, respectheely. The reiationship of the total number of after-
shocks whose mopsiode sxeceds o opiven valoe witl tha mapnitude of the
moin shoeelk was stedied Ly Drkopoulos (19710 for 140 altershock se-
quences in Greeee from 1912 to 1968 His resulis can be expressed by
N = A exp{—BA), where M) is the total nuinber of aftershocks with
marnitude greater than M, and A s a funetion of A, , the mupnitude of the
main shoelk: '

A=exp(3.628 + 1101, — 3.48) i (G.18)

Formulation of stochastic provess models for given earthgquake sequences is
feasilile onee this rolationship and the aclivity docay Taw are avaitable for the
source @f interest. Mor seismie-risk cstimution at a given site the spatial dis-

saquences was accomplished through use of the second-arder information of

wributian of aftershocks may be as sipnificant as the distribution of mag- |

ritudes amd the time vanation of aclivity, particularly for sources of rela-
tively lurge dimensions.
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§.3.3 7 He . prricess mopdels

The trigger models deseribed are based on infarmation about carthquakes
with noymitudes abwve refatively low thresholds recuvrded during time inter-
vals of at most ten years. The degrees of clustering observed and the dis-

tributions of Limes between clusters cannol be extrapolated to higher mag-

nitude thresholds and longer time intervals wilhout Turihber study.
Availuble information shows beyond doubt that significant eclustering is
the rule, at least when dealing with shallow shocks. However, there is con-

sideralile pround for discussion en'the nalure of the process of cluster origing -

during intervals of the urder of one century or longer, ¥While Jack of statisti-
cal datn hinders the Termulation of seismicity models valid over lonp time
inlervals, qualitative consideralion of the physical processes of earthquake
peneration may point to models which at least are consistent wilh e state
of knowledge of geophysical sciencues. Thus, if strain energy slored in a re-
gion grows in a motre or less systematic manner, the harerd function should
prow wilhh Uhe time elapsced since the last event, and not remein constant as
the Poisson assumplion implies. The concept ¢f a growing hazard function is
consistent with the conclusions of Kelleher et al. (1973) concerning the
theary of periodic activation of seimnic gaps. This theery is partiaily sup-
ported by results of nearly qualitalive analysis of the migration of seismic
activity aloog a number of geological slructures. An instance is provided by
the southern coast of Mexica, one of the most active regions in the world.
Large shiallow shocks are genemated probably Ly the interaction of the can-
tinental mass and the subduetive oceanie Cocos plale that undeorthrusts it
and by compressive o Mexural failure of the Iatker (Chapter 2), Scismolopi-
cat dala show sipnificant pgaps of nctivity along the coast during the present
century and nod much is known about previous histery (Fiz. 6.16). Aleng
these pups, seismicrisk estimates basod solely on observed intensities are
guite low, although no significant difference is evident in the grological
struclire of Lhese repions with respecl Lo the rest of the coast, save some
Lransverse faulls which divide the continenta) formation inle severa! blocks.
Without Iuol»mg at the slatistical records a geophysicis), would assipn equal
risk throughout the area. On the basis of seismicity data, Kelleher et al. have

concluded Lhal activity miprates along the region, in such a manner Lhat large

earthquakes tend to occur at scismie paps, thus implying Lthat the hazard
funclion grows with time since the last carthguake. Similar phenomena have
been observed in obher rogions: of particular inleyest is the North Anatolian
faull where activily has shifted systematically along it from cast 10 wesl dur-
g Lhe lasl forly yoars fAllon, 190693,

Conclisions relative Lo activation of selsmic gaps are controversial beeause
the observation periods have not exceeded une cy¢le of cach process. Never-

theless, those conclusiuns point to the formulation of stochastic models of

seismicily that reflect plausible features of the geophysical processes.
These considerations supgest Lthe use of renewal-process models to ep-

has ceased and damaped systems have Deen repaired, o norna!
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resonl soquences of individual shocks or of clusters. Such o odlels are char-
aclerized bueause times between events are independent und ddentically
distributed. The Moisson process {s 2 particular renewal mode! for which Lthe -
distribution of the wailing time is exponentinl. Wider generality is achicved,
without muech loss of mathematiea! traclabitity, il interevent times arc sup-
posed 1o be disributed in accordance with a gamma [unction: .

[0 = gy e : (6.19)

which becomes the exponential ::Iistnhuhnn when ko= 1, k< < 1, short in-
lervals are more frequent and the coeflficient of variation & preater than in
the Poisson models if e > 1, Lhe reverse is trae, Shlico aud Pokstz (1970)
found thut pamma models wore unable to represent the sequenees of in-
dividual shocks they analyzed; but these authors handled time intecvals at
least an order of magnitude shorler than those refereed Lo in Lhis section,
On.the basis of hazart function estimated fTom sequenes of small shocks
in the flin~u-Kush, Vere-Jones (1970) deduces the validity of ‘branching
renewal process’ models, in which the intervats between cluster centers, as
well as those belween clusier members, constizuie rengwal processes. _
Cwing to the searcity of statistieal information, reliable comparisons bo-
Lween alternate mindels will have to.rest partially on simulation of the pro-
coss of storase and liberation of strain enerpy (Burtidge and Knapui’l’ 1967,
Veneziano angd Cornell, 1973). .

- - v

4

6.3.4 Influence of the seismicily model on soizmic rish

Nominal values of jnvestiments made al a glven inslant increase with time:
when placing them al compound inlerest rates, ie. when capitaliziop thoo,
Thetr real velue — and not only Lhe nominal one — will also grow, provided
the interest rate overshadows inflation. Conversely; for the purpose of mak-
ing design decisions, nominal vatues of cxpected utilities anl costs infiicted
upon in the future have to be converted jnlo present or actuntized values,
which can be diveclly compared with inilial expenditures. Descriptions of
seismic risk st 2 site are insufflicient {or Uil purpose unless the probability
distributions of the times of oecurrence of different intensities — or mag-
nitudes at neighbourinT sources — are siipuisted; this entails maore than sim-
ple magnitude-recurrence gmr.nhh or oven than maximum feusible magnitade
cstimales,

Imimeddiately after the U-::-::um‘nce of a larpe earlthglake, sci.‘-mic risk 1s -
noraatly high due to aftershock aclivity and to the probability Lhat damase
finfAicted by Lthe main shock may have weakened natural or nuu-made siroe-
tures if emergency measures are nob ken in time. When :lftm'shock uctiviny
! risk level s -
aitained, which depends on the probabitity-density funetions of (he waiting
Limos to the ensuing damaging ¢arthquahes. :
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For the purpose of Hhosteation, el B be assumed Lhat oo MNsed and deter-

mindsbioally oo duarmcene L, weeurs wherever o magnilude above o pivien

value is generated abapiven source. /00 Is the probabidily-density funclion

of the woeiling time Lo Lhe sceurrence of Whe damaning event, andd 30 1w risk

level is sulficiently low Uil only the firsd Tailure is of coneem, the expecied
value of the aclueizedl cost of damage is {see Chapter O):

(6.20)

Bep, [ e
o o

where v is Lhe discount {or compauntd interest) coefficient and the m'urh-‘-'_l.'

tenoies expaciation. 15 Lhe process s Pofsson with mean rate », then f{t}_:s

exponeniiml and D Dy viy, however, if dumaging events take place _m

Telusters and most of Wi dminape produced by each cluster corresponds to its
first evenl, the compulation uf D should make use of the mean rale v cor-

responding 10 the clusters, instead of that applicable to individual cvents.

Talle 6.1 shows a camparison of seismic risk dotermined under the alierna-

Lwe assanplions af a loisson and a panuma medel (7 = 2), bolh wilh the

same yean retaen poriodd, Bfe (Hsteva, 19743 Three deseriptions of risk are
nresentedd s Tunclions of the time 1 clupsed sinee the lust domaging cvents
Ty, the expected Ltime Lo the pext event, measured from instant £y the M
preted vahue of the predent cost of fulere eompuled Jrom cg. §.20, and the
havied function {or mean failure ya'c)d, Since ¢lustering is neplected, risk of
aftershock oceurronen must be either ineluded in 2y or superimposed on
that dizplayed in the able, .

This tuisic shows very significany differences among risk levels for both
processes. Al smnull vahies of (p, risk is lower for the gamma proeess, but it

. " - n - .7

TALLE 6.1 . -

Comparisen af Poisson naid parmna procesacs - .

! \
rows with time, antil it oulrides that for the Moisson pracess, which remains
constant. The differerices shown clearly affuet engineering deeisions.

G4 ASSESEMENT OF LOCAL SEISVICITY

Only exceptionatly ean magnitude-tecurrence relations for small volumes
of the earth’s erust and statistical cetrelation functions of the process of
curthquake generalion be derived exclusively from statisticul analysis of
recorided shoeks. In most cases this information is too limited [or thal pr-
pose and il does not always reflecl peological evidence, Since the latter, as
well as ils connection wilh seismicily, is besel with wide uncertainty mar-
gins, information of different nature has to be evaluated, s uncertaingy
analyzed, and conclusions reached consistent with all picces of information,
A probabilistic criterion that accomplishes Whis is presented hwere: on the
hasis of geoteelonie data and of conceplual medels of the phyaieal pracesses
involved, a set of allernate assumplions can be mode concerning the func-
tiens ih question (mapnitode recurrence, time, and space corrclation] and an
initial probahility distribution assipned thereto; cstotistica]l information
Is used to fudge the likelihond of each assumypslion, und a posterior prols-
abiitity distribulion is obtainud. How statisticat information contilmtes Lo the
posterior probabilities of the alternate assurplions depends on the extent of
that infennulion and on the depree of uncertainty implicd Ly the initial
probubilities, Thus, if geclogical evidence supports confidence in a pariicular
assumplien or range of assumptions, stulistical information should noet
greatly modify the initial probabilities, If, on the other hamd, a lonp and
reltuble statistieal record is available, it practically determines the form and
paramelers of the mathematical mode] selected Lo represent loeal seismicity.

6.4.1 Bayesian estimation of scismicity

“tawfk  Tywfh. Tobsonprocess, k=) Ak Tywutk Ganuna process k=2 hk/v Bayesian slalistics provide a framework for probabilistic inferener that
. - - ) accounts for prior probabilities assigned to a set of alternate hypotheticat
NIy ) ~ Dilrg models of n given phenemenon as well as for statistica) sumples of evenls re-
phifie e 10 yhova 100 Yhiv = 10 bl:gw = 10D Lied Lo that !ﬂmnomenun. Unlile anventiunal methods of s‘:alislit‘n! in-
ference, Bayesian melhods give weigh! Lo probability measures obitained
) Ay anys 0000 0 from samples or freny ather ssurces: numbers, coordinates nnd magnilules
o 0.22  0.0511 “-“D?E‘ c'gf_':‘; of varthquakes observed in given time intervals serve 1o ascortain the preb-
4.z . D?‘: 33‘532 g'g?;g ?'353 able validity of cach of the alicrnative models of loen) seismicity that ean be
?'5 10 0.0908 0,000 1.0 g-,n:?} 0:121;! 00132 2.000 Postulated on the prounds of geological evidence. Any eriterion intended Lo
a 0.60 0,130 00158 2667 weigly nformation of different nature and different deqrrees of upncertuinty
5 D54 0104 00170 3333 showld lewd to probabilistie convlusions consistent with Ui teproe of cone
10 amer -y 052 DGO 0.0157 L33 riimee attached to eachh source of information. This is accomplished by
050 0.167 00100 4.0040

Bayuvsisn imelhods.




Lot (=1, ., 0] o comreliensive sel of muluatly exclusive RSN S
Linns converning o given, itnperfecily known phenadsencn and Lol A e the
ahuereed] ouletnr: of such o picoomenon. Befare abscoving outeonne 4 owe
asaien wn dmibind prooabilily ALY weoenel hypothesis, I A0 is e
profabdlity of A in case hypothesis A is Dide, Lthen Bayes' theorern (LRaifl
endd hchlaifer, 1968]) stales thal: ) '

IAY = Py e ) :
PULIAY = PUR i AT o ‘
CThe fissl nember i this equation is the (posterior) prolability that
aszumption Ff, s true, phen e observed auteome A,

(6.21)

In the cvaluation of seizmic risl, Bayes’ theorem can be used to improve ©

initial estinintes Of ALY and its variovion swwith dopdl in o piven arca as well as
Lo wf the pocameders thal defing Liie sl of LA or, couividently, Lhe
gonditional dislribution of mapnibades piven tie oceursence af an earihs
cuale. For Ahat purpose, talre A0 as the praduet of a rale function &, =
ALY by oa shape Tunetion S0, rqual o e conditional complemen-

tary disitibution of magnizedes piven the oceurrence of an carlhguake with'’

AF 2 A5, where My is e mnaeinede threshold of the sl of statistionl data
useid Ly the eslimadion, ard §2 = the vector of {nncertaind porameiers My, ...
A, that define the shape of A3 For instance. if A(27) is 1aken os piven by
eq. 6.8, # is a vector of Uwee clemaits equal respeetively o 4, 5., and My
il en. 6.9 45 adopted, B s defined by Foand My,

The InHiab disteibution of setamicity s i this cove expressed by the initial
jomnl probanbilily densily foneilon of Ay, mud J £ 1), The observed out-
come o4 ean be exprested Ly dhe moproitocdes ol o) sarthiouakes penerated i n
qiven soures el hven Lie feteral, Foviislasee, sappose that N eatlh-
qualies were obaerved danng thne interval §and thal their magnitudes ware
Kl r.-.-.‘;, ooy My Hayes' excression takes the form:

. N Pliny, i, .. m 1A, B
-~ i it B il o L PR JoM itk S o hotel
£ 0w ftmy omgitd = £ih, B Py, e, o mee I DY P (L EYEID
) {G.2u

whera 700 15 the pocterior probability density funclion, sad Fand £ are
dienmey varinbles that staml fur ald valies thol may be toben by Ay, oud 1
respectively . atimation of o can usaally be formulaied fncfenendentiy of
that of Lhe ntlor paroneters, The observed Tuct Bs thon exprosal Dy A Lhe
nesher of carthouakes with nnenitude abiove Afp durisg tme & oasd the
follcwing exprossion is ehininm], as o first stepin the ostimation of Aaf):
Pl:i"'-rI : “?"I i

AL INL DY e FLALY mm- s - — 65.23
.lr{ L Lr ] -Fr‘{ L}II:E‘ML;I”JF{‘;}J! ': .}
G.4.1. 7 Initigl prababiilities of hypathietical models

- . . . . . . . . .
Where stalistical information s searce, seismivily estimates will be very

230,

aa

—anzitire todniliol prolabilitios assiped Lo alternitive hypotiecral rnmi}'i‘x;
the opinivns of peolopists and peophysicisty ghout probalte models, 3ot
e parmmelers of ke models, and e corrosponding wzrpin. of Wneera-
by shiowid be adequalely interpreted and expresed in Lerms of 2 functjon £,
as reguived by cguations similur Lo 6.22 wnd .20, lleally, these opinions
should be brsed on the formulation of potential warlhoagonke souzees and on
their compurisan with possitly simi'ar geotectonie struetures, ‘I'his is usuaily
dare by geolopists, more gualitative!y than guanlitatively, when they esti-

male M. Initial ostj : T seld 2 TH izoifi '
puale A, Initial estimates of Ay, are seldom ypade, despite the significanee of

this paramaier for the desian of moderalely importunt stroclures (see Chap-
tor 9. .

Analysis of frological infurmation must consider Joeal details as well as
peneral stroclute snd evolution, Tn some arcas it i clear that all putnniinf
corthauake sources can be identified by surfnpen Faulis, mnd thetr displaee-
ments orecent gogiogionl tines measered, When muean displaceraants e
Uit titae can Lo estimated, the order of magmitude of creep and of cnergy
Hbeoited by shocks and hente of the recurrenre intervals of given M-
twdes con be established {Wallace, 19705 Dovies and Brune, 1971 }, ithe cor-
responding uncertainty evaluate!, and an initial probability distribution us-
storned. _TE:c fnct that magaitnde-recerrence rolations are only weakly cor-
retzted wih the sive of recent displacernents s reflecied in farge Urcertain-
ties (Potrushoshy, 1958G).

Appaication of the eriterion deseribed in the forepoing parsraph can he
unfeasilile or inadeguate in many prolilesss, o5 in nreas where (ke abundance
of fuults of difiorand sizes, ages, and aclivily, and the insuffcient adccuracy
with which focui coprdinales are delermined proclude a differentiation of zll
seurces, Neglonal seismicity may thea be evalunled undir the assumption
st ad tezst pard of the seismic aclivivy s distributed in = given volume
rather than concentrated in faulis of different ftaporiance, The same silea-
tion would be faced when deating with active zoes where there is no syrfuee
ovidence of molivns, Henee, consideraiion of the overall bBehavior ef com-
niey grolagics! struetures is oflen maore sippificant than the stucdy of logal
delalls,

Not mueh worl has been done in the analysis of the overall bebhavior of
larze peoloricn] structures with respect To the energy thal can be expocted
Lo be libersted per unit volume and per aeiy time in given portions of {hose
struciures. Daporlant rescarch and spplivalions shouk! be expocled, hiow-
eeir, shice, 8w result ol Lhe contribualion of platedeclonies tiwwory Lo the
undepstanding of larse-senle teclonic procrsaes, Lu numerical valies of s
ol the voriables corrglated with coerpy libendios are Lring deteemined, and
ean be esed ab feast to wlidtnin erders of mognitede of expecicd activity alomy
IMaie houndaries. Far less well understond aze the occurrence of shooks in
apparently inactive regions of continental shields and the hehavier af com-
prex continenial blocks or regions of balense folding, bul even thers some
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propress is expected jn Wi sludy of acruentlation of siresses in the crust,
Crtrwloenfi 6f U gpaeodagdenl strzelure een serve o Tormulale iniid) el
alility histribudjons of Seianioily eved when quantSative wse of reopysicnl
infocuation seerns beyomd reach. Inftial probabiity distoibulions of o)
selsmivily parmmcders Ay, Bin the small volumes of the carth’s orest that
contribule sipnificantly Lo seismie rislk at a site, enn be assizned by come-
gasison with the wverape seitmicily alwervicd 0 wider areas of similar teo-

bndes chavaclorislics, or where the extent and compirteness of slatistical |

infurmabion  warranl relinhte
{Eslova, 10GD), To Lhid manmer woe ean, Tor instanee, use the infoouvalion
zoonl the average distribution of the depilis of camthauakes of differont
ragiitudes throoghoul a seismic province Lo estimaze the correspomding
dislribution in at ares ¢ that provinee, where aclivity has beon taw clyrine
the abservating interval, cven thoogh there michs be na apparent graphvsicul
reasant Lo seeount for the difference, Similarly, ie expested vatue and eoeffi-

cient of vavintion of Xy in a giver aren of moderste or low seismicity (asa con- |

dineatal shicld) ear be obitatred from the siatistics of the motions ariginaied
al all the supposedly stable or asefsmic romions in the world.

The significance of il prebabilities b selsmic risk estimztos, arainsi
the weinht piven to purvly statistica) inferinstion, becomes cvident in the
example of Fiy. 6.16: if Kellehir's Lheory shout zetivation of seimic sans is
true, =5k s preater at Whe gaps Lhin anywhere else slong the const: I7 'gissan
models are deemed represeatative of the process of encrgy Nseration, ithe ox-
tent of stutislical information is eanugh to subsianiiaie the hvpothesis of
reduced risk at paps. Pecause both models are 52 controversial, and rcp-
resent at maost two extreme posilions coneerning the prsoesties of the
aciual pracess, risk estimates will neeessarily reflect subieclive opinions.

6.4.1.2 Shinifieniee of stadlsiirgd infornation .

fstimation of . Anpliealion of v, G.23 o estimate M idapendently
of ather parameters will he first discussed, beeause ib is o relatively simple
prabliom and beeause Ay, s wsually snore uncerlpin than A and el more
sa Lhan [T )

A odel s defined Dy eg G190 will e assned to apply. H the nossille
ssumplions concerning the vilies af A, eonslitula a continuous intoreal,
the inidial probabilitics of e allerctive lopethoses can be eNprossed 1N
terms ol a probabilily<lmsity funelion of Xy . 40 in addition, a cortnin as-
suniption s made coneernbng the form of s probiiliv<lensity funetion,
only the initial valies of F{A ) wnd VN have 0o e 2ssumed, W s advantas
Eeous (o assipn o o= LART) o geona Matribalion, Tioes, i g ane gore the
rrmiueters of Lhis initid distribadion of p, i F is 2ssumed La be known, and
il the observed oilcome is expressed as the time f, clapsed during iz + 1
consecetive events {earthqualies witl magmutude A ), spplicstion of ca.

F
6.23 kads Lo the conclusion that the posterior probabiity funciion of s

eslimaetes ol poamtinderscurrence curves -

1Y . W \

also - pamma, now with paramaeters g+ n_J'.' ;.mt! p o+ L, The initial nr:d :Iﬁm
posterior expocied values of » eve respretively eoual i pafl, .'n.lul L {P ' .” J{j
(e * 4,0 When initind vocertainty aboub @ s LRI R I atd g '_Mll L ]I,ulll_r an
e initial aad the postesier expected values of ¥ will nal tll:fl'c'r'rﬁ'rt!.l.i.i}, On
the other o, if only stalistical inEnr:nutittnlvfnm tIJ{.-u_mu:il ﬁl;',ulflt.‘.‘l.l'llt.: [ :.md
g oshenld he given very soadl vadues inLhe initii! {lmtrlhlr.u:fan, ol L{}:E. de
benee by, will b practically defined by 1, Iz, unld t,. "[hiis menns Lhot the
initial estimuates of peolopists should oot only include oxpected or most
prabalile valies of the different paraelers, it olso sbatemoents ahoub ranges
of possthle vitues and degrees of confidence atlached o each,

[T

In tie case studied above only 2 portion of the statistical information was

i 13 | H 141 4 1 ] 1
used. In most crtes, especially if seismic aclivity has bren low dunnyg the

abservation interval, siznilicant informalion i3 provided by L]n:: durations of
the intervals elnpsed from ihe initiztion of chservatians Lo Ll'!-L‘ first of the n +
1 ovunts considered, and from the tast of these events until thu_ and t.:f t‘tm:
ohservalion period. Here, zpplication of eq. 8.23 lmd‘s Lo expessions st.nhtl_}
more compl,ated than those obiamed when only Infornzation about £, 15
usi}iz:.c particulzr case when the suaiistical recurd_ reporis no m‘cn}s l‘.]!.:,:i:i% ot
lonsi == interez! (0. B} comes up freguenily in practies] problems. 1{;
rrabubilily-dunsily function of the tine Ty [r:?m 1g 10 the occur‘rcncc‘:a

tho (st event must aceoun: Tor the correspanding shifting of Lhy llmt; 1?:-.1§.
Furthermore, i tne time of ococurrence of }i*.e tast even! hoeflore :.ht: tl'-‘r:mln s
unlnown, the distribution of the walting time fram ¢ = 0 {o the firsi E‘n_ﬂ:lt
coincides with that of the exeess fife in a rencwal process at an nrhz,m.y
value of ¢ uint spproaches inlinity (Parzen, 19G2). I-‘olr e particular -:':u-:‘
whon the waiting Limes Consiiiilo 1 pamnt *.I‘r:'ucess.’ﬂl 15 mf:ns:urcd frlﬂlm;

0, T is the waiing time Lelween consetulive r.'ve:}u:, and !t.i? k:t'll:w:rl'- t -lilt
T B tg, Lhe conditional density a‘um:tiuil of 7 = {T; — 1, WE(T) Is given by
e, 6.2.1 {Esleva, 1974), where ty = to/E(TH

:;_‘i:, Ak [iefu + g™ ™7

=] {n: - j'}!

o i

fro (RITy 2 1) = {6'24.}

k an
LD P . 3TN s
r::ll ;l:)]li [ﬂ'_1:|1[ ¢

-

Consider pnow the implications of Bayvesian :ml:t?yr.is _wh:r:.a Ianp!ic-d tn'ﬂ?n of
the eisinie paps in Fim 6,16, under the CD‘IHILLIO“S mt|_+li‘t:1t. in o, G624, An
initial ser of 2ssumplions znd eosresponding probabilities was adoptutl'as
leseribed in the following. From previeus stadies referring to :1[ the snmh;
err roast of Mexics, loex! scisiaiciiy in the gap area {:r.:r:aaurcdqm terins m]
% for I > §6.5) was represented by a gamnia process with & = 2. An nitia
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prolabiliy denaily Tunelion for » was adoplod sueh that e exp bt wlup ij:I.I: 6.1

af WMD) far the rgiee coineided with Bs averspee throuelioud the cur bt
Sl provinee, Two vilies of powere considereds 2 and 10, which cor-
respond Lo coefficionts o varintion of 0.7 and 0.3%, respectively. Valees in
Tovle G.HT were obtained fur the ratio of the fina! 1o tie imitial expegted
vales of v, in terms af vy .

The List lwo colunms in the table cantain the ratios of the compled

values of £7(7)) and K7 when ¢ is (alien as enual respoctively to itg initial |
-or 1 its postesior expeclind value, This mbile shows that, for p = 10, that s,

when uncertiniy attached Lo the gealojgivally based assumpiions is low, the
expected value of the time Lo the nexy event keeps decreasing, in accordance
with the conclusions of Kelleler et al, (1973). However, a8 Lime poes on and
no events occur, the statistics! evidenee Joads 1o a reduction in e ostimsaied
visk, which shows in the increased conditions] expecied values of T, . Far o=
2, the peolugiesl evidenee is less significant and risk ostimates decrease at a
fasler mate :

6.4.1.3 Bayesign estimetion of jointly distribiided perumeters

Ia the pencral ease, eslimation 6f 2 will consist in the des cminntips of
the poalerior Heyesian joint probabilicy function of its COMPORCRLS, (aking
o5 stotisticnl evidence the relative freuencics of observed mannitudes. Thos,
if event A iz rescribed as the aceurrence of & shocks, with magniluces
By, oy iy, and by {8 =1, L, ) are vatites thal may be adopted by tie com-
ponents of vectar B Leing estimated, g, 6.21 becomes:

_;‘_‘,‘{b], ey UAALS L e D) '

fo St ., :.',}Irlf:ljul, ey W30y, L, D,

[u{b1e ey U, 1) = {6.23)

vhere Pl .., ) s proportional to;

"
T Sy, o B
=1

andd glm) = =20 oo

Clased-form sobulinns Tor £ as ghven by e, 6.25 are not feasible in T—
Fur the parnose of evatuating sisk, howeser, estinnies of the posierio: fist
anel secosu] mownends af U ocan Le obitained from . G125, making Qse of
peailable first-order approximations (Henjamin atid Cormell, 1870; Rosen-
Liaeih, 1973) Thus, the pusterior expocted valie of B, is given Ly § £ ()
¥ o whise 'ﬁ;'{”;} =S e LAt ) dug, L dig, and the muliiple inte-
izl is ol order r — 1, heeause i is not extended to Lhe dominion of ..
ilenee: ;
BRI, )]

() = = =

Eyl (A, - )] (6.26)

214 , :

“

Bayesinn esliMates of seismicity e ance jeismie pap i .

uy # 8 /ET) EAIE (#) ENTT) g0

R A =10 pm2 p=10
0 1.0 1.0 Q.75 .75
0.1 o 095 .90 074G HF) "
0.5 0.75 0.94 001 0.71 -
1 0.8 057 ) .73
a - 0.20 0.4 211 1.04
-10 g1l 0.36 547 1.55
bl 0.09 .20 10.50 248

wheee E' angd B" sland for inltial and posterior expectalion, and subseript 8
mesns tnat expectation is taken with respect Lo all the comporents of 2.
Tikewiss, the following posterfor mmoments can be obtdined: :

Covariznce of D; and Ly o
JTfJ-r[B'T?.P{-ﬂ-[Hh =y 31-” ir wii
T oy e N A A L Ak . 6.27
'C-G"-" {E:n *?.'} I‘IL £f>{ri[31 R Hr]} } [‘HJ‘L {Bf} { }
Expocied value of MAM "
UMM = BTN ETTIG T (AL BY
: E{G2{AL IPAIRy, . 12,
- py) RET R AT, B3] 16.28)

En A8, wa B

Aarrinal .:.’.-'sf'n'bun';mﬁ, Tho posterier exprelalion of JAD is in somnme cascs
ul] that is requirrd to deseribe selsmicity for degisinnaaaling purposes. Of-
tan, Bowever, aecerlaiply i MM mast alsa be acounded Tor, For instance,
be proaability of exceedance of a given mapnitacde during o piven time intee-
val has o be glilnined as the expectation of the conesponding probabilitics
over alt alterative hypolietes coneerming WAL To Wis manner i can he
shuwn that, if the ovewrrenee of enrthyuakes is a Poisson process and the
Bavesinn distribulion of Ay 15 ymmma witl mean Ay, oo coellimant of varia-
Lion 170, the marginal diswribution of the tumber of earthepikes is negative
Ginowmial wilh meon Xy, In pavdicular, fhe mmginal probebility of wero
evenls during time interval £ — equbvalently, the complementivy distribustion
function of the waiting time between events — is equal to {1+ /")
where r" = V¥ end 07 = pYA L The marpinal prabability-deasily function of
he waiting {ime, that should be substitwted ineq. G20, 3 (1 + A"y " 1
wehich tends to the exponentisd probability funciion as v” und 1° tend tc
infinity (and Vy -+ 0) while their ratio remuins cqual to A,
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sryesion upecebainty Leed Lo the joind distribulion of a8l selsmicily jatmsm-
cters (A, fy, o A0 enn be included in the eamputation of the prohbabiiily
of wecurrence of o plven event 2 by laking the expoectution of that prob-
abilly with resprect o afl parsimelers;

PUZY = Exg P20 My By, 1)) {5.25)
When the joint distribution of Ay, &7 stems [rom Bayesian anaiysis of an
initial distribution and an observed event, A, this equation adepts the form:

s n_&u,lf*{zm, YA H)

i lP{ATNL B
where " and 7 stand for initiad and posterior, respectivety. )
Spatial variefidity. Fipoare 617 shows o map of geoteelonie provinees of
Mexico, neconling to PP, AMooser. Each provines s charnelerized by the e
seale features of jls tectonic structure, bot shrpifleant local ]ﬁerturb:ltinns to
the overall putlerns can be idenlified. Take for inslance zone 1, whose
seinmotoctonic features were deseriled shove, gnd are sehemotically showh
in Fip. 618 (Singh, 1975 the Pacilic plate underthresis the continantul
block and is thoupht to hreak into severst blocks, separated by faells trans-
voerse to the coast, that dip at Jdifforent angles. The continestial mass is also

(6.30)

" T __|’ file]

LN
g ANy N

Fig. 6.17. Seismoptectoaic provinced of Moxice. [Afler F. Mooser.)

_
L)

Yelcanic lopni=y,

§ >0y >0y I
c Fig, 618, Behemalic deawing of Lhe sepmenting of Coeos plale o5 it subducls below
American plate. [After Sinph, 1874}

reade 1w of several bope blocks, Scizmie activity ab the wnderthirasiing plate
o ah ibs intesDuce wilh the eondinedal mass is chirraclerized by muasgnitides
thot muoy reach very high values and by the fnerease of wean Lypoeeatrad
deplin with distance fronl Lhe cousty smalt und modrrace shatlow shoeks are
peneraled ab the blocks thomselves. Varinhilidy of statistical dota along the
whale lectonic sysioin was diseussed above ane is appareal e 1M1, 6,10,
Bavesive estimation of loeal scisminity svoraged Lhroughoat the sysiem s a
mindter of sppiyingd o 621 or any of ils specisd Torms (ogs. G282 qnd §G.23),
taking as siadistical cvidence the tfermalion enrresponding o the whole
tvstenn, Hewever, seistiio risk estimabes are scnsilive lo values of loval
spismuicity averaged over much smaller volumes of the earlh’s crusd; hence thae
nowd {0 develop crileria for probabilistie inferenee of possible patterns of &
spaee wariability of seismicily olong tectoieally humoyoncous vanes.

Qe the hnsis of svismotectonie infarmation, the system under consicdera-
Lian can fivst e subiivided oo the undertheusting plate and tha sulsysiern
af shallow sources: each subsysians can Lien e separalely anadywod, Talie for
instanen the underlhwusting ploe and subdivide it into = sulfeiently small

Ceenad-valutie subvzunes. Lol pp Lo Lhe rabe of excvedance of moapnilude Ay,

throwghiout the main s¥elen, e 1h curr'-..-s.pmzding riule ab each sulaone, and
defing p; 05 ¥y S, wilh gy independent ol pp(p, 15 equal to the probability
thal an earthiquake known o have been generaied in Lhe overall sysLes orie-
inated i subzone §). Initial informution aboul possilile space variability of
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py., cun e expressed in lerns of an inilial probabdlity distebubion of gy oand
of thr correlaiinn among gy amd gy for any ol o Because g o= g, one
ohtuins Xp, = 1. This fngenses bwo resbrictions or the nitisl joing ]:*u"}u!n] Ly
distributinn of the pjs: Ky =1, var” Xpo= 0010 all pls e assigned equad
expectotions ard oll pairs po,op,, £ F are assemid o possess the same eors
relanlion coefficieat gy = p', the restriclions mentioned lead to £'{p = 1/s
antd p' = =1f{s— 1], Pusterior volees of £{p) 2od g orve ebiained sccording
to the smae principles that Ted 4o cqy. 6250628, Statisticnl evidener iz in
this cuse described by N, the latad number of earthgeakes goaerated in the
svstom, and g (0= 1, .., 8) the corresponding numbers {or the sulimanes.

Given e plg, the probability of this event is the multinomial distribution:

!

P[!l!ﬂ},--":p'i] = H Ipl

L.
1f the correlation cocllicienls amoay seismicities of the varisus subrones can
bBoe replected, each p, can be seporalely esiimated, Becouse p, haos 1o he
comprised belween O ard 1,300 nmues] to assian i3 buin initial probability
distrilyution, defined by s paramoeters o) and N/, such thay E'(p) = 8 fN]
and var'(p) = Al (N — nINPND + 13 (Reifia end Schlaifer, 1968). The
parameters of the pusterior distribution will be:
ThRpER TR N =N EN

Take for instance a zone whese prior distribution of Ay, s aspumed fmma
with expected vidue A, and ctupff"tirni. af variation V7. Sunpose thal, oo the
Lasis of peological cvidence and of the di mmlsmr's firalied i1. is teeided Lo
subddivide (ke zane inle Four subrones of enual dbmencions; z-puiort con-
sitdenfiors fopd io the assipumend ol p\]m.,r.,ud values -and ceeflicionts of
variation of p, for those subzones, sny E'{p)y =025,V (p}=020(i= 1, .
4}. From ;vewuua consivlerations for s = 4 tnke pi; = =1f3 for i # f. Supnose
now that, during 2 plven thne infervnl 6 ten carihqunlios were shsery e in
the sone, of w.-.'hit.!: B, 1, 3, andd O oveurred respectively in cach subzone, 1
the l'oissen process modi! 1 adopied, :'\'L and V. con be expressed in lerms
ol o ﬂ'{:ii{imn puenher of vyvents 7 = VY oeeurred during o fimitious fime
dnterval 1T = o ,f"'u ; after observing o eacnthouaies during an interval o, the
Bayesizn mean and Lﬂu’hr wnt of variation of A, will ba ?LL = (n
(" +1), Vi ={a" 2 ny M (Esteva, 1965}, Eenee:

= (ViR 4+ 105 VE AT
Eoea! deviations of seismicily in each sulzzeone wilh respeet Lo the average
M cen be analyzed in ternns of p; (F= 1, .., 4), Bayesian anaiysis of the pro-
poriien in which the len earthguakes were distributed 2mong the subzones
proceeds aceonling Lot . -
E'lpiliAln oo pa ] i s

,. —_—— . G.32
E (A5, v 0] _ {6.32)

Yeg), VD=V 1007

E'(n)A) =

. ph . {G.81)

+ n)f

b \ N
The expectatinns that appear in this equation have to he computied widl re.
spect to the indtial joint dissitwation af Hie pls. e practice, adeguate approsg-
inmntions are erequircd, For instance, Benjomdn and Cormedls” (14870]) first-
orler approximalion leads to K (p )= 0.256, B () = 0,804,

I correlation amand subzone scismicidies i nodloeted, and statistical in-
formaticn of cach subzone {s indepeodently analyzed, when the g5 are as-
sizncd beln probability-density functions willh means and coefficients ol
varintion as defined above, one obioins F'{pd) = 0,206, £'p ) = 0,311,
which are not very differend from those Totmerly oblained; however, when
E'ip) = 0.25 undd V'(p) = 0.5, the first critevion loals ta 2" (py) = 0.206,
E"{ps) = 0.314, while the seeond produces 0.1401 wnd 0,410, respoctively.
Part of the difference may Le due Lo neglect al gy, hut probably o significant
part slems from inaccuracics of the first-order appreximation Lo the expecta-
tions that appear in cqo 6.32; alternate appraximations are therefure dosir-
abte,

Incomplzte data, Statistica! information (s known to be fairly relinlile only
far magnitndes 1I}me threshiold walues hat depend on the vepion cansidered,
its toved af activity, and the guality of local and neachy soisiade instromenia-
tion. Bven incompleie stalisticnl records may be significant when evaluating
same seismicity parameters; thelr use has'to be eecompanied By ostimates of
deteetahility values, that is, of ratios of the numbers of cvents recorded Lo
toral numhers of cvents in gwcn ranges {Estova, 1970; Kaila and Narain,
1941} '

6.5 MEGIONAL SFISMICITY

The {inal gozl af local seismicity sssossmoent is the esthnation of regional
soismicity, that is, of probability distributions of intensities ab glven situs,
and ol prohabilistie correlations among them, These functions are abtained
by inteprating the contributions of loeul seismicities of nearby sources, and
henee tholr estimates refleel Mayesian vaeertaiiaios bed Lo those selsmicitics.
In the following, royional seismicily will be expressed in terms of mean ratcs
of gxcvedance of piven infensizics; more detaled prebabilistie deseriplions
would entail adeption of specific hypothtses concerning space and time cor-
relations of earlinualie gencralion.

v
'

8.5, 0 Falonsity-rocurrcance eurees

The case when unceridinty in selsinicity paramelers is neglected wilt be
discusaed {irst. Consider an elomentiry seismic source with volume dV und
local seismicity AT por anit velume, distant I from asite 5, where intensity-
Tecurranee [unetions ame to be osi .muwd. Lvery time that a mapnitude M
shock is penerated 2t that source, the intensity at § equals:



Y=e¥y=ch by, M) . (G.ax
&, .
(see cqs. 6.4 wad 6.5), where ¢ is a rundom factor aml ¥ and ¥, stumil for
setual anrd pedicled intensitios, B, and by are miven constiats, and P LRI
Tunclion ol iy poveniea) divlinee, 1hi prrehalality that an carthgualiv orig.
imating al the suuree will hiove an inlensity frozter than ¥ s egund Lo the
protahility hat ¢ ¥, = 5 4f Yy is expressed in ters of 3 and randonigesg
in ¢ s :.u_-{-m:nit:ci for, ane ohtains:. -
ey,
RLEIR B CY I A e

2]

(G.31)
H

Jwhere voand », are respeetively mean rates ot which actual and predicted
intensitics exeeed given values, fay = yiy., 6. = ¥ v, and yp are the
procdicted inlensities that correspond to Myoangd N, and {c ihe probability.
densily function of €. If cq. 6,33 is assumed Lo hold:

val¥) =Ko+ Kyy™ "1 — R y™n2 {6.33)
whore: - :

B = [0 g(RNAMAY (i=0,1,2) {6.35)
o0, Ty« Blba ry=(f—B )by (6.37)

Substitulion of 'eq. £.35 inta 6.34, coupled with tie Assumption that In ¢
is noninally distributed with mean s and standard devialion g eads to:

HyY=coKo + 6 Ky — o Koy ) (6.35)
whiare: .

10 oy, —1r, Inay—u, ' .
¢ = exp(@} | o -—;;-—) —¢ (1) (6.39)

¢his the staneksr el ncrmal ennndative distribution funetion, @, = 12 air? 4
P and wo= ok wtrL Similar uxpreasions have heen presented Ly Miorz an
Comell (30737 Inr the special cuse of . 6.8 when 5, —+ e and fora guactra.
tic form ol tw telatinn Lelween magmilode snd dogariiiem of excesdance
rafe, Cioverl-form solulions in 1erms of meomplote maima funclions am ol.
ined wlne, magnitudig wre assumed Lo possess ox froma typre-HI disleitae.
Fons (v, §.9). ’

Edensity-necurrenee curves at friven slles are ahizoed By intepration of
e vonteiladions of all sipnificant sources. Uneertaintios in local sCisntiCilios
cil b hanet e Ly duseribing regrional svismivity in termg of moeans ond vari-
antes of i{y) eod vstimating these momeat: fram e, G54 ond suflable fese-
and second-monient approximations. Influence of thete wneertainties in
desizn decisions has been diseussed by tosemblueth (in preparadion).

30

6.5.2 SEelsmie probabilily moaps .
When infensityacourrence funetions are determined for o nlellmr ol sites
with uniform loca] prowsl cenditions the resulls wre ::mi'-'timl'm.lhr rep-
pesciileel by sels of seisinic probubilily maps, each nap .-:lm':'-fn'u! -:.'untu:j.urs
ol inlensitics Mhal correspenn] oo given relarn 1fu:1‘1:.ﬂll. Par isluases, Fiprs.
Go10 and 620 sl peak proand veloeibios anal 11.r_-n.':elurul.l|n||..~'. Lhat correspond
to 100 vears retam perind oo T provnd in Mexico, 'l 1'.t:".;~:: s I'nr_m part
of wosel thal was ahtained throeph applicition of the coilera deseribied in

“this chanter. Beeaese the ralic of peal ground accelerabions and velacities

tlovs nob remaln canstanl throuphout a ropgion, the coreesponding \[L‘S?‘,‘,I'n
spoectil will not only vary in seale bat also in shape I[frur:_L:cncEy content); in
olhir wouds, seismic risk will useally hove to be c‘:xpm.s:;ud in terms of at
least the values of two paraneters (for inslznee, as in Lthis i:,:asﬂ, peak ground
accelerations and velogities that cormespond to various risk levels {return
periods)l.

6.5.3 Micrazoning -

Iaplicit in the above critenia for eveluation of rcgiu:‘llm‘t seismicity is the
adoption of intensity atwenuvation expressions valid on firm ;:fnund. sc.jxl;t-::r
of actuul Intensities with respect to predictod values was a.::-:'r:lmd llu_dtf.t:r-
orcas in soitree moeclianisoes, propageation paths, and lacal_ site c_ur'.‘dma_ns:ut
least the latler proup of veriables can inlroduce syskematic dewatlnrns in the

T [ [ ) b

Fig. 6.19. Peak grouad selocities with return neriod of 100 yeats {crmfwc].

e
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trying to fi:\ t beundary for the purpose of prodicting ihe motion al L
Lop of a hill o1 dhe slepe statalivy of a high cliff (Hukos, 19740

It cont e coneluded thal rotiona formulalion of microzoning for seismic
risle is still in its infoney wnd that new crileria will appear that will probably
reguire Ilensity allenuation models which include Lhe influence af locul
systemabic perlurbations. Whether these maodels are available or the two-step
process deseribed abiove 1s ncceplable, inlensity-recurrence cxpressions can
be oblained as for the unperturbated case, after multiplying the second
member af eq. G.34 by an.adequate intensiyy-dependent corrective factor.
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rg.._5120.hpll:l‘k ground aceeleralions wilh roturn perind of 100 years {(emfeec?)

atm. of actual to predicted intensities; and geolomical details may sianifi-
ant’y aller local seismicily in a small region, as well os e}'tm'g:.' r:'c.!iatiun 1:+L
rn}s, ,ﬂnd henet repionul suistnicily in Lhe neiphbeurhoad. 'J']ws{; sysanruLdi:
evialions are the matter af microzoning, that s, of locul modifisqt 'I'
slt maps similar to Figs. 6.19 and §.20. o e e
r»!_-::-st ol the effort invested in microzoning has been devoled <o study of
e influence of loca! soil stratigraphy on the intensity and froqucn::y con-
nT. of parthnuakes (see Chapter 4), Analytical models have lmr_‘.n prraciically
1lnt¢<! to response unatysis of stratified formations of line:r £2r "mn]i:.;m}.
ils to m:rurticnlly truveling shear waves, The resulls of CDH‘-IJHITfr'.I'f'ul}‘il;‘r'.'::;
:d predicted behavior have ranyed from satisfuctory (Herrera c:n::E. -1‘.1(55}
poor [Il_udscm and Udtwadia, 1872). Topographic irrepularitios aslhille or
Ipes of firm ground formations underlying Svd':menl,sbmﬁ}' i!'il:'r}d'n‘.'(“ﬁi -
ficant systemtie periurbations in the surface molion .ns ! L'UIl‘il:.:‘v.‘]L::::':C{; -:fi‘
e _mcu.l;ing or dynwmie wmplification. The tabter f:fr:;-r.:t wis ];robubly -
;::1511}?9 for the exeeptionally hiph aceelerations recarded ab the abubmoend
Muceima dam during the 1971 Sun Fernando carthguake, o
Presenl practice of microzoning determines stismic intensilivs or desipn

- ramelers In fwo steps. First the valves of those prramelers on fite pround

. t;::fl_!mat.ed by means of suitable attenuation expressions wndd Ui thoy
mitied aceordIing 1o Lhe properties of Laea) sail; bul this IZnphies an :tr;

rary decision to which scismic risk is very sensilive: seleeting ths bound-
between soil and firm ground, A specially difftenlt prohlvm‘s'.e;ns wlen
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(stockhastic process) eodel of se;micity in a givm bource atea. An i.nitial.
or prler, probobllicy is scrigned to sach hypothesis, and tho ssatissical
Infpiration 1s thes weed for improving thar prolabllity assignment. The
criterion ix bosed an pemlicasimn ef Rayes theorem, alse called ta thoores

of the probabilitics of the }.ypa'l:heses.' A previouws Forpulation (1) has

evilved throggh the interaction of mudtldisc:plloary proass in the Sevelop-
reni o selcmic risk studies perforved in the last fow vears in boyro f2-8y)]
<oe esiirates of Tis fopord on o azepzual models of e geonivaizal
;oozess invalved, and these ara Dlitle .":rm ab JTeseni, fui® CULITicas acp

Tiired here than solutlons glven,

P

2. MEASURES {IF SETSHIC RISK .

4

Let ¥ be & meagure of earthqake imiensity, According to the pichbien at

© hatd, ¥ may be pesk growod sceeleration, velocity, !peelral erdinete fer @

§iven matural mericed, o7, shortdy, any variable that detroiies 10 s - touTesE

of the system undeT STudy,  This mears that & refstiom can be coiotTiened

© betvren the intensley of p glven earthquie and the cortesponding lors Dy,

*

A coerontly spplied criterion astumes that seiszic risk should be messurat
by the highest inunslt;' 1har can b caused ai the file by the largest-
miitede  earthquake that cen be gentrated at any of the potential selsalc
seurces in the vicknity. MHowtver, engintering systens camwt a.l.wa}rs be
desfpned for the worat passible cendition to be expscted.  Instead, decisions
have to be Eided om cmt-b-lene!ll tudies, Whan dé'si.min; fur carthguskes,

1 sipnificant coat terk is made of the value of the expected actialized

eost of dasage or fed Iure., i1 ghr;:n by the follewing agution:

- -
EtF - [ ge™a B
; .



MM 1'" )
yeb ® R {9
Vate B 2 koo Byi Rt be plven dn Mloters and b b, b oand B oare
piven 1= Table 1, whizk also sheres the rean o oand the stasdsrd deviatim
¢ aof G onziured Jeparitka ef the tatio of whasrved to copoted intensities,

TEELY 1. LRPREASIONS ALLATind PACHLTUDE, INTENSETY AiD HYPDREHTRA. DISTANCE

rl_x:re:ﬁm far: . h: k, LS ™ a
* {eafurc) HE] t.0 1.7 ] ﬂ,i;:b. o,
. :_tc:fnc“.- secp [ 0. [ 2.0 [ a0 | D.ow 0.6x
Voiizfoech e | o | 3.7 | ER [ 57 § ©.Eh
;
I EEUTT IS ES 650 | o8 | 20 [ 70 | 2 &5z

e osamIficant dispersim of there ex reizlent, Soplied by iis RIgh valoes
of ¢, 35 dge r3inly to tledr kaving been ottained from daie of tErﬂ'.-t‘l'.:‘akEs
czipinating im €ifferent sources and having differens mechanicns and propa-
gatim ; ths, T.& formof Eg £ pives place, ToTecyver, to @ faster variatiom
of- intensities vith rospect to magnitudes in .thk‘ near field than what occurs
in nriore Lbecsuse the liberatiens of ensrgy s distribured throuphout wolumes
wlasp CimEpsdens can e oinidicant with rr::]-a:ct to e sfte-tossgupee dis=
Li'we. This relatiuely Jow sensitivity of y with respect te M in the near.
Foid nas loen verifled in practice e Juare for quslguzhes ;.'.'l:-::ur,ed by a
striheeniin pechaniam U1, 153, This offect tar we y-presentsd by efPressics

SETE Y IV T | 1:-1 Ur trren, for lash ze, £5 0z oo LovA e YO0+ R

Feo side zen s & the zih's emeag, A9, the sverice welur uf 1.{'.‘:! over

Tesg time frderals, o o e ppprocleated wa follo,

S
mn-u‘t' fnry-ﬂh:l

* £R
lc_'_'jbq:!'&u fDrH}Hi &

" wniare L ¥ s n mppmitude Levond which there is a LI%ac rate of

Pesrras® of A(M) wlth mapnitude; comtinuity st ¥ requives that & equal
u, o [lE -84,

As 3 1o ulf of the statistical Cispersion In the erysessioay relaring M,

T X snd ¥ Eq 3 ka3 to be unged 1o the Following:

- Mol [ amemiemna

viaio e[y, X) 4% & pesfecilne Toogiden it fen b oooopes - 3 desoribed

in hef I,

£, INALITICAL 1USELS OF SEISMICITY,

As tas bees Jeinted ;Ju'h wheny englreering decisivns concerning comstristion
in selszic Atcis have lo be rade, 1% Joes nor sef{dce tw oTess lr_*l:al-
seirmicity in terns of &1 uppe? beund for ragpitades, (Do rslelilicy of
»ose preedonce i3 crbdtrartly sseeod Lo he heplipirly o= 1. Iestesd, it
rhoald b orssresaed (o terms of W pretadlility direrilutig of the rieinem
s-oniiule Wkt cia be pRdiatpd B3 opluen seurces foplng st Lhe piricds,

These protabilities depued e the felllwing hoatic o

&) Frequenzy-tagnlnirde rilatfons for szll velemes of 52 worths erust
b1 Btatisticsl corecletion fonectioms ef tha g, cex of rimtlomtbe [eatmmtian
in tina avd space.,

- v

[
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particularly in £=317 areas o7 for Jarpe rapnitudes, AFter conriderari{on ' ) EIF] T .
of the peenkysizal . ———— f I'?{trt.l]'?t}tnndl (12)
ktephysical proiesses dn play it 85 Tearmhle ta conclude, howrver ) . .
r
that I strais ewrpy sto in i s -
© stered 32 2 yegion gravs dn z. ar less systenatic This expression 43 conslatent with the ostcptions thet a srrucrore fails
kamner, the rlsk funet Ty - ) .
] ' jon ghould prow with Lhe Tine elzpsed since the jast \ben & piven Intcnsity vith retm perlod E(T) {5 caceedrd, that the .ot
evenl.  Frelimin e ; - _
wry statistical analycis of the wvaiting times Lefuten of that fallure 15 X4, and chat the system 1s not 1elmilt after failure. k
ciriloakes with 1 tuade - -
= =P € &% or 7.0 gnd greater In some c:lvic provinges wap taten ws 2, wnd ten values of {E{T) were conafdermd; 10 and 100,

in the sruthern coast of Meico shews that if shocks oemorred fn the g s

seisife province vittia a fes nnhs of each ather sre lumed -olelher as TABLE 3, CCoPARISOR §F P1STOM A¥D Cami FRogESSES

2 = m = A
Mngle eveals, t};: resilting disirilution of saitioz times can he ap- _ Chrmh PROCESS, !-_ 1[ = - _”}:f;‘h T G?f!ril.i;;
Froxicated by a gaa Roctim with kv 20 Hoomver, results have not Leen . _-_ rmra-t_} !I'.rll‘-'h-] JEM =i JELTj= 100 -th‘;nr_ iyi.;:]-u:. ﬁm.;ia_
wmifex, FBellstie caln:lms of aliena . & e 2.78 | e.03T | o-book
- * - - TGl essu tione omsernin j . ' .
{ave Y imeiot s . = T kol 0.1 452 .73 B.o§1l 0.£33E
ave bo rest farsislly e imocilen of the process STosumie = iMoo g7 ¢.0E o1 |e.esis | eutasy
af timin enTgy. - as| om o4t lowsrs | o.vcee )
o 1 8.5t o83 |oare | e.maz 1.0 o.tsy | o.bes
PR - - 2 0,40 v,38 [0,139. | e.ose ) .
_r:-n.Ji.n,t to Egs 1 =l 2, the sctualized value of the expected cost of p B, 54 o, 4 0. 1%% 0.017%
. damage or failere 5 a fincticn of y (), which Is » fincticn rot ealy of B RL 837 0.52 o, 180 0.8507
A0 Ln the meiglbouring sefsnic sources, bot clse of the prehakility iy 9.5 0.5 v.187 a.01%6
distribution of F/E(T), The possitle zignificance of the value of k in the . .

varlahles that affect selemic desizn dezicicas can be inferred from Table 2, Tis table shows very sipnifleant diﬂ':rm::u berwren the .:rpe::v-d cart of
shich comares the fnitlal and the condizional epected values of the tim f-.illucre for both processca. At mlT valaes of 17 E(F)/R fur the Fojssm
Yo mext event, px will as 1% actislized 1alues of the !:xpect:.-_’ cost of . .;".uu-s.s iy prester then Dot for Lhe gwiad FIotels, bur as 1imz goos on
fatitre fur the Foissen and the fama processes. These qiinti leg v+or el 1o cart] juies accur, EIFHD grovs gr_nJ;.llally for the gows procear, wtil
computed by 1eams of thn erprezcions dovalepsd in 42 epsendin. The actisised = ;-,n..::u::d risk fur l..hc tatier béiomes n.::arI]r~ twlee that far the Fuirsan
vt ogf tle erpegbed o2t 0f feilure was etmadred foogths ootogasien t.‘.i: prerse, CImr, ttlr ,I rebles 19 5!.1:::1{1 cank vin -;MM.; e TN
' - fwefrfcas. ,

AT
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s e sorlaze evidomoe of retions doer rot exist. Hence, cemrider-

) Fo- L L T £ 1 1
atim cf thr ev-mal) Idlaviow of cooiex geciogical struztures I3 in

grmaral rore sinificant than the sidy of locs) details,

To thr withars's Jnewledpe, not mush work bay beey dome in the =nalysis of
the urall belaviewr of lar;-:- fenlopical structures vith rysneet to the
ey that can be expeited 1o be liberated jor it voluw and per mit
tize in given rertivs of those siTuctores, Im"unt e starih md £pplle-
alims should be r:t?el:ted kewrver, since, as & rosulr of 'L.'rue contriluoing
of radern plaic tecicaics theory to the wnderstading of layge scale tecte-
ric’) Freceetes, the nuiriga) valuss of sme of the varizbles correlated
with emeriy 11%eratim sre boing eeievnined ) aad can bo vied gt least ta
ctizln crlors of copnitede of pymected #£Tivity alenzr plate brndaries,

Far Jors inderstood are the oeoorronce of shocks In arparently faactive

epi=s of eontinntal ehislds and the behaviour of complex ceatlnental

" Lo s or regiens of intense foyding, hut evep there Lume progTEss I cone

il

teplated dn the sibdy of accmulation of stresses in the crust (15).

"
¥inr-ledge of the peolegical strycture cam serve to fnnmiau initiel prola-
Lillty dlstritwticas wf seiszde ity oven when quq.,n:lt:ll.ivﬂ ust of peoplysical

infemmation scems beyond reach, Initled predalility distrilotion af local

*SESIMICILY paTandicrs o, P, M (I3 5} of tla rrl::i'.-cly trall volioes of the

catih’s £1u6t Lot ot ilure sj;rufj antdy to the weiamle risk 3t B xile can

P u—— LT L - . [ Al
b sl by cmarism vdth tha averspe aficme ¥ shremed A vl peevs

T [
ef #hilar Gztiale Cleratlerictios or v e tha s Aot ood ot ar s of

stasiztiza? inforeation worrmnt rellable extjmated o Dirgueney-somitude

cur-ts (1], In 1843 ranser we con, for Dostange, wwe ol infomatiom
peogt the pverage distributicn ef Ve depihe of curtlgutes of ¢ irent

bopnitudes thaoughout b telendc provinze 1n ordar 10 ertlrate the cem expae

. ding distriluiion v an aZes of thal prosclne whyre Litivily hes teen Tow

Saring the chacmation Lnterval even tlocgh thera Right te pa wprarent

prophrsital Teason for tha difference. Li'Lﬂ-du, the e meted \'.'.:Il-l-t and the
r.n-el’:.:icnt ol veriwticn of J.l,"I~'I'J Ina glwzn orer of 128002 or lw seis-
pacity r‘.lnf » contaeatel dhis Id] o b- o‘uim-d Trom the < ti3tles of
1he eeticns erfpinaled 61 r1] the Poppontdly sichle cr h:!njc Tepions !n
the verld [18),

Mge T 41Turtzates 1he Lind of o -opis thes ong hos te eagider Wb toy-

CLag e use all pailzble infevmatdis for the quathistive prefallitistdc

taadysis of sefamic visk. The souihem comat of 'izico 13 oo ¢f the

repieng of Ligheat agtivity in the world, large shelios shoclks rre prualeced

17 1l dnt, action of the tontinents] Eagy wnd the neean hotien's plate

{focos plate) that undetthiosta it. Selsmelogiconl date shgwes sipnificane

papa of pecivity atong the copst Quring ihe prescht cuninry and net ruch 1s
LN 0

’ g oot prevlous hinr_'mry'. At polnts alomg whese [ips selamic 7)ok

saidiates trsed o clsermed inTc wdiles wpuld be gite lew, Mo slpnificent

CIffoiinee ix evident in t‘rle { :-Jc;,ir"‘l struzture of there wxzw with
L Ty

1ot 1ooahe Test of the cosek, Y1 Lhe ur.:-,:im ef mn.y Jpats ITRRs-

v ogre te 1Ly reant, m.L ClhilAx e eentla, acl e ey rtn o]

1Jneha. dm e v el e Traasios efpreiney T st Twerieng

-



the ¢t servation interval |

Lt
]

Fre the parameters of this Inftlal distribution of v, 1F k 15 espiad 1o be

e, el if the chrer o wultooe I3 e Tessed a3 the tims t uizps-d he= !
tvzzan ¢ 1 eemaeanive everny (earthynkes with mapnimese 07, g7 lication

of £3 13 Jeads tep ihe conciuslon thas the pasierior prevarizit. fimericn of
v is 2150 gam, now wlth paroeters pemkand ¥+t . The initial and
The posterier expected valiwy of ::-e+ req;t:;irelr equal to £/u, and 1o
(ot S}y + t"j‘. Waen Initle] wrtertalnty abart v is sml?l p od powgll
be retarively large and Lhe i.nit;:l and the posterior expected 'i:nlu'.:s of v

viIl nez differ prestly, On ile cther hand, §f only statistizal inforo-

'..icrl viTe decmed _r.i,.";'.ifiur.t, pand ¥ shauld be Eiven very ®all vaiues in

the initlal Zistribution, tnd Flv), end hence 1M, wculd be Fractically

-refm-:j brn, kamd t, . Thif roapa ARt the dnlile) esticipes'of reolorisiy

=]'=.-J;1d. net only inctele expreved of 1t probeble velves of the di!'fcrent

p..r'-c 215, but alsp statenents apout iwnges of passible v lues and fdegrees
of confide. oo attazhed to rach,

In the cdde studied above ‘orly a portien af the llgt-istit.a‘l Information was
used "I Tost cases, especially §f sefsmic activity has besn tow during
i,p-;iﬁ:l.nt in[urmti.m Is p"uwidzd by the dur-
tiens of the fas E;‘H.]! #lapmed "rnl L"*: Inhirim af e vations to the
first of the m + 1 pvents comaidsped and from 1be Test of Sio€e sveats 1.:11
the end of the :::bx.:n-nim Feriad, Jare, :j21icaticn of Fq 13 lesds 1o oex-
1oy By more cupdlenied 1..'!.::: thiee cviplenl vhos enly Snfo—.
slien oot T 13 el
Tom parilcdar essy wlem e sratlatdany :..:n:rd 170rLs N9 events Coring time

Yy eows 19 frequently In precticald prebless. Sopressions z;plicible to

fhat slzcatien are pressnted in the ayjdix, Here, oo casider their T
plicatlon to oo of the seizzic gaps in Fig 4, fa imizial spt of asgop-
tlens and corierondlep preb.bilizier vas olzpted as duc.-i'bej in the fol-
Iewing. Friom previos studiea relerring te 11 the =outhe:n .cm-u af Yexico,
loca] sefsaiciey in the [3p sres [scasared o tacms of & for M * 6.5F was

| An ipitial R;:t’:sblli:y deralLy

function for v wes ademted in such g mamer that the erpected valoe of

represented by & gamma JTOCess Mth k- 2

A(6.5) for the Tegion colncided with §ts averspe tlmmuzhout the corplrts
seismic proviner, Two vaToes of powere r.ﬁmhl:n,-.d 2 =t 10, vhich corraa-

yord to coefliclents of varistien of 0.71 ond 032, n:sper, ively. The

. walues in Table ¥ were n‘ht:i_n:d for the ratip of the Fuul tp the {nitial

vroocted yLlows nf v, Interms of o the ratie of the leng:ih of the o' 5 5o

te e initisl vpectsd valuc of Be revom pesfar, DT,
1

I 1
ELYLSINN TSTIMATES OF SENSEICITY 1M CHE SEISHIC GAP

tion fnlerial

TEELT .
. [l fEY [} E“{-rltTl s,
- ] - 10 p=2 o= 10
Y, :ﬁ.l"i{T] o _ P
B 1.p - t.0 - .75 0.75%
g1 8.5 0.99 0,78 y 07
0.3 0.1% 0.4 - . o6 R T
1. .M o7 1.In " 0.72
- 0.2 B.5n - X111 v =.0%
10 B R 0,35 LY 1.5
L ) r.Ch £.72 it Y ]
The Tact 1w codwme nf the 1it0e coataln 4Fs variis of the ) T AT

s L{le 1 B vl v de uj.-_x ezl weipestiniy to 3z D itial ap e it
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T wemenanling cwditional poglab{iity Jensivy fmctien for Tl 11

L] . -k
wrl lﬁ-'-ii: [lkwj"}l as
f, Wl > 1)« — e ek V)
1 = [

-

were T, v (T - t_)/E(T).

The conditional expectl-tim'l! vf T and T, con be obtsined fram waighting of
T and '1'l with respect to the prohabhility density functione of Eqe A amd Ad:

Eit1 T>1) = (A- Ba /P (A5)
I.{;:IITl - t_',l - [.lﬁ - §, u 38 {AS]
wETE
A~ .;.I v L LN (A7}
wtp  [mo-dyr ELOF

(Az]

i T Ta-ay & e 0 A9

i - P .
- El- T -E-t '}. En'l t}: 'L"u.j 1 E_. [ U-'lm

FFPENDIY 2, BAYESIEN ESTIMATAON GF w WMEN T, » T.' . 21

fose that e fcizial probabllity densfty Tewtion of v in a gpiven area
13 prm=a with Tareneters p and v'., and that no evantd 'ove oeiuried Lo the
area for ¢ years. The probabilicy of this eutcone giien i3 efal 10 the

probability that T, A t . From Integration of Bq Al ane chiajny,

.P{let! ve k) oo F{- .!l a!&-ﬁ: i“-}"] L (A1)

Agplication of BEq 13 in this cosec o b exprensed as

TR RS M LR Al Rl (a12)
I:"{v} BiT, >t v, 1} dv

fere, ' and €' =380l for the iririal and pesierict protatillty Tji:llil'rlr
{ c¢tions of v and £'{w} afopts the feim of @ gava function with j#:aneteTs

g oan 3, After purforcing a1l subatitutions and integrations, the following

§s obialied:
AT ACE S N L A A 'S (oY (A13)
Here,
- t 12 (AL)
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THE INTRRIOR OF THIE EARTH
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iy yorar 10 nroanoce najor vinth-

-4 guakus shake the carth, The soall-

—i eyt of them rolezses about 2 tiou-
saml Lirpes more energy Lhan an ulomic
Lemnly; e Atz earthicuale of August,
1930, had about 102,000 tines gt on-
PN TI.": waves sl nns Lo Uieses cons ul-
siuns travel diroupgh tie whele interior
of the el toelinlinn = e rapepam® e
[ Cinid 'F il Pl PTG SO PRI O N R
o they R i, 28] ctrerd e TRaw '

e s d s e Flee ol e rert oo
Pt ove vt e 1T ey
Lol voww Lhye, e recsived at ouat -
anbbogival 505w o the spfoce i B
sik'= 1o iot , .oEviuoe of the iotesfed, [n

of ottt 5 xalopint Noys Saer ath,
ol ot thnent L S o ol
o Ui

'Slti.:.n_L_u!ng_'l,' s Jilied our ilions
abual the jntecior of gur planet bom e
reahim of wild spoculation o the stapge of
sienffe e g ot and  welboea-
wane infereners. Tombined with gro-
Ingiea] S armaation sbaol suface rocks,
hbaralui vy evperuoepts on recks o Ligh
prosturcs std corddin astroashined ol
serh Lo, it Ei'.'_us us g basis bor learning
gamething Jbeut the varions conditione
in the dees intevior—jis layered stencture,
the materials, thelr physical stae, e
prressiiies and so on,

The study wf eartflujuakes ds a Tuitly
adw o sckeniee, In 1730 2 writer on (=
suliject in the Philtosephizal Tramat tiang
wl the Roval Socicty of Landen apelo-
gized lo “ihoie who e apt o Le of-
feaded at any alerapls ta give a natargl
avvount &f cathijuates” Dot olserva-
tions of earthquale eHects aceumulited,
anad tate in The 19tk conlury seismeony
began to cnnTge 45 3 real quantilalive
wivere when e Foglishman Juln
Mitne consirueted in Japan a reivno.
grarh ruitatds For worldwide use, The
seisenogiaplisvas lates develaped Tarther,

ngiably Dy . Wiecliert in Cermany, Ly
Frinve {afitzin in Russie and recently
by Hugo Beniofl of the talifornia lasti-
tuie of Telinelogy.

Fl‘he release of elastic strain-cpergy at
Hue sewrree, or “forus,”™ of an eath-
fuake muoduces waves which h:‘.g[r: o
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riwdiate in afl dircclions from Lhe Toeas,
In 1897 R. . Oldham of England jden-
Liied on seismugrams three main types
of telsmic waves: (1) primacy (P)
wavrs, which are compression-and-es-
pansion waves like thase of sqund; (2)
secondary (8) waves, which vibrate at
ripdit angles to the dicection of travel, as
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light waves do; {3} surface waves, which
appear in the upper 20 rniln:s_ O 50 Near
the earths surface. The P waves travel
through both salid and liquid parts of the
earth; the 5 waves gnly through solid

5 waves travel af about two thirds of
the speed of P waves. The speed of bolh
varirs with depth in the earth; for ex-
ample, the P waves travel at 84 iniles per
seegnd, Lheir maximum speed, at a depth
of 1,800 miles and at about three miley
per sctond in rocks near the earth’s sur.
face, Brecause of Lhe change of spoed, the
path of the waves’ travel usually curves
llpwmd, When thE}' armive at & huundar}a
betwern bayers they may he relracted or
refrcled, and on reaching the carth
crust they are refected downward again,
At a boundary cither a P o7 an § wave
may [Eive rise 1o bath P end § waves.
Thus sny on¢ seismogram from a par-
ticular eartliquake may show many dis-
tinet pliases, signifying the slages of the
waves’ routes and tieir changes of farm.,
A typical seismogram #lusirating sever-
al phases is shown un the aeat two pages,

With this kind of cvidence Oldham
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Thesr apparent melian is then reeorded by o [ef or 3 bessy of
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proved in 1506 1hat the earth has s laige
central egre, and in 1914 Beno Cuten-
betg, then in Germany, located the
bgu.ndary of the core at 1,800 miles be-
low the earth’s surface. Since the redjus
of the whole carth is about 3,960 miles,
the central core has 3 radius of some
2,100 miles, . .

The discovery of the core came aliout
from the obeervation of shadow zones
where relatively few P waves were re-
corded. Cansides P waves issuing from a
major earthquake with its Jocus &t the
Zouth Pole. These waves would be ob-
kerved st the surfuce throughout the
Southern Hemispliere and zp to 13 de.
grees above the equator {i.e, the latitude
ef Sualemzla} in the Northern Hemis-
phere. But betwet 1 the latitudes of Gua.
temils and Winnipeg Little indicalion of
I" waves would be received. Then, from
a latitude of 52 degrees north e the
Narth Fole, the waves would come in
sgain strongly. The whele of the U, 5,
would this be part of a “vhadow zone”
for that earthguake, Cn ezamination, it
way seen that the cdstence of such
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shadow 2enes required the ﬁrestnqe of
a centzal core which would bend sharply
downwards the seismic rays stoking it
fromn above, somewhat afier the maoner
ja which Light rays From a stick in water
are bent by the water surface,

One of the great Yabors of seismologisk
during the Brst 40 years of this
century was 1o evolve reliable 1ables for
the times of kzavel of P and S waves
along the varions phaser of their routes.
In 1930 Sir Harold JeHBreys of 1the Uni-
versity of Cambaddge, suspecting that the
cxisting “lraveltime tables” contained
large errtws, began a long ferics of sto-
dies to correct them. The author of this

“article was sssaciated with Jefreys in this

work from 1931 to 1939,

The ]l'HmJ.'s- Bullen 1akles of 1940
are nowt used] intemabionally, They agree
closely, in the main, with Iravel times
derived abiout the same time by Guten-
berg and Charles F. Richter at the Cali-
fornia Institute of Technology. The trav-
el-time tables are of cardinal impartance
for charting the struchwe of the eanth’s

+

figha. Gnr\ of the pendolome surpended by a herizoniy] arm aod
1wa dispenal wires, 31 vieible at right In the pholograph me Teft
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SEI=MOGRAA of an cartlsgeake on e Kanrbaila Peninsula in
Silieria mog recorded a1 1he Lament Gralogieal Obprrvainry, The

interior, 1t is possible tu deduce from the
taldes the velocities of P waves and §
waves in vaions parts of the inlerion
Studyving the variations of velucity with
feuh, one can chart different Ty ees and
lncate boundaries.

Witle the new tnliles Jedfrews caleulats
ed] that Gutenbers's mcasurement, plae-
ing the boundary of the contral core at
LS00 miles Lieloww the eacth’s surface,
wias correl within theee gr four miles,
At least the outer part of the core is
juslzend to be molten. 5 wases de not pass
through it, and its Auid character is es-
tablished by other evidence, including

data on the udal deformation ol the
soficd eanil and astienomical data on the
moveanenls of the earth’s poles. 1L
Takenehi of Japan has ealeulated that
this region is at mast ene 300t as rigid
as the nest outward layer.

Tl s of the tenns “solid” gocd
“Huid” in emineetion with the huge pres-
saivs prevailing in the earth's interior s
samethmes  yuestioned. What a gea-
[ﬂl}'ll’-t‘i-’-l tneans by the teom “salid” in
this contexl is simply Lthat the elastic be-
havior uf the materdal in rquestion can be
described by equations which maich
those applying 1o ordinary solids in

s parate lioes wre sulually pan of a roplinuaus piral trace, gaing
from right teo lef, wn a circular dewsm, The intersal hetween purcew

normal laloralery  conditiuns,  These
ciuations invelve the wse of two coclhi-
virats: "inconpiessibility,” which is the
ineasure of cesistance o pressure, and
“rigidity,” signilying resistance to shear-
ing stress. I the cuse of a fToid, the re-
sistance Lo shiear is ol smaller than the
1esistance to cumpieession, This is w hy a
Auid <does net trasanit 8 waves,

AN the varth outsiele the core is ealled
the mantle, The whole of the mantle
{apart from the verans and pockets of
magma in veleanic regions) s now
Lnown to be essentiallv solid: bath 5 and
F waves travel throuph every parl of bl

AR

-

EAKTI'S CROZ5 SECTION i dhided fnte divina loyers
theough w lich seizmie wavtes irav el 3t difleeent speeds, The ouler

core it indicated by the liphter 1ome of calory the inner core,
by the darker tone of ralar. Layer A 3o the thin crum el the carth



tive dots is one wiinme, The frst diswarbanee rérnrded was the P
wave designatrd by the qumber L Then followed the mubiply re-

In 1909 the Croatian seismologist A.
Mehoravicie, studying the seismograph
of a Balkan carthquake, distovered za
important  discontinuity  {boundary}
now known o be some 20 miles below
the earth’s surfnce. The part of the eal th
abicne the Mohwrevicie eliscontinuity lias
come to be called the erust, Bul noww-
adays the termn "erast” has only a con-
ventional meaning. .ﬂmlding to seismic
evidence the crusl is nat more fgid than
the malerial just below it.
Scismologically speaking, the coust
differs Trgan lie undeslying pad of the

mantle in the Tl that P oapd § waves

EARTHOUARE WAVES ore biene and crfiected ey travel from
Iheiv eoerrer Snlid Tioed retrerent P wases, Aulied Boet ore 5 waves

travel in it more slowly and with more
variable speed, This irregulasily of travel
velocity makes detailed charting of the
crust diffieult. The work is being pursued
vigaroutly, however, Ly the study of ser-
fave waves, of P and & waves frum near
cartlojuakes  (near the reeontding sta-
tinn}, of waves from I.nrgc mion-made ex-
[oslons {such as the one on Helgoland
in 1847} and by seismic probings with
dynamite, as in il prospecting. One im-
portant discovery has beem that the crust
it much thinner under Lthe oceans Than
under the conbinents.

Seven dislinct regions or shells have

- —

fAecied P wares 2 and 3. 5 waven beghy ol position 4, Tellnwed by
multfply reflerted waven at 5. & and 7, Surlace waves starl m 8.

rnaw been identified in the earth. In
19538 Miss I, Lebmann of Denmack dis-
covered that the core was el uniform
but seemed to vonsist of at least beo dif -
ferent parls, Looking closcly at the rela-
tively minur P waves that emerge in the
shadow wane on the surface, shie eanclud-
ed that 1luse waves might come to the
surface breause they were bent sharply
upward b}r an inner core where P waves
traveled faster than in the oculer core.
Her proposal later received tuppart
fram work by Gutenberg, Richler and
]eﬂ'm}'s, The fnner core has & radius of
sorne SO0 miles, so the thickness of the

forrmed Ly reflectivn. The anly B waves that can get into the thadow

sone ate those whicl ender tlie dnver enre and are eharply Trem,
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ouler core would b al:nut 1300 miles.

O 1L Lasis of Llrnsilj vatidions 1he
wiiter has Jevided e lewdy of dla- earth
o seven regions, eallenl A B, O, 17, K.
Fund G [sce dingran on pare 243 The |
A region is the crost, The rest of Lhe
mantle below is divided inle B, C and D,
with I subdivided inta T and 13, These
divisient ame i1l tenlative becauze of
certain uncertainties in estimates  of
velocity gmdi:nl:, The outer part of
1l core is called E, and e inner part, .
Balween the joner sl ovler core Jef-
frevs Bords g Tayer F, some BR miles thick,
where the velocity of F waves deelines
sharply. Guteoberg has pot found this
layer, but has said thal his data do nat
caclnde ifs exislence.

How can we witimate the pressures
ahid physical characieristios of malter at
ese various depths i the body of the
tatth? The velocities of P and § swayves
are dletermined Ly the density, compiress-
ibiity and rigidity of the material
through which they pass, but they do mot
provide enough informalion ta solve
exact equations for those values, Theres
are, hoavever, indireet oloes which lelp
us {0 arrive al cslimates—information gn
the varths mass and mament of ioertia,
fieh] obsenvations and Talweatary evpieri-
ine als on rochks, matlamatical theories of
chaslicity and gravitalional altriction.

By sucl means the writer has estimat-
ed that the carth's density inercases
gradually from 3.3 grams per cubie cenb-
meter just below the erugl to 3% grams
rer oo, at thee Lottom of the mantle, then
jomips suddenly 1o B4 grams at the tup
of the vore and thereafler inerenses
deadily 10 11k grams st e bottom of
the cuter core. .

A related caleglation gave the increase
in pressure with deplh in the earth, At
the boltom of the Pacific Ocean Lthe pres-
sure is about 500 atmosplieres, Onlv 2060

Jmlles down in the muntle the pressure 35

already 100,000 atnosplietes—as great as
the highest pressare Periy W, Bridgman
of Harvard University hias hicen able 1o
produce in the laboratory, At the base of
the mantle, 1,600 miles down, Lhe pres-
sure yeaches Lhe immense fgure of 1%
million atmospheres, and at the center of
the carth it is peatly four million atmos-
ieres,

Nest the ealeulations yiclded the sur-
prising finding that the rigidity of the
material in the manile increases with
depth untl, at the mantle's base, it is
nearly four toes that of stee] in ordinary
conditions. Belonw this, in the oeler core,
the seivmic vidence ihows that the
rigidity sinks to practically zero, mmean-
ing that the matedal is essentially Buid.

</
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Perhaps the most important fruits of
thiz seriesof calculations have been the

. BEndings on compressibility, In spite of

Lhe sharp changes in density and in
rigidity at the boundary bebwveen the
manlle and the core, the compressibility
of the matcrial does not chanpe substan-
tially at the boundary, acconding to the
calculations. This Boding led the wiiter
to examine the thearetival elfect of pres-
sures of 2 million atmospheres or more on
maleeials Jikely to be present in the core.
Taking into account a varety of evi-
dence, The cunclusion was that hounds

rould be sel to the compressibilities of

materials in the core,
Fallowing this line of argument; it
EEEME highi}' probablz that the inner

care, unlibe the outer enra, is solid in.

the sense defined, *[he idea that tle inners
core is solid, suppested by the writer in
1948 and since developed, would ex-
plain the 5[>Eﬁ]ing up of F waves when
they penetrale into the inner core. Cal-
eulation indicotes 1hat the inner ore i
probatbdy at least twice a5 rigid as steel
at ordinary pressures.

On the same line of evidence we can
alss estimate, ns we could not beloe, the
density of the inner core, Appaienily at
the center of the earth the density js be-
bwveen 14% and 18 grams per cubic
centimeter. Yet ancther inference i1 that
Lhe inerease of density with depth in the
inmer core (and at the base of the man-
tle) is gieater than average, implying
some varinbility in the composition of
that region.

\ Fint s the deep interior of the eanh

made of? For many years there have
been gued prounds for believing that
much of the mantle below the crost con-
sists of ultrabasic rock such as mag-
neslym.iran silicate. The region B weems
o be composed of a waterial like the
known minecad olivine, © appears to be a
transition Tegian where the composition
changes, perhaps onlv from one geo-
metric farm of olivine 1o another, The
region I3 may cantain several distinet

phases, such as silica, maghesia and fron -

oxidr, The Lottorm of the mante, 0¥,
fs probably of vardable eompasition, but
there is as yet no widely accepted agree-
ment en whitt materials would have prav.
itated tn this depth,

Thr conpasition of the ceotra] core
has lately become the subject of extreme -
Iv intctesting new conjectures. 11 had
Im:g been nssumed iat the core consists
largely of tren or nickel-iron, and this

C view was supported by oanalysls of

weleorites, Believrd 1o bie pieces of an
f’IP!mILI.!. planet resembling the -.-anh

BULLEN
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But jn 1941 W, Kuhn and A, Rittmann
of Cermany put lonward the radical idea
that compressed hydrogen made up thHe
vare, This theory, while contradicted by
welghty arguments, fave rise [0 new in-
vestigations based on the idea that under
tneceasingly high pressures the material
at the base of the carth’s mantle might
suddendy jump in density, Thus te outer
core may consist not of uncombined iren
or nickel but of a high-density modifica.
tion of the rocky materiz] in the mantle
just abwve it. This theory is highly con-
trereersinl. On balanee of probability the
present evidence appears ta favor 2 com-
promise; namely, that the puter core con-
tains Loth pncombined iron and some

matrral of appreciably smaller atomie

numher. N
An intf:na-sting aspeet of the rew

-thtﬂl}’ is that it makes plausible the idea

that the planets Mar, Venus, Mercury
and Eaith are all of the ssme primitive
over-all composition. Jellrexs has shown
that the earih cannet have he same ele-
mental composition a% the other planets
if its core is completely diferent from

the mantde in composition. According o~

calculations by W. H. Ramsey of Enag-
land and the wriler, the phserved masses
and djarmeters of Mars and Venus, and
the oldateness of Mars, would be ap-
counted for fairly well by the theory that
Lhey are cemposed of terrestrial materals
modified by pressure at depth,

As 1epards the carth’s inner core, it
PTanhI}l‘ conisists of nickel and iron with
[:H:rhnp: some denser materials gs well.

Filimﬂﬁ of the temperatures in the
— interior of the carth arr much lesy
certain than estimates of pressure, In
deep mines the tempierature rises at the
rate of about 30 degrees Centigrade pet
mile a5 one dewcends, If it rose gt this
rate all the way down to the core the
temprerature in the center of the earth
wiauld exeeed 100 000 degrees. Actually
it is practically certain that the rale of
increase is very much lexs in the depths
of \he varth, Present eslimates are that
the temperature at the center is no mare
than 2,000 ta 5,500 ﬂegr::cs. In auy casc,
it is laicly clear that the increase of Lem-
perature in the carth's inletor is dwarfed
by the inciease in pressuse.
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THE PLASTIC LAYER OF THE EARTH’S MANTLE

DON L. ANDERSON
July 1552

cut that physical conditioms B
side our own planel a Jess well
uniderstond than those in stams light-
years away. Even more paradoxical i
the facl that the region within & few
hundred miles of the sorfuce presents
more problems and gives rise to more
technical controversy than the region be-
kow. One long-standing itee of debate is
Uiz zone called the Jow-vebocity Jayer,
lo 1926 the seismologist Bene Gutea-
lerg soggested that earthquale waves
slow down when they travel through 2
zone roughly 180 to 200 kilmneters (80
to 120 miles} below the swface. He ab-
tributed the effect to o decrease in the
rigidity of the malerial {n the zone com-
pated wilh that above and below it
Mot pthorities contidered hit evidence
1o be dobivns st best, and Jor 3 yeas
they largely ignored bis proposal. Re-
cently @ mass of deta has accurnulaled
that suungly supports the concepl of
& low-velocity, Jow-rigidity layer. 11s ex-
istence has important inplicalions for
all 1heories concerned with struetural
changes in and near the earth'’s surface
The idea that the earth becames plas-
tc-il not, indeed, liquid—at moderate
depths goes back to the earliest days of
geolagy. Volcamic lava flowa pointed to
a mollen Interjor not too far Lelow the
surfage. Observations on Lhe rate of in-
crease of lemperature in deep mines in-
dicated that if the temperature contloues
to increase at the same rate, rocks should
be molten &t depths of less than 100
kilometers. The enormous cracks and
fFolds found in the earth's erust suggested
upbeavals in a mobile substratum. All
Lhis agreed with prevailing views of the
origin of the solar system, which held
ithat the earth and ather Fhm:l_l had been
tein loove from the sun and lad had
time to solldify only at the surface.
Cne of “'.'-‘ most compelling arguments

‘I_‘laﬂh scientists have ofien pointed

for some degree of fluidity in the inteticr  mn earthquake represents The abrupt

came ram the principle of isostatic
equilibrium. As long ago as 1554 gravity
measurements led peologists to suspect
that the carths crost Bozts on a denser
material. Lile ather Roating bodies, the
crust seeks an equilibrium, riding deeper
where it 5 heavier and rising higher
where it ja lighter. Subsequent studics,
of both the strength of gravity and the
propagalion of carthquake waves, con-
firmed the notion, indicsting that mous-
lains have ﬂctp rools Lhat support them
just ac the suhmerged portion of an ice-
Lerg supparts the part above waler,
whereas plaing resemble jee Aoes, having
sinouth upper and lower surfaces. More-
over, when the load on 2 part of the crust
chaoges suddenly (on the geological
time scale], the marface can be observed
to respond by rising or sinking to restore
equilibrium. For example, land covered
by ice duting the last glaciation is sull
rsing at the rate of about = mcter per
century, Obwiously this bebavior implics
that 1he material under the crgst can
Bow, if only slowly.

Co the other hand, several facts ap-
peared to rule out the idea of widespread
Buid malerial anywhere near the surface.
From the tidal distortions of the solid
earth in response to the pulls of the sua
and moon, Lord Kelvin calculaled that
the earth is mote rgid than stecl, Studies
ef carthuake waves indicated that al
depths down to Lthousands of kilomelers
the earth transmits nol anly compression
waves (P waves} but also transverse, or
shear, waves {5 waves). Shear waves,
which oscillale at rght angles ta their
direction of motion, cannot propagale
through liquids because liguids have no
shear stength. When liguids a1 sub-
jected to shearing forces, they simply
fAow. Finally, seismologists discovered
that earthquales originate #s decp as
TU0 klometers below the surface. Since

yielding of rock 1o accumulaled stress,
it characterizes brittle, nel plastic, oma-
terial.

- The arswer to 1his apparent contra-

- diction is suggesled by the properties of

nonerystalline materials such as glass
and pitch, which behave like solids in
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ASTHENOSPHERE

FLASTILC ZONE of carth's mamle {color}
ceenpies wy l-debned replon some GO Lo
perhaps 250 Lilometers Lelow the smrface,
In the planic or lowaclechiy 1one Lhe lem-
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the short run and |ike Ruids over longer
pesiods. They transmit shear waves and
<an support loads for a shart time, but
under & steady, long-lasting force they
are plastic; that is, they Bow and change
their shape permanently. Under condi-
tions of high temperature and high pres-
sure ihe rock under the cnut conld alsa
behave plastically. 1t would respond like
a rigid solid 1o the zelatively short-lived
stresses Lhat 1mild up 1o cause carth-
quakes and the even briefer stresses in-
volved in carthiuake waves, while flow-
ing slowly o adjust to the loAg-term
slresses eaused by changes in the weight
of overlylng inaterial, Soms Hentﬂgists
believe that the plastic substance under
the crust ia a glassy basalt, Hecont evi-
dutice suggesta, hawever, thal it is crys-
lalline. At high temperature. even 2
crystalline material can PRow casily, be-
cause melling at the boundaries of in-
dividual crystal graim allows them e
slide over one ancther.

[n 1909 the Yugoslay srismalogist
Andiija Mohorovicid proposcd Lhat at
some distance below the surface there
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prratare uppeoaches the melting paint of the rork, The lithosphece
invery rlaviic ar brlule rock ; the asthenospherr, catending down ta
vitib’'s care, con Aow and relieve siens [a ihin highly sihematie
tross rerlion of upper pontijon of exrth, ocran and iatands wre ot lefL.
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is a discomtinuity where the velocity of
earthquake waves jumps From about sev-
en klometers per seeomd ta eight
Subsequent measuwrements placed the
Mohorovitié discantinuity, or Mohe, al
an averzge depth of 35 kilometers below
the surface of the continents and only
about five kilomelers below Lthe ocean
floor. Under high moeuntains the Moho'
is as deep as 65 kilometers. Ceologists
saw in the Mcho the lower Loundary of
the rigid, Roating crust. The material be-
tween the Moha and the presumably
liguid core of the carth they named the
mantle. Yel the fact tha! scismic waves
travel faster below the Moho than ey
do abxrve it implies a greater rigidity at
the top of the mantle than in the crst
[t now seems clear that Lhe Moho marks
@ change in chemical compesition or
crystal siructure rather than an abrupt
transition from strong to weak material.

he Brst seismic evidence for this

transition was not {orthcoming until
Cutenberg anncunced the low.velocity
zone. Actually what he bad found was a

+
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decrense b the amplitude of compres-
slonal waves reaching the sudface at »
distance between 100 apd 1000 Liln-
meien from an earthquake. At 1,000
kilomelers the amplitudes were only 2
hundredth us preat as they were at 100
kilameters. Beyend 1,000 kilomcters the
amplitudes Increased sharply.
Culenberg explalned the «Fect by as-
suming a subsurface layer in which the
carthquake waves travel slower than
they do in the regions above or below. A
wave cntering this layer ebliquely from
above would he refracted downward,
awny from the surface, as light is hent
downward when UL passes Irom air to
water, On leaving the holtein of the lay-
er the wave wouald be refructed upward
again [sre ilfustration en page 31]. The
wrsolt is that the wave would arrive at
the surface farther away from its source
than it would if there had been no de-
crease in velocity. Henee a gap would
sppear bebween the last “ray” that had
missed the low-velocity layer and the
Erst one o enter it. Ax the Jlystration
shows, 1he gap, or shadow 2ome, ic great-
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est for an rcarthguale eriginaling jos!
abion e the 1o of the Inver Tl coming

sorne & per cont less than i {s just under
ae Moho, Such 3 decrewse in velocily

From devper levels evinee oo pup. From
the extend of e shadow zone for difter-
ent garifinuakes, Gutenberg caleulated
that the laver s ventered at a depth of
about 1530 Lilomelers, and that belween
100 and 200 kiometers the velueity is

means it the rack wathin the loer
munt be substantiadly loss cigied than the
matveial above and below it. The veloc-
ity docs nat reach the value it had at the
base of the crost until same 250 or DG
Lilornciers below the surface,
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INTERNAL STRUCTURE OF TiIE FARTH In dedocrd brem teave] times of reismic waves.
£olid line reprevenis compreselopdl or P, wanet; Lroken line represenis vhenr, or %, waves.
The latier divapperar entively at the aolzr core, indicating that 163 region I Lignid. Loaw-
itlbﬁl! rone fadsre d'lp i carves 6t Tar el H;l{h’in: »n block duagram near surface marka
Jowaelority vone Tt alin macly rransllion rone aliove foner core 31 depth of 5000 Lilomelera.

Il T - ll.l.]:.H'.lt\ Taver wore pqu'u:i-
by unifarm, and ‘e WANLS n.||]\, trav=
the shiadow wone at the
sipface weould T completely “Iack.”
Ne wavrs at all would n::rnergv within
ilz limils, Actually the layer is Tull ol
inhomogeneities, and seismic waves do
not travel sirictly along classival ray
paths. Lite all wives, they Lend around
Ot ners h}' diflrue tion, l]lrrph}r |rnkil1g
inig shadowred regions. Both eflects con
tribule to the enesgy thal is found in the
shadow rone,

It was partly (his energy Ieak thal
made other workers reluctunt tp aveepe
Cutenbergs conclusion. In those days
s¢ismalogists paid little attention 1o the
comparative amplitudes of earthruake
waver, T}m}- were primaﬁl}' inferested in
travel times, wrd they tended (o socept
any signal, weak ar streng, il it appeared
in their records at & time when readings
at other seismugmphﬂ: stations {ed (them
to expect it.

Maregver, the evidence for tle low-
vehacity layer was by no means clear-cut,
The statistics were assembled [1om many
varithquakes, Jarge and small, shallow
and deep. The dats came fronm seismo-
grapbs of diferent designs. In hia cal-
culaliens Cutenberg could make only
approximate comections for Lthese varia-
tions as well a5 Tor the losm) uregulasities,
mestly unmapped, in the rock through
which diferenl waves traveled.

led as Filvs,
)

Unrlergmund nuclear explosions Fnal-
Iy wade possible a conlrollad ex-
perimental test of Gutenberg’s analysis.
The time, strength and location of thess
events s kngwn sa precisely Lhal a single
blast provides excellent data, Further
wore, seismogtaphs loday are more nu-
merous, mose Sensitive and more stand-
ardized than they weee in 1928, Studies
af several explmimu have confirmed the
canclusigns Gulrnberg cxtracted so redi-
susly from earthquole vecords [are iflus-
tratipn on pagr 33), Seen in shaper
getail, the low.velocity layer exiends
from about 50 LHlomelers ta about 250
kilometers. {It is interesting to note Lhat
the layer damps blast waves so efective-
ly that many seismelogists think il poses
a majur Sificulty for the detection of
underground nuclear tests )

Several independent pieces of evi-
dente now support the idea of o Jow-
velocity plastic layer. Gne i Jurnizled
by surface wates. These are scismic dis-
Inrbanees that follew the curved sinfoce
of the canth [scr bottent ilfustrarion on
poge 32) instead of passing thraugh ils
body. Although the waves travel alang,
the surface, they “leel” the elastic prop-
erties of the underlving materal 1 a8
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EEQUENCE OF FARTHQUAKES Letween 1906 and 1942 along
wesl coast of Sooih America falls inlo three groopa: e accnr-
ving down ta & depth of 70 Lilomerers {coferad dats, colared lined,
thoee Irom 70 to 258 or 300 Lilometers (black dots, blesck hine) ond

19 1550 1905 1842
thore Trom 300 to 6 Lilometers (apen date, brokea lined, The ver-
tical srale shows relslive amoont of sienin relieved by the qoales
Nirsk jo two lower proups sround 192) shows thet they pre me-

chanically roapled and sre guite weparate fram the vpper group,
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'depﬂx that depends an their wavelength;
the longer the wave, the deeper it frels
[1ee "Long Earthguake Waves,” by Jack
Dliver; SCIENTIFIC AMERICAN Cffprint
8271 Since in general elastivity in-
creasel with depth, longer waves travel
Faster than therler ones, and waves that
start out Iogether are dispersed, or
spread out, Detailed analyses of the dis-
persion patterns show that elasticity docs
not increase continuously with depth but
falls off in the region of the kow-velocity
layer.

Body waves, which pass thipugh the
deep interins, provide only & point-by-
jroint sampling of the outer regions of
the carth. Surface waves, on the ather
hand, contain information alxat thesa
regions over their entire path. Becent
studios of surface waves in gur labora-
tory at the California Institute of Tech-
nology and st Columbia University have
demanstrated for the Srst lime that
the low-velocity Jayer is present below
the oceans as well as below the conti
nents. Some of the waves used in the
analysis had traveled around the earth
a3 many ri seven times, They indicale
that the liyer is in Taet a world.wide
Phenumt:mm. Comparizon of oceanic
and continental paths shows that the
waves are slowed more under Lhe ceeans.
Evidently the geological differences be-
twcen occan basins and land masces are
nat limited to the crust but extend sev-
eral hundred Lilometers ints the mantle.

Conclusive proof ol the world.wide
extent of the low.velecity layer came
from the gieat Chilezn earthquake of
May 22 190HE It was 5o violent that it

set the earth as 3 whole into vibration,”

inaking it “ring” like a bell. The tone of
a bell=tlat is, the frequencies at which
it vibrates—depends on its clastic prop-
erlies; m stecl and a bronze bell emil did-
ferent seends. Fram records of the Iree
vibralions Follawing a big earthquake it
is possible, with enarmous matlematical
Yabar, to Jeduee (he clestic structure of
the eanth, The: latwer has been pecforned.
It shews that the love-velocity rone s
necessary o oaccgunt for the obscrved
[rcqucncies,

In an atlempt to construct a model of
the carth that Fis the cument seismic
data, [ have been obliged to canclude
that the lew-velocity zone transmils the
horizontal apd verfical vibralions n
shear waves at different speeds. & crys-
talline material in which the crystal
grains were aligned in ene direction
would Lefiove This way. One mechanism
that orull hr[ﬂé"r abont such an n|jEr:-
ment i1 a Baw of the material, Others are
directional heat Mew and differential
slreis.

ARDERSON

In addition to the purely seismic data,
several other phemomens sttest to a
lawered rigidity in the materia! near the
top of the mantle. Varialivns in atmos-
pheric pressure cause measurable defee-
tiens of the earth’s surface. The amount
of deflection is much greater than it
would be if the crust and mantle had the

same skrength. By 2s3uming & weak layer

in the vpper mantle the observations can
be explamed guite well. Moreover, most
earthequakes originale in the firat 80 kilo-

— EARTHOUAKE P WAVES, AVERAGE

* THE PLASTIC LAYER OF THE EARTH'S MANTLE

meters below the surface, at an average
deplh of 2% kilometers. At a depth of
more than 50 kilometers the number falls
ubruptly, Indicating ‘& sudden drop in
the strength of the rock.

From 60 kilometers down the Fre-
quency of carlhquahﬂ decreases stead.
ily, dying away to xemo at about 700
kilometers. Thia distribulion impliﬂ that
the ruck becomes less brittle all the way
From 80 1o 70O kilometers and 1hat it
does nat regain its streagth at sy decper

® FARTHOUAKE P WavES RECORDED IN PASADEMNA
4 TWO NEVaDA NUCLEAR EXPLOSIGNS (P WavES)
4 NEW MEXICO NUCLEAR EXPLOSICHN (P WAVES)

— EARTHOUAKE 5 WAVES, AVERAGE

o EARTHOUAKE 5 WAVES RECORDED 1N FASADEMA
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31 1 * slodbiray i THE 3 ANTI
Level, The picture wgrees with a none n.
elature Bl pooprased e 1014 by the
UK. geologist Joseph Nareell. He spoke
of an wpiper, rigid “lithosphere” ([rom
the Creck word lithed, meaning stone)
and a lower, more plastic Tastheno-
sphere” {from the Greck word asthenes,
meantng  weak), Banell placed the
Leundary Letween the two at a depth of
00 kilotneters. Now it appears to be bot
u sharp ]Jﬂllllt]ﬂr}' Liat a trapsition wone
slarting at some f} Lilumeters.

The coneept of yirength and wealness
in the furegoing discussion applies ta the
time in which sirestex build up 10 canse
earthquales. Viewed on this temporal
scale the manlle undt:rgoes a Lransilem
from a brittle Lo & plastic state at aboul
&0 Liloraelers and therealter increases [
plasticity. On the much charter tine
scale af earthiuake-wave vibrations,
however, the material reverts to a strang-
er, ar more clastic, condition at a depth
of more than 250 kilometers. The de-
crease in velocity at Lhe top af the mantle
is gradual; it is not yet clear whether the
base of the low-velocity zone is charae-
terized by = pgradual or an abrupt in-
crease In velocity,

Almast cortainly Hee shwirl-ieren prupe
rrlics that set apant the beeevelocily Loy
er are determined Ly the lemperature
and pressure of the manle in relation 1o
itt melling poinl a2t diferent depths. In
peneral the elasticity of any material de-
creases as ity lemperalure zppmnchcs
the melting poinl. Bul an inclease in
[ressure raises Lhe rm:]ling [aint and
rlastitity. Below the surface of the carth
listh temperalure and pressure increase
with depth, and so the'twe have op-
posing efects on the prosimity ta Lhe
melting paint as well 85 on the elastic
strength of rock, Presumably at a depih
of aberut 80 Lilomoless lemperature takes
the upper hand and the rock begins ta
approach sts tnelting point, growing
weaberas the depth inereases, This trend
candinues down 1o soipe 200 Lilometers,
where it reverses, Then pressure raises
the melting paint faster than the temper-
mture increases and the material beromes
more elastic (until the liquid outer oo
is reached). A Tew hboratory exper-
ments on rock under high temperature
and pressure secm lo confinn this pic-
ture. FExtrapolating the ratler scanty
data indicates a very lisw strepgth at a

depth of souneswhatl iore than 100 kilg.
aed-ters,

1huge Beniofl of the Caldornia Insti-
twle of Teehnology has discos ercd 2 re-
mardalle indication of discﬂntinuit}‘ al
the level of Lthe lop of the l:}u'-!:flﬂtit_‘_i'
zone. In studving a laige number of
carthguakes in the Pavific Ouean earth-
guake Lelt he was able tu wonnect cer-
tain sequences of carthyuales lo sing]e
foult stryclures. One seiquence that oc-
curred in South America between 1906
and 1942 delincates a great faolt off the
witt coast of the continent. The faddt 1%
sore 4,500 bilometers long and poes
down 600 Lilemelers—a tepth of the
dislance to the cenler of the vardh. The
varthiuakes related to the fault fall nat-
urally into thice growps: {1} those shal-
lower than 7 kilometers, (2] Lhose rom
70 1o 250 or 300 Lilometers and {3)
those Trom 300 to 800 Liloneters [ser
tep iflvatraiion on pepge 32]. Analysis of
the earth mations in the quakﬂ. showed
a marked similarity betwren the inter-
mediate and deep groups but no resem-
Blange of Lthese 1o the shallower group.
I'n particulac the motiens of the twe deep-
er graups changed suddeoly, aod in the

S-"WAVE VELOCITY PwavE VELOCITY PRESSURE ,
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DATA FOR UI'PER MANTLE refled evieirnre of IJ.\;H: or low.
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quakes nre the only curses made frem direct measurements o the
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same way,fn 1821, There was qo corre-
sponding change in the shallawer =arth-
quakes. Evidently there is some mechan-
ical coupling between the lower layen,
but these aze tharply decoupled from the
regior. above 70 kilometers. Other arpag
of the drcum-Facilic tectonic belt thow
similar phenomens.

When the earthgquake foci are plotted
in three dimensions, those down to 250
kilometers fall in a plane about 900 kilo-
meters wide, dipping about 33 degrees
under tha continents with respect to the
surface aof the earth--The deep earth-
quakes, en the other hand, are on a plane
tilted at 8) degrees. Thus, although they
are mechanically connected, the inter-
mediate and deep layers are spatially
discontinogut. The dimensions and loca-
Gon of the intermedizte layer corespond
closely to those of the low-velocity zone.

Al'l interesting clue to the state of the

materia! fn the upper mantle was
furnished by the Ssoviel volcanologist
G. 5. Corshlov in 1957, He found that
shear waves [rom Japanese earthquakes
do not reach the Kamchatka Peninsula
when their paths crofs the voleanic belt

ANDERSOK * THE PLASTIC LAYER OF THE EARTH'S MANILE

between Japan and the peninaula.
Caorthkov concluded that there must be
pockels of liquid magma at & depth of
55 Lilometers that absorh the waves.
Apparently in certain regions the 1em-
perature not only approaches the melt-
ing point but even exceeds it Many seis-
medogists have remarked on the fact tha
the average wavelength of shear waves
ir many times benger thao that of com.
pressional waves. The observation could
be accounted for by a weak, perhaps
prartially molten, layer that absorbs Ltha
shotter S waves more than the longer
5 wuves,

Yolcanoes wre concentrated in pariy
of the world where earthqueakes are most
comenan, and Lhe carthquakes actually
associsted with volcanism mestly orlgl-
nate gt depths between 60 and 200 kilo-
melers. This sugrests that voleanoes are
connected with disturbances in the re-
gion af the low-velocity zone. Thercfore
the distribution of volcanoes constitutes
diieet evidence for the temperature—
melting point relation inferred from lab-
aratory measurements and juggesta Lthat
the low-velocity layer may be the source

of primary basaltic magma.

Valeanist and the postglaclal uplift
of the crust constitute the enly dynamie,
as opposed to statie, geological “experi-
menity.” Both indicate fluidity, and some
degree of actual Bow, in the material be-
lrw the crust. Mareover, they are con-
sislent with the ides of a layer of maxi-
mum plasticity in the upper mantle,

Almost 1! present theorles of (sostasy
and tectonics, including those rancemed
wilh mountain byilding, faulling and the
possible drilting of the continents, focus
attention on the Mohorovitid discentinu-
ity, which divides the crust of the carth
from the mantle, If the picture 1 have
tried to vutline in this article ia correct,
the importact discontingity'is farther
dawn, at the ill-defined baundary of the
rigid lithesphere and the weaker astheno-
sphere, Most of the activity responsible
for the broad-seals features of the carth’s
surface prebably takes F!ace in & low
velocity or plastic layer at the top of the
asthenosphere, extending roughly Irom
80 tao 250 ldlometers in depth. In
particular the existenee of such a plastic
layer makes the idea of cuntinental drift
much more plausibile than it has scemed

herctofore. "
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THE CONFIRMATION OF CONTINENTAL DRIFT

s recently as Bve years ago the hy-
pothesis that the contingnts had
- drifted apart was regarded with
considerable  skepticism, particulacly
among Amercan invesligators. Since
then, as a result of a varety of new And-
ings, the hypothesis has gained so much
suppott that its critics may now be said
tz be on the defensive. The slow accept-
ance of what is actually a very old idea
provides a good example of the intensive
scrutiny te which scientific theories are
subjected, particularly in the earth sci-
ences, where the evidenpe iz often orm-
fieting and where experimenta)l demen-
strations ang 'IJJ'I]E.].I}I' st pussibTe_

As long ago as 1620 Francis Bacon
discussed the possibility that the West-
em Hemisphere had once been foined
to Europe and Africa. In 1668 P. Placet
wrote an imaginative memoir titled La
cunup!mﬂ du prand et du petit monde,
ai il est manird que devant le délupe,
FAmérique w'ftail point sdparde des au-
tres parties du monede (“The corruption
of the-great and little world, where it is
shown that befare the deluge, America
was not separated from the atler parts
of the world™). Scine 200 yrars latrr An-
tooie Snider was struck by the sbnilar-
lies bebween Amercan and European
fessit plants of the Carboniferons peried
{abwrut 300 millicr! years ago} and | el
pmm] that all thie cuntinents were onee
rrart of a single tand mass. His work of
1558 was ¢alled La Création rft Ses .My&'-

FIT 3 CONTINENTS (opposite pagel
was vptimized and erroriceted on & com-
puter by Sir Edward Boltaed, J. E, Fyvrren
antdl A, G, Smith wf the University ol Cam-
bridge. Cver most of the boundary the ev.
erage mismairh is no more than a degrea,
Tl it wat marde elong the rontinenial slope
1 highe Frayl mt Iilrlﬁﬁn-{aﬂmm romlolt line,
The reginny wheie lend maswes, incloding
the vheld, uverlyp are blark; ;.-:ipi ark whine,

“ b=l e

tdrey Dévoilés ("The Creativn and ks
Mysteries Bevealed™),

By the end of the 19th century geolo-
gy had come seriously into the disgus-
sion. At thal time the Austrian geologist
Fduard Suess had noted such a close
correspondencn of geu'lugica] formadons
in the lands of the Southern Hemlsphere
that he fitted them into a single continent
he called Gondwanaland. {The name
comes from Condwana, a key prologival
province in east central India) In 1208
F. B. Taylor of the U.5. 2nd in 1910 Al-
fred .. Wegener of Cermany indepen-
dently suggested mechanisms that could
account for Jarge lateral displacements
of the eartl’s crust and thus show how

_ continents might be deiven apart. Weg-

ener’s work became the center of a Jde-
bate that has lasted to the present day.

Wegener advanced a  remarkable
number of detailed enrrelations, dravm
from geslogy and paleontology, indicat-
ing a commoen histarical record on the
two sides of the Atlantic Ocean. He pro-
pcsed that 4l the continents were joined
in a single vast land mass befare the
start af te: Mesozoic era (about 200 mil-
han years agn). Wegener called this
superoontinent Pangred. Teday the evi-
dence Favors the concept of Lwo large
land masses: Condwanaland in  the
Suuthemn Hemisphere and lawrasia in
the Northern.

Tn the SL‘Juihf:m Hemisplwre an addi-
tirmal eurrelation was found in a sae-
cession af glaciations that took place in
the Permian and Carboniferons puriods,
These placiations feft a distinctive e
arel in the sovthern pacts of Seuth Amer-
ica, Africa, Austcalia, in peninslar In-
Al and Madagascar and, as hins been
Jiseavered recenlly, in Anfarctica. The

*evidence of placialions is f_-uml'n_-lling:

Beds of tillite=ald, consolidzred glnt‘i:ﬂ
heen stielivd in knewn
phacinted regions il ae [Il]fll“_'\lil:'lrll‘.'{l

weork i the 1950 and 19307

PATRICK M. HURLEY
April 1568

evidenee of the action of deep ice cover,
In addition many of the Hllites rast on
typically placialed surfaces of hard orys-
talline rock, planed flat and grooved by
the rock-flled ice moving over them,
This kind of evidenre has been found
throughout the Seuthern Hemisphere. In
al! regions the tillites are found not anly
in the same prological perieds but alse
in a seqquence of horfzontal beds bearng
fussils of identical plant species. This se-
quence, including the geclogical periods
from the Devonizn to the Triassic, is
called the Condwana szueccessinon, The
Lest correlations are apparent in the

Permocarboniferaus Leds, where bwo

_ distinctive plant penera, Classopteris

and Cangamepicris, reached their peak
of develnpment, These plants were 10
abundant that they gave rise to the Car-
boniferous ¢oal measures, which are
vommonly interbedded in the Cond-
wana successing [ see topr ilustration on
next fo pageal.

The South Afrcan gm]uglst Alex L.
du Toit and olhers have mught out and
mapped these Gondwana sequences so
diligently  that today they . povide the
strunpest evidence not anly that these
econdinental areas were jpined in the past
Lt also that they onee wandered over or
cirse tn the South Pole. Tt is inconceiv-
able that the complex speciation of the
Condwana plants could have evolved in
the separute land masses we see loday.
Tt takes only a narvess strip of waler, a
Fesw tens of miles wide at the maost, to
stopr 1he spread of & diversified plant re-
gine. The Gundwana lund mass was ap-
prrently a single unit until the Mesoznic
era, when it broke inlo separale [mrts:
Theeeafter evolulion proceeded on di-
vergenl pallis, leading to the laiolugivﬂ
diversity we abwerve today on the difler-
ent continental units.

Werener el Dhy "Lt prabislusd their
Thie de--

...7//
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GOSNDWANA SUCCESSION in the neme given 1o v lute Taleozoic
wnecemaion of land depoaits fannd jo Sauch America, Alviea, Anl-
srctica, Indis snd Auuralia. The succension containg bedy of 1illite

bate For and against drift le-came polar-
ized lurgely between greologists of the
Southernn Hemisphere and the Jeaders
of geophysical thought in the Weslem
Hemispiliere. Eminent geoplivsicisis such
as 5ir Harold Jellievs of the University
of Cambridge voied strong oppusilion
to the hypothesis on (he prounds that
the earth's erust and its wnderlying man-
tle were too rigid t jaermit such large:
motions, ¢onsidering the limdted energy
thought 12 be available,

Nat all {ele this waw, Towever, In the
Jate 1930° the Dutch geoplvsicist F. A,
Venlng Meinesz proposed (hat thermal
convection in Lhe carth's mantle conld
provide the mechanism, His ideas were
supparied by his gravity surveys over
the decp-sea trenches and the adjacent
wland arex of the weslerm Pacibie, The
wsults implied that some foree was
maintaining the imepolar shape of the
earth’s surface afainst jts natural lend-
ency to Ratten cul. Presumabtdy the force
was symecbow related Lo thermal convee-
tian, Arther Holmes of the Univessity of

Fdinburgh mdded Lis weight to the
argument in favor af the Ty pothesis,
and he was followed by 5. W. Carey
of Tasmania, Sir Edward Hyllard and
5. K. Buncem of RBrtain, L. €. King of
South Alrica, |. Tuze Wilson of Canada
atnd tthiers [ree the aiticle “Continental
Mwilt,” by 1. Tuzo Wileon, Leginning on
page 411 The historiesl and dynamical
chatpeteristies ©f the carth now en-
Hagrd the attention of many more guo-
plysicists, and taday the interplay of all
Lranchies of grology and geoplysics gren-
eretes the excitement of a new fronlier
area.

Continrpts wod Ceesns

Alibough the geoeral nature of e
cartl's orost is [amiliar to most rezders
of Scicnrifie Amcrican, ol s worth re-
viewing and summarzing some of i
mefor {eatures while asking: How do
these [eatwres Jock in the cantesl of con-
tinenial drif1? The earth’s 1opography
has (wo prindpal levels: the level of the

{plecial ryblle), cand depasits and & diversity of planis arcangrd
sn juth 2 way that perhape 00 raillion years 2go the diflerent areay
must have been a vingle lanpd muss knewn st Gondw analand, or 21

continental surface and the level of the
oceaniz plains. The, elevations in he-
tween represent only a small Fraction of
the eartk’s total surface area. YWhat
maintaing these levels? Left alone for
hillions of years, they should 1each equi-
libriwm at an average elevation below
the present sea level, so that the earth
weoild be covered with water, Inslezd

we sor sharp continental edges, new-

mounlain bedts, deep trenches in the
oerans—in slort, a lopography that ap-
pears to have been regularly rejuvenaled.

The conlinenial areas are a mosaie of
blocks that are rooghly 1,600 kilomelers
zcross and liave ages ranging from about
3,000 million years o a lew teos of mil-
lions. In Alrica there appear to be sev-
eral ancient noclear areas, or cratons,
sureunded by belts of younger rocks.
Most of the younger helis have an age
af BOD million vears ar Jess, contrasting
sharply with an ape of 2,000 million to
3.000 million years for the calons,

A eloser Jook at the vounger belts tells
us that although much of the material is
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tha very Temst & clowely asvoripitd ness vonneeted by Jand bridges. Only 1wo al teveeal
rupjor plant peners sre plotted biece: Clessoptenis and Gangamopteriy, The adepihis of che
various deposite hay g Leen arhitrarily sligoed between the lower wud che Lasal Peemian,

apparenths new, there are Jarge blocks
that have the same ape ax the oraons.
Lt tooks as if the: earth’s surface has been
Warpcd and fulded apmnd the anclent
continental matses, catelimg up seg
mends ol the ceust and jntruding young-
et igneons roeks Tt the folrls. I sorme

Huces dhe duciont miterial Las bren 2k

TY¥PLCAL GOXDWANA FIOBA ges Cloxsepivris commuani
”eﬂ:f at fefeh wied lgnpaniaptesis cecloplerniie Hr'ghl'l-, il kies
ity uf Tern Ml dra lqirilllii'led L the Gondw area steeeasiaine sl

tered bevond recogniljon, hut clsewhere
it Bas been lefo Faiely undisturbed and
its antimquity van b iletemmined b:r -
dinactive-deting methods, These com.
pasite belfts wre wimed zones of rejuve-
nation. When they wre craded down o
sed level, a0 v see, av bar s lmgea-

ehiy ds concerncd] s unuther part of the

—

.-

L

voulinental platfonn. Gealogical map-
[ing. bhoweser, 1eved s the bell structure
cleatly. A eloser Jock ar the cratons
shows us that thev 1oo have the stnge-
turc of preexisting mountain belts that
have been carverll inle segments, with
the »euager mazterial alwavs culting
aceass the older structirl paltern,

We see the process in action lml:l:r.
Crur young monmntain belts lave 1ot hoen
emled to sea level but shosw high cleva
tons Hut are elearly apparenty we o
vet need penlupical Siaeys b slseve
them, Lt is only wlen we e the gloll
cdistribution of thesc wouatain Lelis on
land arezs, together with the dishibog.
tion of rifts aod their associald ridges
untder the aeeans, Lthat wr 1u'giu e per-
cerve the possibility that «ast inotions of
the eardh’s surface may e their cause
[see dfitstration on next fup pages].

The earth is also rocireled by bebis of
peological activity in the ferm of vol
canoes, carthqguakes and high hear Row,
and observable motions i the form ol
Folded rocks aod the |:irg|'.‘. dhplill‘.'[.h
mrents known us Faulls, Lo revent years
the direction of displicements tint g
ot ohzeovable on the sucliee Tios Teen
deduced by the stiely of seisnaia waves
artiving al sanists puiks o e eaclh's
surlace frem l'.'.l'li:lrll'lﬂlnr-u. I FTATICEE:LE
sibde L tell the diceetion of slippage 10
U wones of maploce within Lhe sulid
rocks of ihe ezcth's nearsaface e gions,
so Lhad :Le diections of the T man
Iz vbilnimg-d.

Il ene looks al a map such o the ove
on the nest two pages, uie is mincdiate.
Iy struck biv 1he Jarse scale and sysema.
i distibution of these Hnes of geolopic
activily. Sonte of the s1atewrs ae coler.
it over distances of sesecal Hsasaral
kitoreters, This bmmelialely suggests
the I.lr:._":.scalg: merticne of mutoeial in the
carih’s interior. It does pot, loweer,
necessarile fmply mutions egralding a
similar Aislanee folo the faterior, 10 s

rated an the trp ol these two pages. The foswils froin which 1lirse
et icign w e pade woere ancavered in the pentral part of Amtarng.
i TG =1002 iy T illioan B Loneg ol 4 la-ba Methaali-L ”l'lll""r’i'l}'.-

/&
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possible 1o have sheets of .r'rp_id nterial
31_'1'1'["()rtt|b1: [ EEARS YIRS .lll[l EI ..“.'l'l.lr‘ll]g gy er
groat distanees o the winderlying nutesi
al is lesn igitl.

The topagraphy of the acean foms
L baren rapdadlv ves eaded dn e past 1ao
deemedie ||:|.' e seomic depeh recarder.
The principh ssstens ol pidees and
laults birve Bevooapped in coasiderable
detail v such teeanegrapliers as bruce
C. Hevivn and Maurice }T.\N'Iug of Co-
lumbia Uifvendy and FLW, Menard of
the Seripps Lastitution of Qoeapopaply
Tl Lyyers of sediment on the wea floor
have abe Leen explored by such meth-
ods av setting eaplusive clarges in the
water and recording, the cochoes. 1t be-
came A great puzzle how in the iotal
span ol the cank's history only a thin
veneeT ol sednnent had Levn biid down,
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The ulq:]msi-liun rale et t::dn}'
wodel catenc the reivess ul _-.ﬁllmc:nl:;j-
tioet Lk by alamd Cctaceous titoes, or
WK b 200 milling ey, cumpared with
preomtinental anch twwanie hiﬁh:u:.' Lhat
{ows Lagk g lewal B0 qqniblivn vears,
Haw comld thece-rpaaelors of the carth's
wurlzee Le wipt'ti clean of sediomont in
the last & pereend ol denesinial tiane?
Furthemnure, why were all e occanic
ilands and sulanerged  solanoes so
younp? The new sevanupraphic investi-
gations were presenting sueations that
weTe awessme |u contemplate,

In the catly 19680°5 Hary 1), Hess of
Panceton Doiversiey aod - Holwrt 5.
Dicr of the U5, Coal and Ceoadetic
Survey independently proposed that the
oceanie ridpe amd rd1 sysleins wene
croated by vising currents of inatenal
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which then spread owtwaed Lo harm new
woevan froers, O this basis the dncan
foors would b rejovenatd, sweceping
alereg with tlwm the kisver of sedimen-
tars aterial, Hosach o mechanistn wee
al rur_-tk, we parl of 1he scean busding
would T trolv wneend, Allheigh this
radival hvpatliesis Tud much s Llavor,
i apean e danletehd Lo,

Tracking the Shifting "ol

Draring this time a proup of plasicists
and rrophysicists were studving the
directions of mapgnetism “froren” into
richs in tise hope of tracieg e history
of 1he carth’s magnetic held. When an
iron-bearing rock is Tormed, cither by
crvstallization Do 2 melt or o prees
cipimliun from an aquetns soludion, s

1] 20 20 &)
i -..'r-::‘-n. L e .
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WORLDWIDE GO OGECAL PATTER NS proside evidence thiat
Ure mjur Lol neasers lve been diiven apare by rhow ransergjinm
procveas ol vaniies maicrial e aaik feorg e guanle Il Lhe
rarth's crieal, Tl alaiheen Yo e, identify the creels ol wevwnir
ridpes 11t wre now Lelieved 1o coincide willh upselling repisns,

These ridges are crogeed In lucge tromsearrent travtnre vanei The
Iirehen lines show e appeoximare limive of the orvanke riven, Flie
light prwy wreas identily sl worldwile pamern ol freest mnnm-
tiing beehsy islamsd o, deep Lreeches, cacthquaben ael s alianism
il wrparently mark the e eflitg ol erostal material, 'Ehie -



120

slighily amagnelized in the irceticn of
the: o tl's pagraelis: feld, Linlews this
magnietisin s dhisturbed by reheating or
plisical distertion it is 1etained as 2
pertancnt tecar] of e direction anid
polaily of the vartb's mamnetic Geld at
the tine Lthe rock was fortned. By mes-
suring the magnelizm in rocks of all ages
from different continents, it has been
possible to recomstruct the position of
the maguetie pole in the past histary of
the carth. Creat hopetes was given to
this stuedy v B'. M5, Tlackett ard Run-
ST, -.1.|u.1 1.'.|l:h wilwrs sown Touwmd that
the persidiom af the prsley Follimwed o path
goitgg Tackwanl in tinwe that way dhlfer-
ent Tue cach cominent [see foq M-
Lint on nesl g,

The interyuetation of (his elfect was
that the eantinents had moved with te-
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downwelling sesma 1o caineide with the oe-
currener ol Jesp sarthiqualkes Jirianples)
! carthquakes ol futermediate depih (1l
id daty), Hpwelling zones seem fo eainride
iy s it abiallow cartivpaabes Topen otk

MELEY * TEIN
specy terthee prenend positinn of the mao-
vetic pole, and that sinee the puthis were
diferoat fere eacde Jamd mass, they liad
trs independently, Deeause il was
unlikely that Hie mayoetic pole Jad
wandered very Lar fram the avic of the
carth's rodatinn, or that the axis of rota-
Lion tad chavged position with resgreet
to the principal mass of the carth, i
was egatludad that the continents kad
moveldl gver the surface of e eacth,
Moceener, since the shift in Latiteds: of
thr setbiern wuntinenls wis gfnffnlif
sauthuwnd wising brackward in tine, the
raolions were by eeard with the older
evidenve poiningg tosward o Guodsana-
Il et suuthe podar pepgiaos, L st
I1|.l= H'lqlglﬂ,"lli." |_"'\'|Il.,tl'|i('!" bl'liil'l('lrrl"[]. T]ot
only Alw nution of contieental drifr bt
v the gewery | lacations Irom v-duch e
vontinents had moved witldn tie appro-
[riate lime sjrn,

This was sull nel viough 1o sway the
prependerance of Ancrvan scientific
apinion, Finally, at the annual mevting
vl the Cealopical Society of Americz in
San Fraveisoe in 1956 comte tle Blows
that broke tlw: lack of the npposition.
Severa] papees put focwand slactlios new
evichenwes (hat related the enneepts of
acepn-Bunr spueoling ok u]rn.u:ent.t]
dide, the came oF the neeanic riTize aned
ol syatens wand the divection and time
nl e edeill oostions, Lo sedddation,
e ceveloprent ol aweew meclauisms
eaplaniy  displacemwnt alsg Tauils
Birvmaplil iaelas spnegrmenl sorne of Ui foe
merly contralivtiory svismic evidenee.

I the study vl rock magnotism it was
abserved that the carll’s maynetic ficld
nat onby lad changed dircetion in the
past it alsa Dl reversed lreguestly. 1n
order 1o study b Frequently and when
tlee reversals ovverred thiee workers in
the U.8. Ceuvlovical Survey—Alian Cox,
(. Mient DDilevmple anel Biclard R
]}nv]l—mrrfully measared e nagoet-
v i swinples of Tasaltic rocks that
1'||e:..f elates] Loy ehistrrmnining the ameint
of wegman -H) T the pocks Jommed by tha
deray of sulisenctive proassiun i They
rated] oclistinet pattern of oversals aver
some 30 adllion veacs [see "Heversals
of the Earil's Magnetic Field” Dy Allan
Cax, . Hrent Dalrsmple and Richard B,
Doell; Scarxtinie Astemican, Febrnary,
15967 ]. Their inding was roon candnned
when Neil [ Opdyke and James Th
Havs of Coluralia Utiversity found the
same pattein in gong downwad into
eller Ly ers in eeranie sediments. IE was
thist islaldinhbasch that the podarity of the
g netic fielil had universaly peversed
at cectain fived lmes i the past.

Meanvelale winvadd pattern of magiet-
fsm1 i dhe tee b of e ocen Moors b

sishle
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Yars 1ot |J}' Bl T M ama!
Arthor 15 Badl of 1l manipps hatlitatian
of Qeeanngraphy, Using o shiphoioe
ImagnetmeLee, fourd that huge
areus of the ocran foar were magnctized
in a stipelde paitern, Tatting tagether
these patierug, the divcovery of maz-
netic resersals and Iess's idea tiat the
eceanie rfdues and ¢ills were the site
of rising anrd speeading material, F. .
Vine, now at Princeten, and 120 F. Mat-
thews of the University of Cambridge
pruposed that the hwjiathesis of the von-
t'i!'l.ll.':!“s- {‘:t‘:ltirlu I"I'f PSS DT ﬂﬂ{“’.‘;
miglt T tested by cenieidning the may-
rrctie petlenn on Lothosides ol an veeanie
ricdpe, 'Vl extrasedinny diseavery et
the petlern wis sytanebical with Lhe
was demotistinled I Vine zod
oz Wilkon, wlhe shiclicd Ui 1w sides
of a ridge nead (o Vancouver sl
The lisioey ol the magoelic feld po-
ing back inte the past was baid gat Don-
zonLally in the mapactisg of the rocks of
the sea flone going sway trown the ridoe
in Lath directions. It agpezrenl that nes
Liat amaterial wat rising irem the eift in
the cvnter of the ridez wal beeomigy
magpelieed B tha directi nol tha eartb’s
Gedd as it erwdedds e thirn e md ootwezend,
varrying witia it e Ddsbery of magnctiz
reverdals, Sirer Dol ibes of Lhe reversals

1hey

ritlire

weres bresaon, 1he rlistaons: by ocacls go-
versed fnrpen i FuNe thie ot b

ingad e oneean togr Joe .‘J[.n!-:-‘ru thirs-
Irr’.l.J.Jrl I HE) || 'r'|~ .].

This nnpantaed pivee ol vamk weas
cpuickly (Tt HERTTS vp bj Junes B Heiriz-
ler, W, L3, PNtman, (. L Dickson and
Xavier Lo Pichan of Cehuoabia, whoe
have pow shown thal the ridyes of the
Pacific, Mtlantie and Ledian veeans all
exhibit sinslar patieins. In fact, these
workers  have ilelected  recognizable
points in the history of magnebe sever-
sals back alwnet B0 millian vewss, oz in the
Cretacon 1§ l:k::Eud, anel Bave drawn iso-
cheon lines, or lines of equal age. over
hugre ateips of tha oean #oees. Hence
it s novw possilile Bodade the eceau loecs
anel pereerve 1he direction and rale of
their Lulera] medion simply Dy concduet-
Ing a magnrtie sSwsey wer theom, The
inplications for the sty of drifting
caolinents are jmmediately apparent,

Tlwser and ather now fndings do net
uncquivreally call fur comtinental drafy,
It might be pesilde 19 hae sea-foor
spreadiag withoul drifting continents
Nonetheless, the dicections and rates of
mation for both sea-Roor spreading and
continental deifl are entinely companbie,
Abuove all, the peincipal objection to 2
||,1,"|'|||':|[I|.["1.l"§ oof erapginenlal MOVETIFNE has
bern tetitvasl,

Losuhing Bagk, it i ||1tz-rf sling L eds-
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NORTH MAGKETIC 'OLE wauld apprar 1o hase =pmlered in
e1plicalids during the past Tew bundred million years (radered dines
at Tefin, on the basis of “iocil™ magnetirss meaagred in rocks ol
varions apes in warines rontinents, The disprams iy besed on one by
Allan Cox znd Richant K, Thoell of the LS, Geotugital Survey, The

GILBERT REVERSAL
GALUSS NORKMAL
MATrARS REVERSAL
ORIUMHES MORMAL
—0OCEaNIC RIDGE ~——
SRUNHES NDRLAL
MATUYANA REVERSAL

GAUSS LHORWAL

@ I
/ |
//
pole rould hlrt"lt havr followed v many differern tracks simul-
e byt evidentlr il war the romtphenty thal wandered, b, M
Cerer of the Univerrity of Sewraule gpon Tyse lound that the

tracks canld be Traupht tgetler if Somly America, Alrica snd Aps.
Lralia were prouped o the Jale Valratvic gy thown st che right.

RAGRITIC PO AFRTY EPOCHSE

GILBERT REVERSAL

YEAKRS BEFORE PRESENT (MUITHENT)

EVIDESCE 'O SEAFLOAR S0 REATNNG hay been alaeioed
by determining ihe polarivy of Toseib snapnetizm b reeks Byiog on
b eides ol weeanie ridges, la le diagram rochs of earual, or
presentalus, polarily s vhown jo cnlue; pocks of reverwd polarin

Wir Wt pra, The divplacemrnt o lie two librrbs Ieplepenls 8
tcnensuerend Dowctnne 2oe, The sy nmnrtey suppeste that thas rrske
welled up fo o monalten or semimelieg staie gk produadly naesel
antwp el Uhe aliapracn in lased ron ctidies |r}' 2 ntitndier O0f wonbers, o



serve how each new plece of evidence
presented in the past was met by coun-
terevidence. Wegeneos recunsiriction,
fur exam ple, was counterel by numerous
gealogists wha lowk exception to his Ju-
Lziled arguments. The argunents for the
Permocarbonferaus Gondwana glacia-
lions were counlered by Llanicl L Axel-
rod of the University of Califoenda at
Las Anzeles andd others in this country.
They contended that rost species of {og-
si] plant tend to bie restricied Lo zones
af latitude that held for the continents
in their presest pasitien, o Juct that is
hard to reconcile with 1l presumed
pattern of glaciating, The idea that the
great Candwan Laed masses JQiifled i
latitude has alse been oppesed by F, (0
Stehli of o Western Heserve Uieivers
sity; his sturlies suggest that ancient
fauna were most diverse at the Fijustor,
and that the Equater defiuesd in this way
has not shiffed.

Anplher Test of the Hlypothesis

Any hypotlesis must Le tested on all
poiats uf observational Lict, The balanee
ol evidenge musl e strongly in its [avor
befure it is cven tentalively actepted,
ara] it must ahweys Te alte o meed the
clallenpe of new alservitions wol es-
poritnents. My own iulerest bn e prods

leme af continentul deill s sbimwlated

al o 1531 s:,'1:|11|-u.'.'|'l||n1 in laelen s[Rhi-
sorcd by 1he Thayal Society arol aringed
by Blacketr, Bullacd aned loocorn, At
that time Bullucd wml bis Vniversity of
Cambridge associntes . B, Fveretl amd
A ¢ Smith prescutrd an l'h'ga.nt slucly
of the geopraphic matching of conti-
renls on bath sides of o Nonde amd
South Adactic. They had coyployed a
computer o procuce Lthe best L by the
method of least squares. [nstead of using
shorelines, az had been done in carlier
atternpts, they followed 1he load of
5. W, Carcy; he had chasen the central
depth of the contincuatal shope an 1epae-
senting the true edge of the contimeat,

The Gt was remcobalile [see (fustra-
tion on page S5].Twe average eoroe was
no greater than ane desies over most of
the busndure. My enbleagies and 1 at
the Massachuseits Institute of Technol
ogy now began to think of Turther test-
ing the fit by comparing the sequence
and age of rocks on opposite sider of the’
Atantic. *

Nadiaactive-dating teehniques for de-
terrmnlng the absclule age of meks har
reacked a peint whete much coull be
Tearmed about the ape and listory of
Loth the .ancicnt cradonde teginms and
Lhe younger refivenated vnci. For such
purpuses twa technigues ciun be owed i
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cunthiinatiorn: the measuiement of stron-
tiven 3 Tomnedd D the radioactive decay
of rubidicm 57 in a total sample of rack,
and  the measurement of argon 40
lermed in the decay of patassium 40 in
minerals separated Froe the rock, A vl
laborative «ffart was amanged betwean
cur peochronelogy laboratory and the
Universits of Z5n Taule in Brazi] {in par-
ticular with 2, C, Melcher and U, Cor-
dani of 1hat tnstitution). We alse cnlisted
the =il of field geologisis who had been
uurl:ng on the west eoast of Africa (in
ovgeria, the Ivory Coast, Libess and
Sienea Leonc) and on the cast couet of
Pracl wnd Venezueli, The Sur 1hhs
groupr made the potassion-args e
surements of the Brazilian rack sanples;
we didl the rubidiun-strontimm il yses
on samples Fram all locations.

Ewopeun geochronobopists {notably
3. Benhomme of France and X. |. tnel-
ling wf Urtain) had done pioncering
wirk an the Precambrian penlogy of for-
mer French and Pritish colunics and pro-
teclorates in West Alrica. Of special
interest to us at the start was the :-lu:trp
boundary between the 2000-milljay-
searwld povlogical provinee in Cliana,
the lvory Coast amed westward {rom
these vonntdes, and e 606G million-
yeareld prosvinee in Dahizsimey, Nigeia
anc east. This boundary Twads i1 o
snu[]r'.'.'t.'st:rrhr directioe ide tur 4
pwar Acern i Clana. 16 Heaal ol Deen
joined Lo Alrica GO0 1illion OIS Mg,
the buundar}' bt Hae L Il oV iIges
should enter South Amerca close to the
town of Slo Luis on the northeast coast
ol Brazib. Our frst order of Business was
tlerclere o date the rocks From the vi-
city ol Sdo Luis.

To cur surprise and delight the ages
fell inla twe groups: 2000 million vears
on the west and 600 inillion vears on the
cast of a boundary line (hat lay cxactly
where it had been predicted. Apparent-
Iy a piece of the 2000-millitn-year-ald
eraton of West Afriea had been felt on
the crmitinent of South Americ,

T subsequent work on both sides we
hove fomed ne inconspatililities in e
age of many geelogical proviness o
Lol sides of the South Adantic [see 1f-
dustration on next jwge]. Furthennore,
the structura] trenids of the rocks also
agree, at least where they are known,
Minerals charactedstic of  individual
belis of rocks are also found in justapesi-
lion ue both sides: for vaampie, bells of
manganese, ion ore, fald and tin seem
tex follew a matching pattern where the
enasts poce joined. '

Can such comparisans be made else-
where? Te some eutent, yes. Usdorin-
nalely the rifling process By which

continent Lyeaks up seems ta be muiced
by zanes of rejusenation between era-
tens, as if tiese zones were also zoucs of
weakness deep in the cnust. It is peces-
sary flor the Lreal- 1o have pansected the
structure of the continent, Cutling actoss
age provinces, if one is b get a close
refitting of the blochs. [n the Nonh At
Lantic this is not the case, but the tonti-
nental areas on both sides were simul-
taneonily afected by an unmistahable
ulligue crossing of a Faleozoic Delt uf
grolopical activity [sec ifustration on
page 631 Aclually the bell covers the
regian ol the Appalachian Moontains
arl the Maritime Froviooes nf Nortls
Anwerica, with an overlap atoog the coast
of YWest Afnica, and then splits into twe
principal belts: one extencling through
iz British lsles and atfecting the Atlan-
lic coast of Scandinavia and Creepland
and the other turning castward into Eu-
rope. There i3 a superposition of at least
four permle of reoewed activity alfect-
ing ke various pans of this complex, All
four are represented on both sides of the
veorth Atfandie, mn]c_iug 1his currelation
extremely diffealt to explain unless the
continenis wen: oo ID_E;_(:il'l.-:r.

Ay culleapgries LW, Fairbaion and
WL Dinson, g, and T, au well as othe
winhers, have mode age mcasureinends
in thee nocthern Appalachiong and Nova
Sestin for many vears, and woe have
foarl all fooe pericds well represenied
in New Enplund. The earliest period of
activity {which Fuirbaon has named
Meponset) is duted about 550 million
years ago; it is seen in some of the large
rock bodies in ezstern Massachusests and
Conneeticut, in the Chaouel Ivlands off
the northem coast of Franee, 1n Sor-
mandy, Seotland and Norway, The next-
oldest period {the Tacanic) was about
+30 million vears 270 and is Inund on
the wistern rdue of New England and
in qunts of the Britsh Isles. Tle next pe-
rivud, gaing hack about 360 miltion years,
is strongly represented in the entice span
of the Appalachiang aod Nova Soelia
{wheee it is called the Acadian) and m
Englul nad Nemeay fohore it is catled
i Caledonian). Finatly, shoul 2300 imnil-
livn vears afo the activity seemed Lo
move intn southerm Europe and ~Nouth
Alrica, where it has been called the 1Ter-
eyrfan, This activity, however, alsa ex-
tended into New England: much of
southern Maine, eastern New Hamp-
rhire, Massachwetts and Conmecticut
show rocty of this age. [lere the event
is culled the Appalachian,

Farther south the lower Paleozoic
section of the northwest eeast of Africa
{Senepal} appears we continee ander the

syounger codstul sediments af Flurida,

-
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This Afvican belt sliowes Lirges rock units
with et |1|ui1.'.l|ﬂ|t e f\'t'g'ulmrl,
el B ey icdeoee af tlae vonEer evenis,

Tha: Fining of Anlaretiea

The tevent eatensive gevlogical sur
vevs in Antaretica ke been Lighly e
w.";rdmg W revonstiugting Coendan,e
Taned, Tricn te ther wind o the Tennian
perienl thie vomenger pants ol swester Aul-
arctica were not vet Jormed. Oale vands
ern Antauclivas was present, inclading
the preat baeles of Tolded vk i from
e Transautarctic Shemiiins,  These
vensizst of teoogrusinclnes, ny sedinenl
hlled teeragli: the imner Bopaleozvic and
the auter Palecewic [see flindration on

papre 851, Fhe mocr belt inchides Lite
Frecambrian amd vacly Larnbrizn i
ments, whieh werne Tolided sonl dnvadel
L dgmmears nachs duaing bate Caanbvdan
ar tinhe Onduviciun tiines Taboul 300
millim years wpa), Thos the ineser helt s
simiar it age L the widespoead evead in
the avsl of Condwanalanel. 14 55 markeed
:|.:_x the Cumibeian fongg! ."nt('fl'.u'm.'_v.':ltll.l1
anc organisin that formed barries eels.
These coral-hbe stucthaes are Tool
traksectitgg seduvients e bodies Joowa
as bioherms. Tle auter el Tarther
within woestern AnLanctica, is a4 geosvie
cline Biled withh Lower Paleazaic sedi-
ments. Lake the aorthees Appalachiis,
it s defomund and invaded b bertierrus
rocks i the maldle and Tate Pdleoznic

L3

Loter if woas vesered with o ILIite | epatee
serctatyn e € oo g seecessdon, wrth it
rlagaal 1_!1,'!1"!«“.5. eenad g da e 1Ht,

Theres sevms do T a sindlar recend ol
events inoeastern Aoadaalnn The D
hecms of e Camdprian Arelacocvatia
ave faund i a belt extending nortbnand
froan Achrlaide and muh 1he edue of an
earlv ey ncline Blled with seadizngcnty
inclodiars Lite Precanduian and e
Birice crres, Laster in biames, el Tartlier 1o
tiw casl, mieat thickaeswes ol Siugian
amd Laraer Devootm seliments acew
mulated do the Tasman trouzl. Come
pression atin] irncous witnusian e pd
i dliis Tosiman geosy owlane snstly i the
Late Leovwer Lrevonsiin prniod o e migl-
dle Devonian {ahoot 330 million vears

ALMTATIVE MATCHING of pralupical provine- of the anme

forming praciie s wthet ek ladlen 2k ol 1By woriviiy was

ppr chowe ks Doemh Amerion eod Africe ppesumealiby fited te-
pethrr sreee 2000 tilFian seafk ipe, sk enboresd wreas replerer
mncient rootinents blocks, ralfed eratame, 1that are at leas 2008
nmillien yreacs wld, Lizlarnlnerd 2erar are voungrr zones of pews
lepiral artivans : emontl snoughe Glled with c=dinent: and s aleanic
rechs that werr Talded, comprecd and imruded by Tigt materiale,

130 il liom oo 658 milTien cear- gpa, bt pneee o G0 o s Joek, 1,100
wni i vear-. The lse el ahe pined ol rocka dated by many Lahe

oraledies, including the apthor™s 21 1he Mozea husets Ln-titsle ol
Technalezs, “wbisl date denoie Tocks older than 200 million vear::
apen it denors seunper Tocky, The 1efion pear >an i e
pact ol mne Adrican cearnn bede agunded onothe rowt of Hoasil, -«
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agol, The later cover of sediments in:
clutes a Comlwania suvewssion sintar L
thes g §0 Antarc v

Tl is alin strng eviilence for o
jutctine berween Analialin and lodia,
pattigulaely in the Promian Lasins of
sedimentation of 1he wo conlinental
bloely and i Conelwaan R LIETICCS of
vaal and plints, Limeslitee boeds constun-
“ing the sane Do ducticl shells e fummd
B Lhe npper lnors of the sequenee on
Drolk sides. A coaielating alse evists e
twpen bhe baoded i ores of Yampi
Soul in nortln eatern Ausiralia and the
sutula ores of Singhhhur!\ in 1ndia.

Tl ihestcation cn e G0 is o recon-
strgetion of Conochaanalaml Tased  on
thee evidetice we Losve disewsaed so Far,
Thy three lam! inasses=Antarctica, Aus-
tzakia amd Indiz=have Teen Glel Lo-
gvlher 1t at Yheir present sharcliors bt
where e depthe of e sorronndiog
e pead bos 1 melees, s ocan o
steen, the fit of the eilees s oo, The
detagld Be of this wsseinllage iotn e
sowtheastern past of Africa in stifl de-
Latpd Tegmaune nnost of e rilus L &
stiucties Lhat cal avmess them. Nivers
Uiedess, 1 T inelonbeal el vl e of Al
vica b (lwe map o slesw howe 0 migl
possilily Bt ou the bavs of lioited age
it from AntarcLicis,

Thit arrangement ol land masses in
thee fute Puleozoic is exlovtne Dy tentatine,
1L dx pew wp to e peocheonalagisls n
fest cuch jancture mene elogele or oors
teelatinms i geobovic age, and g e U
Eeld geolugists to mateh structine aaul
nxk lvpe, Se parliosluly interesting
Bt may lae fontheoming in a study ol the
Bevenulavies of S‘!i:lﬂn'ﬂ-' anel dderg matine
glavial depranits, wiwl o thee Lisnd 1illises
aranpal whal appears 1 e ghe alart uf
an wceanie lasnn at Lhe Uine Autarctica
wag breaking away. Vhis atlempt 1o es-
Lablich the fonmer position of Anlaselica,
whicl 15 Dbeing inade by L. AL Frakes
awd Johin O Crowell of gl Linivesity
nl Calilumia at Los Adageles, may set
Phice tla key piece in the purele, A
iletaabed enrrelation of Egesil plants in
Antarctiva with tlane of the adjaeent
Latned mnasses, wohich has een endertaken
by 1alna Plimstead of 1hus Undversity of
Witwnlresrand, is .*;[nu'[.ill}' limiting 1he
Perssible positimn of e bocks.

The Aze of the Adantic

When did Camdwanaliad birzin 1o
Lirvak ||]1'." O ub e Toosd CIRet ol ou -
detice bor e stavk of e npeives of e
Soeyt b M Lanie is the age of aflsbone saedis
ments abng the west ooast of trica.
Lx illing thosizh e weiliments doan
bl 1acks

ancient Ilﬂll'hl.'li i[l'“_"'1:|l'.|.l"|.."
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MATCHING OF SORTICATLANTIO BCCIOXS i mivre diMiealy thao in the South Atlzn.
tie. This tentavise, peeabitl recons it tion af a poctieon of Tawrawdy depgndds o0 mae-bine
ancienyd b lis al whinilar pealoegieal arbivity, The Jdurk Eray Lgit rapuasertls the [arpaeiong
of selipegt- Db ool awd oLkl monniging in e caely sl aiddie Ualesesis (170
milling va 330 il seaes o 1, The mediwm pray belt was formed inodoe Jate Paleorois
V330 willien 1o 200 mallion vears aga’k, Tle Janier belt everbapped the repian of e Torare
in the nortbern Appalschizrc andd in routhern Irelaml ana] England, tus disereed eaztward
in Encope, Four diztinet and sggetimpesed pedioids ol penlncical aclivity orcur on Lech
sifes ol e prepens Nenth Mbaie, providing sStroeg ey idence L a presions jens e,

417 /'2_
o’

slwaes il tre Laver of sediioens iy euili
yeseLe: o rifabiry than thwe miididle Aleso-
iz (about 160 million vears agol. 1
the Soutl dtlatic b bern in existence
lr 2 major part of geolngic time, e
continent of Aaica wonld nmepeestion-
aldy Bave developed @ kuge shelf of
seeditnents kg the et leagrt b of ats
wrstern ucgin, The cootinental shell
wirwkd crinsist of sediments dating alt the
Wiy back to the time of the :mr.'l.r'lit ora-
tuns, This is ot the casee [0 Tk s
though the nft larted Goo Ui et hern
edre of western Ahiea in 1l niddle
Trisssie aed sfowle epened tn the couth
untit the Bnal separauon oceuroed in
e Cretacemas, The east vonst of Alvica,
i the wilior Juond, apparently st ted to
upen earlivr, 1t Permian,

Wil e aceeptanes of  seasdlnor
spreading and cutinental diilt the glo-
bul prabloms of peolomy aie beginming
o be solved, Alheush e 1rain ol
themakd o such matters is nag el
v aecepted in Jotail, o sormething like
e Tl paiin Donbimental Qe JGppeat
o lieve greater strengtl, b o depth of
WA Rilaaneess o s, than ogean Lasing
thy, sy that ey tend to oaintain chem-
“'t\l‘\'. H% IJLIII}':'H‘ TIlababd s Il:‘l.']t S0t lll:}l

destryed by siking imntinns, Thes gan,
imv-r.*u'r, T rugriureel. Hising inaterial
pushies e 5||r{;|rt apart; sltlllng m.teri
al joills the surface mg-lhur and towand
thr reeionof sinking, VTweelime i a sink-
i e i oestabidishod i eeane e-
aion, e contioeols will move tovand
Lhe zune, arxlaf a rishyg #rew is estab-
lished uncter n continent, the pontiaent
will spht apart and the parts will move
away from the zone, When the pocan
M oy s fgward a hEnLiu!.‘ Zone i an
curati egion, i Tonms decp trencl
Errrclered h\ valeaones, chaing of ilands
or tlullg.uul Lusd masses such as the
]’iﬁ“p‘pi;m: and Japan. When an ocomn
Aorrs moves toward & continenl, @t -
pesrs tu pass undber the condinental Lo
tler, Toug: ing L greal pwmntiin chaiiL
Tl reagntein -I']iI.III nay Le in Pt
piled gy matecial that weas already pres-
ent and in past volcanic nb aterial that
rose ak b nocan swepl ils humd of sedie
ment, enderlving, wuleanic rock and the
v Trentgl alelf el b d au o
et ey ol tlae- wunkizenib, Tlee puoc-
e Boands gor a mnelting ol nend leglvingt rck
arnd b e it pusion of new valearic s
ii.""'i-l]a ']'I“_. woest ol u' Sl'.ll.ltll ,’km{‘liu'.}
i ] cvample.
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Annther cxample is the thrust ol Tndia
it Eurasia tha Tormed tle Himakan as,
I'[| Las long Bty Lnawn dhat there was a
!Jrg"_‘- [:..1.1;]}- of walter betweer Al jea aprd
Fanosia and that o preat thickness of
seeelimerils was drr}uu:tt'd therw ab sOTTE
time during the past 200 oillion 3 e,
This by is known as the Tetlws Sea.
It was lorated nenth of Arabic and ex-
teneled From 1he fermer location of e

Athyy Moumtains 1o east of the Hima
Wavan, As b heve mientiened. iU apgpears
thiu Fandwanabad et oaly teohe up
bt alsa mased touthsaged, wil India
ad Afica poshing up dnto Eaasda,
This maotion apparestly caused Uie huck:
bing up of seditnents i the Trthy Sen,
ERing mise b the mountain ranges that
wrw form o conderled claden lrom the
westerin Atlas range theough the Aedie

"

A

tenanean, e wiostern Alps, the Cane '
ey aid the ingadasas.

The way 1he pn':.:-nt inountain gy
s o 1he earth fali alang peeat vinedles
sommesls thab the melions o the canly’s
interivr have o Jacgeascalie coberenee, of
te orcler of the dmensions of the earth
flaell. Tlae prevailing explanation sbems
Troo a4 pew Jead in sejvmalowy: 2 2one o
tluz eacth at a deptivel 18 or 200 Lilumi-
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PPANT OF CONDWANALANID, 1enianisely eevuppucted, liriapr
thgetleer Fard Anlamotica, Africe, Awetralio, Madaggarar, lodia. The
tois at the Ik meter depth rantuer of the cosinental thopr.
Late Precambriyn and Faleodvie geosynclines, oz wediment-filled

trivughs, i oepiiern Aunrali e carcelated in npe ond luragien
with zimiilar tranahs aleng the Trancantaretsr Maantein=, The Jeep
PPermian bajins of northwepr haeerslia manh thoae of Inafio
Clacial depuiits, lazna and metal ore: provide other correlation s
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elers has been foued to tromsmit seismie
WIVES More $law T}' than the l.l}'tr!- abwve
and belw it ! to alsail seivmic
enevgy owre shionaly. This lewsvilocity
ronwe is penerally thonolit e censist of o
materiab whose strenuth is redueed bee
caudes 3 small anvount of it is mollen or
bacanse itz femiwepatars 15 approacling

the melling (wrint. The swmifate o the.

cartlimay thea el move aronned o this
luu.'-s[j'engl]. Ly er like the shin of an
onion. Lt is belies ed the eacth loses Leat
[rarely by condutiion outward and part.
Iy by eoas eclicn currents in b celative-
Iy tlain Baser alwss e thos vk oo, This:
curreats, a5 ey lave hoen depivted by
Walter A0 Ebasser of Erincetnn and
[':;;:}:1 Crowan of MLET., fonn rather Har
convoction oells

A Inpotliesis that is carrently popalar
i et b el of AH 1".h'|i||g uk
1l ocepiic [itlgv'i ievbves the dndeg-

nU'kikyYy -t

sion of kot material into ruplines neac
the surface. This malerial is tle s3me a5
that in e lowvelocine zone, libricated
Is pactls molten anck A small propor-
tho of the icepnded oetenial actiebly
bases sarne of ily nelted fraction upwacd,
piving rise (0 volemoes awd aeating a
thin laver {aboat fve bilometets thick) of
voleanic rock at the sutiace. T ntasges
i Bntruded mateiial coal v they maove
siclewans Teen the centaul L'ill!,‘.'u, whichis
arenbiin by the thin laver of voleanic
ek This results in the vbserved disiris
Lodion ef scismic velocilics al varipus
depls, belps b eaplain swhy e o of
Tt by the winlace deceeases with digs
tange From the ridge aoid accounts for
the pattern of maguelic reversals. At the
sinking end of the conveclion coll this
tebatively vigid Mook of mantle mateial
selhits thiae vonver of Tasalo {pdus o thin
cover of new wedimcat] oewes duan-

HE CONFlts LA Lo % OF l_'.l.)":'l BabRwTAal 1T 7

ward oo au feelaed plane.

It iz clear where these rencepls will
lead. If folded mountain Lelis are tle
“bow wiaves” ol continenls I‘.l]uwing
taie war througlh eeean floirs and .
T it alher continents, We Can e
them to show us the relative diteclions
of motion mior o the lust great dnft
vpisde, T8 we Lok at the pre-def
Faleozgic wountain belts, sinch as the
Appalachian helt of ootk Anwaica, the
Hcrc:;:n:i.m of Eurﬂp& aned the Ural of
Asia, we Bod tlu they are keeted infor.
rafly in the gieat continenlal masses of
{opudwanalatel amd Laurosia. 'his .
Fusls th.it thess ]1|t'-L[1jf[ sufueeontine ity
liied beew formd L the irwand motion
of el separate blocks, which came
1ogether before ey broke apare Ce-
rlugists have a new game nf chess to
lrl,l._'.'. |_J~.i|:|f_1 iwsplwiical Lol ol sl
new Toles.
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M ke S Fornando carthquake tha
oceurred wl smise v Feliaacy B,
1971, jolted maay southem Calie

foraians inte acule awateness Uhay Cali-

lormia is carthguake countiv, Althrugh
it was only a modderate el oake (G0

oo the Biclier scabe}, it was lelk o Slex.

jico, Airona, Nevada and ag [ar north as

Youemite Naticnal Vack, wiore than 250

miles Ty San Fornonde, |6 was eeord-

ed ab wreiunie stations aroemd the word.

In spite of its 1elatively small size the

San 'rinaude r:ul.]l.f]uukr'. Wil SRl

bv significant beeause it happeeed near

a majer metmp-ulii and beeauss s vi-

Tevts wire recurded on o wide vanets of

suismie instroments. Within looe the

affceted region was aswarmm with geolo-
gisls tnapping [aalts and seismalagists
insm”iug purtalile dnstruinenis L moni-
boe alteialioehs weed Lie di-loroation
the ground. 1L was iooediately clear
Cromn it telemetered to e SEESmn]ugi-
eat Lalwralury ob the Califuppia Instituee
of Techinolowy in Pasadena Trom e Cal
tecly Svismic Setwork that the earth.
fjuales was not centered oo the much
beapd ¥an Suwboss Lol on Jor it
matier, on Ay faul: g:::r|:ygisli fael La-

Tl as active, The taulls i the area,

hewov ey, are 2l pant of the San Andieas

fault swstem that cuvers mech of Cali-

Fopit.i. .

The, S5an Ambhieas [aolt svstem {and

its attewdant gartlquakes is pan of a

glolwal 2rid of Tl cluding of voleatims

THE SAN ANDREAS FAULT

.

F .

and moustains, rifts in the peean Moor
gl :I('L‘p oeeanic rencles that wepre-
seat the bounddarivs between the hwge
shiftimg phates fhat make wp the carth’s
lithosphuae. The coneepl ol moving,
plaley (s noves funikemental i the thewy
of pontinental drift, which was long dis-
[.Iu!m] gt is o gmcu“}' ncti"pfni in
il el ferm rme the hasis of svolumi-
npus gevtogicul, geoplisieal wd geo-
chemical evidence. Fhie theory had e
ceivid stmo g support from the disco ey
than the floces o the ooty have 3 con-
leal 1ise or |"i|:|:_:r‘, ubtery with o Gfe :qhmg
tha: avis, that can e traced around the
olobe. Within the nft new crustal ma.
tipial 15 L'uut:iul|m|.§1}' 'E}L'inj.'. injf_'ttu_'l;] from
the plastic mantle below, forming a rise
or 1idee an cach side of the nifi. The
vewly formed crustal taterial slides
By (renm the idze axis. Sinoe e -
vetie Held of the warth prriodically re.
verses polarty, the pewly injected ma-
terial “Teeezes™ 1o stripmey Iml:‘lHE‘I wr the
ridige nis, wlwse north-south polarity
blewise nlteiates. L d;1.ting these
stripes ooe el estiigate the tate of sea-
Hoor spreadosg,

The San Andieas Dbl svstem fooms
tha beundaey Letwern the Nocth Ameri-
can plate at! the North Pacifi plate
urnl aeparaled e soutlsa-stern pant aof
Califorma Biom the st of Nocth Aner-
ita. In general the Pacific Ocvan and
that past ol Calilomia tn the west of the
Som Avrdreas Taudt wae Huving oy ek

DISHLACEMENT ALONE SAN ABDNREAS FAULT i clearty sivible o iy aerial
photeesaph of a reginn a (oo miles nonth of Frapier Par, Cadill, iarlf €3 milcs maHhe st
of Favlena, where the Linkt muns alinesd ddoe et aned west This eastowes) <eetion of the
S Avclreas Lialf ds ot e the “Teg bl wloere the baale sppears B be Tocked, Uhe
p]lulu'\:mph " H.-ptuljutui ol poet]y st Wb right, The Bills e o te by I B sl bl thee
fanlt line i onns jng wpowatd {westv arl] wilh respest gl b lemain at e riche, caomsing
vleatly vinehle alfvets iy the fwo Lurgnead wostercigrses as They Bow onte U allosial plain,

v

DOX §.. ANDERSOY
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with respeet ta the rest of the continent,
'.1'|thn1.lgh thes cuntinegt ok at least as
fag ax Ueal feoly thoe blccts o the inler-
actians of these plztes.

The relative motion Between Notth
Anpweriea g W XNopth Vacibe has Leen
estimated in 2 variety of wass Seismic
Lechnigques vivhl values berween 1Y 21d
2 inches per year. The azes of the may-
udic siripes on the goedn Aoor indicate
arate of about 245 iaches peT e Ceo.
detic measurements in California give
tates betwern two and tleee inclws per
voat, The ages of the mafuelic ama-
lies aff the coast of Califorpia indicate
that the oceatic 1ise came ta inlersect
he centinent at least M million vears
ago. Cuologists aod peoplivsicists at o
npumber ol institutions (hetably e Uni-
veysity of Cambridge, Princcton Unier-
sity omd ol Seripps Institation ol
Geeanngraplivk have puoposed that eo-
logic processes on A cuntingnt aze pro-
[oundly allected when a cominental
plabe &5 intersected Ly o oeeanic rise,
At the rates miven alwne the total dis-
lacement along the San Andicas Lauht
amgunts kel least 720 mdes i mation
stavted solien the mise Tat the continent
angd il all the relative motioo was taken
apr o the fale. Displacements Lhis lacge
liave 1ot baeen [Jm'l}ml.'l'! h_r grn]ugjhis,
but tle critival tests would invalve cor-
relation of geology in noithern Califor-
nia with grolnsy on the west coast of
Haja Catijera, an aen 1hat Las ulr
recett]y boen studied in detaib, One can
visgalize haw the west coast of Noith
America may have Yooked 37 quillion
sty aswr by elosing g the Guil uf Cali
Townnian el 1uving crpdral and nowlhein .
Califmmia bach slang the San Andicas
Lot 4 fieint sl ok b Fopoed] Dy H
e linge ob The oogrhern ball of aga
Califor g, This places alb of Coaliformen
seest of e B Andicos fanit south u!_
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SENIPLIFIED PAVILT MAI of Cpliternia Dlestifies in hreavy black Fues the Toubs sl

have given rive Lo mvajor ractligual e since 1838, The mapeirude of abl b e of e earthe

qurher b piven in parenllescs newt 1o the year of ocrwirenre. For roents that predated

the inltoduction wl reismolopical inonements the mapnituler ace potimated bom hisaeti-

eal ariounts, Frr twue mongue eseniy, the earthguakes of A2 and 1860, information i. tog
spared 1o glliw w inagnilude estimate, Arrown purslle] Lo the {aolts show celstive maotion,

+

thr present Slewiean Londer [aee ifiegra-
tion on pace 150].

Caldormia it riddled wath Tzulls, most
of which uend roughby anctbi est-souath-
east, ke most oof the other tectonie and
geologie fealyres of California (such as
the Siecmma Nevada and the Coast
Hungus]. The iu'::lninr:nl CxCuepditHEs are
the cast-west-trending trantverse 1iueges
and laults that make vp a band some
100 iniles wide |:.\1¢|1|:Iir1g. infand from
between Los Angeles and Santa Dar-
bara. The Say £iabricl Mountains. wlich
lerm the tugged backdeop to las An-
grdes, wre pogt af this comples grulogic
region, and it was here that tle 53n Fer-
nande earthquske struck. The northeast.
tretding Carlock {ault nrd the Tehaclu-
pi Meantaing, which separale the $ierra
Nevada and the Mpjave Descit, also
vut across the goncral grain of Calilor-
mw, The arca Lo the wiest of mos of
the nosthwest-teeading Fiulds is miomving
northwest with respeet to the castem
sicle, This is called rigi:t-h'lur:ﬂ mution.
If me Yookt seronss the Tanll Do vither
side, the other side is moving to the
Hght.

Mitiom on the Garleck Tault is 1:f1-
latesah which, enenbined sith the righe-
lateral motion pr the San Andreas Tacls,
means that th Mojave Deserl is ngving
eastwand with respect to the cest of Cali-
Fornia. Puzts of the faylts that have heen
olizerved or juferietd 1o move as a wsult
of cortlepuakes in hisloeic Hmes g
shown in the jllgstration at the el Alsq
shown are the dates of the eanthqoales

and the magnitud of some of the more -

imporlant opes, In peoeral bathe the
length of orpture and the talal displace-
ment are geater for the Jarper eanth-
{1I,ILLLI'5. Himizinatal t]is|‘|LH.'EH'nt':lll1.J; ay
areat as 21 [eot were olserved nl(rng the
San Andieas faolt alter the 5an Frap-
cisco vanlogule of 1900, which had a
maguilude of 8.3 oo the Hickker scale
{The Richter scale, devised by Charles
F. Richter of 3] Tech, is deganithmic,
_-’L]I.]mug!l vacl il denestes a Factir of
10 i ground amplitwde, o displace-
ment, the actual energy radiated by an
eatthruake is subject to vardous madik-
calions.} The S Temado E:ll‘th:]lunk::
produced  displageraents ¢f six feer,
whine diuection was almost coqually di-
vided betwven the Logizontal and (he
verlival,

The rend of the San Amloreas [ault
swslem i5 qush'lj" oty estsoutleast
{ieamy Sune Fiaaciseo o the soutl ene] of
the Creal Central Valley (the San Joa-
nuin Yaller) al again lrom the nooh
of 1l Saltan Seadepression 1o the Mo
wan lemder, The nastion alung e f:mlli

7



in these areas is parallel to the fawlt and
is mainly stiiheoslip, or horizoutal. Be-
vwveen tlwese bwa regions, lom the santh
rod of the San liernardine Mounbaing to
the GCarlock (ault, the faults hend
ﬂbm[:l[}' and run nearly east and west,
produsing a regiot of overthousiing aod
crustal shostening [sce flusimation be-
tare). The ateingt of the seathern Cali-
Fornin plate 4o "get arcuned the corner”
as it moves to the noithes est s responsi-
lile for the complex eology in the teans-
verse ranges, Jor the aliupt change in
the eenfiguration nf the eonstline north
of Los Angeles and oliimately for the te-
cent $an Ferando eartheuabe, The big
legeed of the San Aockeegs [aall iy com-
mealy rearded by seismolagisls as be-
ing locked and posably as lwing the
location of the next major carthyuabe.
Much of the mation in this region, [ow-
coer, is being taken up by strike-slip mo-
tion atong faults pacallel W the San An-
dieas fault and by overthnasting on bt

COnST
RAMGES

ANDERSON *

sides of the lault. The displacements
associated with the larger carthquales
in suuilern Califormia in the vicinity of
the big bendd have averaged out te abont
2 inches per vear sinee 1500, The Kem
County carthruake of 1932 (imagnitude
T.T) apparently ook care of anost of the
accurnglated strain, at east at the north
end of the hiz Bend, that had Lt
since the ot Tejon earthgquake of B837
{magnitude %%

The San Andreas faolt svstem cannot
be completely undherstood independet-
lv of the tectonics Al wcolozy of mot
of the weitern pant of North America
and the rortheaster pait of Ve Pacifie
Chevan, This vast region s itsclf enlv a
pait of the global teetonis pattern, all
parts of whith seem 1o be interrclated,
Tl eerthopuake, tectonie aned impuntain-
lmiilding activities of western Naath

“America are intimately related to the

relative mations of the Pactfic and Noith
American plates. Just as it is misleadiag

THANSVERSE
RAMGES

i

PACIFIC GCEAN

MOTION OF FARTINS CRUST in rowbern Calitarnia 4a grneral
I!l il e R LR LTI 'hiw-rr thr i or Fraup nl hlm'kg raeeidnlers
the derp roots of the Sierra Nevada, A thia painl the Llos b are
diverisd 1o the left (1w extl, rrealing the fran-s¢mve ranges snd &

PENSULAR %
PaMGES

THE 5A% AMDEEAS FALLT

Lo think of the San Andreas Fault at an
isolated mechanical system, 5o it is nis-
leading to think of the entite Sun An-
dreas Fault as a single system. The part
of the fault tha, Lies in nepthem Calilor-
win iy activatol eaclive ad bas oooseed
farther than the southem California sec-
tion. The northern portion is less active
scisinically than the soutleon section and
seems Lo have beven created in o ditforent
way, Jtis 2lso moving in a slighthy dilfer-
ent difection.

Measuring Displacrments

Thera are several wavs to measure
isplacements oo major Taults, iy
recent displacements arve rellected in off-
et stream channels Tsee dlustrarion en
page M2 Many such otets oucasuped
in thesands of Eeet are apparent across
the San Andreas Fanlt in central Califor-
nia, some of which ean be directhy 1e-
lutedl tor eartlsyuabes of Distorie tines.

SR BERNARDIND
MOUHTAINS

hig bend in the Ran Andreas fagle aalem. Above the bend 1he
Flocks conrinue theie northaesterly niareh, corrping the Coaw
Ksnees with them, The Salton %ea tracgh st the lowee rizht e
dently ceperrents o tilt that haw develeped hetwren two blocke

!:LZZO



146

COMPRESSIINAL
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TRENCHING Z

THICKEMING

7

KRESPFOWSE OF CRUST AL PLATES 10 compression {fefil und
weaion (right) accounts dor mon! peolopic fenluren, Aecording 10
the recenily develepr] coneept ol plate tertantes, 1he earth’s mian.
e i covered by huge, igid platrs that con e colliding, sliding
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HIFTING
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prapt atee guother or cilUing wpart. Thee Tilling waally ercurs in the
atepn Agor. The San Andreas fash mazia the Toeation where tne
rlatde wre pliding pent each othier. 1'lale 1ecionice helps 1a rae
plaiy Low the cumioemta have drilied inler 1lirir presenl loeadiot.

RIE

TRENCH

FRACTURE ZONE

i
r
[ - T e MAGLA o

COMTINENT

2 T MAGNETIC
TooF sTRIPES

H”'F_I:\. CHA™N FLUOT {rolar! iniliates iree majur fealtren uf
ocranic plale Lerinnica, The o3 it berdered by a five or ridee fre
sied by magima puched vp from the mamde belaw, The magmn
walidifies with & mamelic polarity cotreppanding 1o that o e
caith. Then, &t Tong ialervals, 1 caril'y |1|.|i_\1ri1}' Let ek, b
polarity uf iewly fodmed crest reréraes oo, resubiing in w stGuenee

A teeneh results when an areanie plate

“siripren”
meris n coplinental plats. A [raclure o0 and tranform Taufl re-
sult when 1wo plates znove pazl ench elthre. Banbgoakes (dodsh
accwtnpany theet teclonic proceeress The enrthgquaken o the v

of tragnetic

cinity of a rive atnd aleng a teauafurm fauls pre shallow, Pheepifurus

r;r!lpqu;kﬂ. oecur where a diving ofranic plale forms & trench.
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Etosion destrons this Knd of evidence
very queickly. By matching v distinelive
rock units that have been broken wp and
moved with respect to vach olher it i
passible to document offsets of tens Lo
bhundreds of mides. A sedimentany hagin
often holds debris that could naot puos-
sibly have been derived from any of
the local rountains: matching up 1hese
hasins with the approprisie smerew -
gion. on the ather side of the fault can
prm.'ide evidence of still largn:r r.lispl:u.‘e-
ments. YWhen these various kinds of in-
Formation are cnombined, eoe ohtains a
rate of atwut half an inch per vear for
motion on the San Andreas (aull in
narthert and centrd] California over the
past several tens of millions of vears.,

This iz reuch leas than the 2% inches
per year that is inferzed fur the rate of
sepacation of Baja California and anam-
Lared Meswioo ancl the rate that is inferred
From scismalogical studics in sputhem
California. There are several ppssiblc X~
Hanations foc the Jdiverepanvy, Notlhem
and souathern Califomia inay be moving
at different rales; this seems unbikely
sinee they are botle attached 1o the sume
Fagific plale. Chy Lhe ofher hand, pact of
the compression in the transvense ranpes
may resudl from a ditTerential motiot k-
lween the Lwo pacts of tho state. Anoth-
er possibility i that all of the relatve
mation  between the North American
plale and the Pacifie plate is not being
taken up by the San Ambaas faolt or
even by (he Sun Andress faclt system
but eatends well inlaod. The iraciure
zones ol the Pagilic seem o afect the
geolepy of the enntinent for a distanee
of at lcast several huneloed oules.

The Creat Central Valley and the
Sterza devada lie bebween two maj
fracturg rones that chut the California
coast: the Mendocinn fracture zone and
the Murray fracture zone. The trans-
verse ranpes, the Mojave Desert and the
Carlock Eault are all to L. witly the
Murray racture zone, Recent wvnlranism
lines up with the eatensions of the Clari-
on frachire ronee aned the Meodoeinn
lracluce zowe. The basins and range geo-
logical province of the westem U S, a
region of crustal lension and mucch val
canism, ay fepresent a lrowd rone of
deformation betwren the Facific plate
and the North Atnherican plate proper.
Reigmie activity i cectaindy spread gver
" a large, diffuse region of Lhe western
U5, ‘ -

Although the suliject has been quite
tontroversial, maost guolosists are now
willing to acecpt large hovzontal dis-
placemenls on the faulis in California,
Faﬂ[cuhfl:.’ the %in Andrcas, el
ments a4 Loge os 450 miles of oight-lats

p-ya

RISE  SECRMENTS
GLPOSITED
I I TRERCH

COMTINENT

CHERNWCAL
FR Al TIONATION OF
CESCENDING PLATE

K

U g‘" -

INTERACTION RETWLEEN AIZE AND TREXCH leads to mutoal snnihilztion, The
trench, formed as 1he poepnic plate ddises under the continenlal plate, slomly Wil with
sediments carticd by tivers and steearns (2aph. Meanwhile the melting of the deserniling
slalt adls pew motesiel to the continent from below, When the 1xis of the fice reaclies ihe
ridee of the continent, the Aow of magma into the rikt is col ofl end rench srdiments are
acraped ooin the weuern Vthat ie, left) paer of the seranie plate Imididfr), The descending
phlr disuppenrs unmder the cnmtinent anil the secdliments truve] with the areunic plalre ihal-
tanty, The northern part of the San Andreas faull may have heen loemed inothis woy,
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eral slip liave been propoird for the
northern segment of the fault, Displace-
ments on Lhe sguthern San Andivas fanle
are put al no mmore than 300 miles, This
discrepancy has been puzsling to geolo-
gists. My own conclusion is that the part
of northern aod crentral Caljomia west
of the San Andreas fauft has mowved
northwest more than 700 miles and chat
the sguthern San Aodreac fault has
slipped about 300 miles, which males
the appan.'tlt :].i_ﬁcrrpﬂncy Yl Worse.
The diserepancy disappears if one drops
the concept of a single San Andreas fault
end adnuts the possibility that the two
segments of Lhe Fault were inlised at
diferent times.

The two-fack bypothesis is sapported
by straigltlirward extrnpolation of the
record on the oopan dloor, The two San
Andreas faults [ormed ar dilferent times,
in dilferend wavs and may be moviog at
different rates, The teenrd indicates that
the western part of North America
raught up with a seclion of the East
Pacife rse somewhere betwoeen 25 mil-
Liaary and 30 nsilion yuss am, PiFoire the
rollision 2 decp ocennde treneh exishid
off 1he coast such as mew exists farther
1o e sowth of Centra! America and
South Anwrica, The trench had oxjstocl
for smany millions of years, neceiving

M » soMmE CONSEQUENCES AND EMAMPLES OF CONTINENTAL DRIFT

sediments from the continent; subse-
guently the sedimenls were  pazried
down into the mantle by the descending
cceanic plate, which was diving under
the continent. Based on what we know
of trench areas that afe active lodag.' one
can assume that the plte sank to 700
klometrrs and that the process was we-
companitd by earthquakes with shallow,
lermediate and deep Foci.”

The Origin of Continents

Let ws examinc & little more closely
what happens when an oceanit tise, thne
gaurce of 1ew poeunie crust, appoactes
4 trench, which acts 25 a sink, or con-
simer ol crasl. 'f.-lv:idfntl}' the rdwe and
the treneh anniliilate each other, The
oeeanic rrust and ity load of continentu!
debris, which was farmerly in the rench.
rise Lecanst: Lhe cnast is no Im:ger Con-
ected b the plate that was plunging
ander the continent. The treneh dleposits
are so thivk they eventualiy rise above
sea level and beeenw: pant of the conti-
nent. The ili:pn.'iils ane bl atlsched to
the pecasc plate, however, “and travel
with it e iNusrralion on preceding
papc].

I the cuse of the Pacilic plate ol
Califurmia the dueposits move northwest

- with respect to the continent. This is the

atefl of eoastal Caldprmia north of Santa
Barhara, partieulazly the Coast Ranges.
Avcorhing {o this v, the nerbem seg-
ment of the San Andreas lault was born
at the same time 24 northern Caldomia.
The rse and the Wench mitially inter-
goted pwear San Francisen, which then
was near Fonsenada jn Baja Califarnia.
Enscnada in lum was near the northemn
end of the GuM el Calijomiy, which was
then closed,

The tectanics and geelogic histary of
Calilornia, and in fact much of the west-
ern W5, are now Leginning to be
understingd in terts of the news jdeas
developed in the theories of sea-Hoor
spreading, centivental drill and plate
tectonics, Maoy of the Lasic concepts
wrpe 1ditl down h}' i Tude Harrv TL
Hess of I'Anccton and Relert 5. Lictz
af the Environmental Sciente Services
Adminigtratico, Tunya Atwater of the
University af Califruia at San Diego
and Warren Hamillon of the VS Cew
Iug:’cﬂ] Suney aned their colleimnies have
wmade pasticularly wapaclant contailo-
tivns by applyving the concepts of pluw
lectonics b continental peolapy, Wi
now know that the guter layver of the
carth i inmnensely mobiles This Toeer,
the lithusphere, is relatnrly colid and

. NORTH
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FOHRMATION QF SAN ANDREAS FAUGLT SYSTEM is depcted pchematieadiy in e sis
diagravas on theee 1w poges. Sume 35 milllan vears ppe Ueft) an areanic rise syeiem lay
of the writ roau of North Arerica, which was coecied by 3 plate woving tnward the rise
eresny, The eontinental plate overrides tha Pacific plate, praducing » Jong Lrench, Meys.
while tie #ntire Pacific plate is moving northwest. After m few rilliop yrars {right} the
Fise nrearert the cominent g shut off, The trench by now bas Lreen 613cd with tatecial
eradey Iram the enntitient, These depusitn will larer Becumie the Califomia Coal Ranpri.

EONTULEN SECTION af Sen Andreas
fault in treated wlen the Feraer vench
deporits beeome sitached 10 the yorthwerd-
moving scibc tlale {fejid The “ap An-
drear Ioult Lies betwern the 1wo ojored
wrrowe indicaling 10lative plale taoliong.
YMegunhile 1o the sourth w tiliel rize erest
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rigid and slides xronnd with Litlle ze-
sistance on the hot, pariially mollen
asthenoiphere.

YWhere the crst is thick, as it is in
continental regions, the temperatures
becume high cnough in the erust itself
to cause cortain 1vpes of crustal rocks be
lose their strength and to offer fittle re-
sistancy to sliding, There is thus the
passibility that the upper crust can slide
over the lower cryst und that the moving
plate can be much thinner than is com-
ook assumned in I:TJtc-tn:tau:iE thearv.,
The moltet Eruction of the asthene-
sphere, valled wagma, rises tn the sor-
face at 2omes of Lension such as the mid-
oceanic rifts o freeze and form new
oceanic crust, Thw reew crst is exprsed
Lo the aame tensional forces {presnmalily
gravitational} thay causcd the rift in the
first |J]m.‘l.‘;, therofrnre i dfts in turm and
_~.t1|.:.".|:.':||1:"r|.[|::r' slitles awav froen the axis
af the rise. Lo adilition e providiag the
mazma [or Lthe fanmation of new crus,
the mell in the aslenosplere serves
lubrioate th ]erlui;tr}' btwgen the fith-
asphere avid thes usthenosplere and ef-
feclivily dl.fﬂuplu:s the two, The mse s
ong uf the Lypes of boundary that exist
Letween lithosphiric plawes aael is e
site ol small, shaliow tensional earth-
quakes.

ANDERICN

When two thin eceznic lithospheric
plates collide, one tends to mds over the
other, the battern plate being puslied
itta the hot asthenosphere. The bound-
21y weeomes a Irench. When the lawer
Plate starts 1o melt, it yickds a low-den-
sity magma that rises to become pan of
the upper plate; this magma becomes
the rock andesite, which butlds zn island
arc on what is o hecotne the kandward,
of continental, side of the trench. [The
tock lakes its mame from the Andes of
Seuth America. Mount Shasta in Califgr-
nia is primarily andesite, a5 are the idand
areg {wchind the trenches that surrgynd
the Parifc.) The thickness of the crusr is
essondfally deubled as a rosult of the un-
derthrustine, The material Emkining in
the lower plate it now denser thun the
surfpunding material in the astheno-
sphote, both beeanse it has lost a low
density fraction and becars: it is oolder;
thaes it sinks farther into the mantle, In
some parts of the world the downpoing
slab can be tracked by srisoiic means to
T Lilometers, where # seems to Jep-
tom out. By this process new light ma-
tenal is added 1o the coust and new
dense meterdal i added to the lower
mantle, A large part of what comes up
stays upy 2 large part of what gees down
stays dewn,

"

* THE 3AN ANDIEEAS FAULT

The inlroduction of chemical [rac-
Hunalion anid 2 mechyyigm or Yonimise-
ing” makes the process dalfercat from
the ane cmtum.l.ri'l_v vigsualized, in which
gigantic corvrelion cells camy essential
ly the same matenal inoa continuous
evele, The new process is able to cxplain
in a convincing way how continents are
formed and thichened, As the continent
thickens and rises |1ighq:r hecause of
hunyancy, erosional forery become more
efective and dump large volumes of
continental sediments into the coasiat
trenches. A portion of the sediments is
ultimately dragged ander the continent
1o melt and loien granihe, The Light gra-
nilic magma rses to fom hoge granitic
batholiths seeh as the Sjerra WNewiada, A
bathaolith is a large mass of eramitie reck
formed when magma ¢ools slowly at

great depth in the eanth's crust, 10 s car-

rieel to tho simiace hy |||:]|.ft|'n!:1r [urees
and exposed by erpsien,

The concept @f dgid plates wwving
armaned on the eanth’s surlace and e
acting at their boundarivs has Deen re-
markably successful in esplaining the
evolution of ocvanic geolopy and lec-
tonics. The otvanic plales seem L De-
buwe rather siioplyv, Tensiom sosalts in a
rise, compeession resulls in & trench and
lztoral tnotion results in a transform (ault

MORTH
L, AMEHICAN
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ROATH
ANERKC AN

SIERRA
MEWADA

1RANSVERBE
- A& RANGES

e

trog yet rivible o tlie firo paie of diagramn
it rexdy 1o encounier the zonlinent ead vn
ot & break in the romuline sooth of Hajs
Californin The caflisinn 1righih Lioeaks uff
n parl wl the lajs Culifornia peninsale,
whith beromes attarheal o the Pacifie plato
and siarts ila -jnu.[nt-.} ¢ the northwest,

SOUTHEEN SECTION of #an Andreas fault is now fally sctivared (e} o4 the Baja Cali-
lomis tlaek beeing sliding pat the Worth American plate and rollides with deeply rooted
struclalrd 15 the aanh, the Sicten Nevady snd Sen Bernardine Mounisne, which defiect
the hlock 1o the weot, More of Baja Califormia brewhs lonse, npening g the Cull of Calis
fomig, As Baja Catifeenia eontinues o move nortliwrsiward {richel the Gyl ol Califurnia
steadily widens, The eampiession st the nerth end ol the Baja Uslifornia block crestes the
ttangserse daniprp, which ewrnd iolend Irom the vicinity of |Ifrl-'!-tn|-dl}' Santa Rarbisra

-

uujV

-~



150
,'i A o~
. ! -
b 5 A
PRESENT ® 7 TRaNCISCT
SAN tHANClS‘TO Lo . g
] rd H
\ 1
L SRR A
b WEVADA . L3 ST
i 7 ] LLIRRAY o
;i \ & : FRACTUNE A
i : = \ 2CNE ¥
' : 3 '- S N ¥
4 = : 1 ) L
» - H i \r:
L] .' . J .
PRESES | \ = \ i !
105 ARMGELZTL® 1 : Lt E 1 i ' e
] [ ; ] A ' Ve
[ - = [y L
:r S r: -" }
; H s
] ! + i
LENDOCED $ : e vt \
FRACTURE ' RS .
" LONE ¥ = '. :'
""».“ ‘:‘L'
. "., i
- i
[ “
"\lh.‘l L
L]
e ) .
""1‘ ““ "-‘ .
LEaig .
LESIROVED
TIHEMNCH
BAJA
CALIFCHRNIA
LALIRAAY 3
FRACTUAD BAlA CERILO
. ZOME CALIFORMMA
el
i
AECIFIC
RYEE %
%
LA PAZ

EARLY AND LATE STACEZ in the histars of the San Andrcar
fault wre depicted. Twrenlvfive million weary ape (Mefr) Baja Cali
fornin presumably necdled apaing mgimland Yevicn, The Hrad e
tiom al weesppe tiee brtween the Mureay Iractuie rane aml the
Fronerr lraciure zore bas just collibed with the continent. Teerch
deposits are vplilied and hecome par of the Coast anges of Calis
fornia. The blorh contsining the prevent San Franciora srea tdark
volor! & alwut tu Hatt s long sorihmard jomines. A hisck o
mcdiately to the ezt e catort becornes sltached b tloe 1acific
plate wnd cvermmalls Jemed g 1he Sim Bernand s Youns
Laira, Tlree millinn years age veididler the Cull of Lalilernia
haz slerted 1o open. A the petinmla moves zwas [iem mainland

Mesivn » eerier of 1ifis appear, il with magms and are off s by
hainerous Jtactures. Bafa Calilnia may have been 1oin off in
onF piece ot W alivers, Soothwest Californin anad Baja Califerivin
Linlay Aright b enptinne 10 elike Buribeest apaines 1T Motk dnen-
ran inainland. The illu-tration shows zjor Tash s1zems and afi.
shote frarture pones. Un Lhe beris of unigur rock formationg
pecloziiic infer that 1the Los Angele- arra hign morved similimee
abanl 130 miley 157 ap I jn the pact 20 inddlinn sears or besa,
Mdirr fuodees bliesie that the Pale Sfe tepion has bern eartind
alect H waniler 107 to O Coartnl rechs ta the naeth ol San Fran.
tizen have treen dioplared a1 beaet 300 miles 0 1o A and peehiagn
»+ much as 030 miles LA” 1o A) in the past 30 million yeats,
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and .t Teacture zooe [ser Bateape ilhustea-
tion on puce 48] The inlcraction of
ocranic and continental plates or of hva
continental plates is apparently much
inore cumphu.ﬂr_‘tl_ and Lhis 5 pne reason
the new coneepts wers developed by
stucdy of the ocvan bottom rather than
cuntinental grology,

The boundary between bwa occanic
plates can be a deeps oceanic trench, an
veeanle se o A stpvke-slip Sl epend-
ing un whether the plates are approsch-
ing, 1eceding from or mering past vach
M%ﬂ'r. Theb force=x  invol egd F':.m re-
spectively compressional, tensionat and
shearing, ¥Wlwo athick conbimental plate
i involvid, comnpirssion ean ulso resull
in high upthrust and folded owuntain
ranges, The Tlimalayas resubtcd from the
collision of the subconlinent ol 1pdia
witlhe Asia. [ shall show thar the toans-
wverse ranges in Caliloruia wene fonnerd
i a sunilar wav, Tengion canresult in @
widis wone of ciatal thinniug, mormal
fa.ullillg amd valeaniu it can abwa 016
ate & [air]_'_l.-' narrow ikt of the Lind found

in the Clf of (2atifonia and w lied -

Sun [see top dfhatrarion oo page 161

The ioteraction of swesterny MNocth
America with the Pacife plate has led
Lo largr. borizontal mutionz aleng the
San Andreas Tault, to concentrated nlt-
ing w8 i the Sultgn Sea trougls awl the
Gull of Culifornia, tir dilfuse pfting aud
nocmal fuulting accom panded by yolean-
ism in the basing and range privinge of
Calilurpia, ~esads, Ulah aind Arizona,
ta Targe vertival uplift by ovsrliresting
as in the transverse ranges pontl sl
weit of Los Angeles, to the penctation
of larpe batholiths sucl as the Yivera
svevada and wo e incorporation o
deep-sia tnfn_r:}l malerial on the eilge of
the continent. Ulthimately the gu*uh:g_v,
teclimies and seiwenicity ab Califirmia
can b related o the cofliston of North
America with the Pacific plate,

Most ol the Pacifiec Ceran is boundid
h:r Wenbes ] idand ares, Trenches
bwncheer Jupaey, Alaska, Central Anumic,
Sonth America and Now Sealped, Inand
ares e represented by the Aleatians,
the Kurles, the Martnas, New Guinea,
the Tengas and Fiji. The arcs an- them-
selves Tawdered D trenchies, All these
arcrs are clunicteced by olesilic
soleaniam el li{rrp-fmu': carthepaakes.
Western North America is lacking a
trench and Jua enly shallow  carth.
suakes, bet the svolosy indicates that
thewt wis onec o boesche ol 1le Wit

Croand, and o buet (here was poee a rise. -

The present almenee of a0 pise pul 2
teench, the abwener of e p-ogus vanh-
epiabas el the existenee of aphilted
decp-wnsedinwends e all relanwd,

Tracing back the histary af the inter-
actiows of 1he Pacific Phlr with the North
Ameiican plate, one is lerced to con-
clude that the notthem part and the
soutlicim past of 1he San Aodeeas fault
arigiated at iferent times ad o daf-
fercmt ways, The notthern part was evi-
dently formed aboul 30 miltien AEars
agn when a partion of e between the
Mendetino bacture zene and the Murray
Lactie zone appln.mhcd an ofishore
tretich lﬁlrdering the souther part ot
Serth America. AL that time the west
cpast of North Awmerjeca resenibied the
present Pacific cousl of South America:
thew: wis a deep tiench offshoee, high
mountdins paralleled the eoustlime ael
large underthrusting earthquakes wetn
associated with the downgoing Jithe-
sphens,

Cirigin of the Fault

As the rise approached the continent
both the geometry and the dvwamics of
interaction changed {see dlusfrarions on
pages 148 aned 149, Depenching on the
sprestling rate of the new coust gener
aterd b thae rise acod the rute at wlyich tae
rise itself approaches Wie continent, the
relative motion betwern the rise amd
the comtinent] plate will deerease, stup
ar toverse when tle rse bigs the ceendl
The Forees keepuyg the trench §n evise
tener will therefore deveeass, stop or fe-
veese, heading to llphil ol the sexdimens
tary material thal has been depuosited in
the teened, Ino classical gealivtic terne
these e known ot engrasynclinal e
juasitx. Althenigly they have been exprosed
o suly moderate bemperatures, they
huve lieen subjected to great pressures,
buth lvdiistatic fowinyg to theic depelool
buureatt and dlivectiona! fuw g to thes hun -
izonta] compressive forees betweens the
imp'in:__'rirlg plutesh i':ugmas_\'llclinnl serlfe
ments are therebore stronely defoined
artl bcoime even mene s a8 ey e
contonied and shemed dueing :.|'|':|]|.i|:.
Ak of the wastero ol of Califonnia
and Elaj Califormia v wederlain Ly ahis
material, called the Franciscan loqma-
tion. The [ermation is physically at-
tached ta the Pacific plate and i thee-
[rre mvwing northwest with rspect to
the st of Swth neericas The [ires-
erst beundary is the northem pact of e
San Andzeas fault. Today this seclion of
the San Andreas $vitem extends lrom
Cape Mopdacino, north of San Froaocis-
cu, M smdlluu'}wlu st Ty anmad cast of Sasta
Barbara, near the beginning of the geeat
bend of the San Andreas faokt, where
th_e San Ancdreas aod the Garlock Taubis
mtersect,

Meameliibe, 30 aillion years apa, an-

other seelion af the e seath of e
Murray fracture zone was stll olshare,
together with an ackive trench, Baja £yl
iformiv was 0l attached to the main-
land of Mevico and the Culf of Calj.
fornia ad noty=topened wp The south-
ern part of the San Andceas fault had ool
vet been [ormed.

The abrupt change in the direction of
the coastline south of the tip of Baju
Calilornia suggests thal here the rise ap-
proachied the continent mwore eod
than broadside. A sliver of eaisting vom-
tinent was welded onte the PaciFe prate
and rifted away rom Mexicn, thus formne
ing lHaju Culifornia and the Culf of (-
faruia. Therealter Baja Cifornia e
ticipatid in the notthw esterly mation of
the Pacific plate, wuh the result that the
Gull of Callomia widend progressnely
with Lime.

Abaut five million years were reguired
lor nortlwen Califoinia, which had bro-
ken alf fowm Paja Cahfprnia, 1o e car-
ried aboot 208 miles To e noclhes a0, At
the end of that time the £l of Calie
fornda and Lhe Salton Sea trough had pu
yetopeil, The Eaalts that delineate (e
maperr geobugie blocks iy soetleern Calie
formia had nat vet Lo aetivared. Fhe
block braring the San Cabnet faull, sow
wocth of %an Femamlo, occupied e lu.
ture: Sabtoee Sea trovull The transwese
runpres will syeatually Twe formed fran
the Sants Barlora, San Cabrich and San
bBemandiiwn Llocks by stivaz comprrs-
sion [roto Vhe souath wlieny Raja Califprmnia
Dreaks loose from ansindaed Mextew, This

-k opens np thoe Can 1l o £ alifurnia wodd

the Saltow Seax trouph,

As northern Califormia is being can-
ricd away Tom flaga Califormia by ghe
FPacific ]11..1.11? another segment of oceanic
rise santh b the Muiray hactuce zone
ﬂppm;l.l.‘ht“s the southern Talb of Haja
Calilormia, sehere the sityed jge desevibenl
above 1% rt*[wutﬁl esoep that the i
crest racounters a shazp bend o he
coasthne and the trench hits just seuth
of the i of the penisla, Now instead
af approaching the condinent more o
lest broatdsicde the rise dppraaches the
conlimnt col one Mainbind Mesieo 1>
still decvupled from 4hat pait of e -
cific plate to the west of the rise T
risg il thee trench, Haja Califenia,
however, 5 now couph-d to the noth-
weshward-maving Facifie plate and Hajs
Caliloriia it tom away frem the mamn.
land. This happered Loteen four arl
six oblon sears am, Mozema froe e
upiprer sandle weclls ups ity Lhe bk, Enrone
ing a Tew rise that woths s way ngrth
inte> ther witdening wall. Altematiaely, ihe
cntire peninsuly of HRaja Laldomia vauld
Yerve Vrorbtts oft Bz the pondand ap e

-



152 I] * SOME COXSEQUENCES AND EXAMPLES OF CONTINENTAL DRIFT
NORTH PACIFIC DCEAN
0 £ 100
MILES

SEQUENLE OF SIMPLIFIED VIEWS shows the movement of majer hlocks in southern
Calilorais aver the paut 12 million yeuzs. [ the irw view (aboue) the Gull of Calilomis
ks Bl yet appreciahly oprned bugp ibe block carrying the $oast Rangrs (71 ban siarted 10
mave rapidly norlhwest with srlivation of oorthern peniivn of San Andtesi Taglt, [hons
ahow crigin and arrows show displarrment &l Stn [hiego, Lax Angrles and Sanla Harbarw,
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SAN BERNARDING MOUNTAIMNS
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SAMTA
BARBARA

PALIFIC DCEAN

TR MILLION YEARS AFTER ACTIVATION of the wouthern portion of the Zan An.
dreaw funll four blochs (2, 3, 4, 7] have been forced againet the deep roots of the Sierea
Nrvada and Zan Breenerdine Mountsine, Campressive [orees cresie the transverse ranges.

Mewrw hile the block rarrying the ©oast Jabgpes 11 bas been cerried far w6 the porihwest. .
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GEULPGT OF BQUTHERN CALIFORNLA TODAY is dominaed by rompressive fores
operating in the Lig Tend of the San Andreas faolt which canneels 1he sputhern aod ngrih-
em parts of the wivteen. Calored dons show the Jocation of carthquakes in the recent past,

<
same time. A the peninsula, includi.ng
parts of southem Californiz, moves
north it collides witl parts of the conti-
nent that are stll attached to the main
North American plate. This eesulls in
compression, overthrusting amt shearing
and the eventual formation of the trans-
VErse ranges,

The suithem part of the San Andreas
Fault system was therefore formed by the
ri{ting off ol a piece of continent. Today
it Tepresents the boundare belween bwp
parts of e conlinental plate that are
moving with tespect to cach other, This
part of the San Andreas Tault was Fermed
well cast, or inland, of the southward
projection of the northem San Andreas,

The nertherfy march of sauthemn Cali-
fornia and Daja Califorma seems 1o have
been blocked whien the moving plate en.
countered Hae thick continental erast 1
the nacth, particularly the massive gra-
nilic San licmarding mountain range,
which includes the 11 455 fom San Cor-
gonie Mounain, Ninoe large and high
nountain ranges have devp rools, the
crisst in this region is prodably muoch
thicker than noemal, pe:]':.'l.ps as thivk as
50 kilomecters. Farthquales in this re-
gion are all shallower than 20 klarneters,
which may b the thichness of the shid.
g plates. The blocks weer westwird
and are strongly overthrust as they at-
lempt te geb arvund the obstacles this
movement penctates the Lig bewd in the
San Andre-as fault sistean. The doBecied
blacks eveatinaliy join apwath tle nonh.
ern California blosk,

Farthquake Country

From a sncial and ceonomic point of
Vikw earl]_':qunl;ns are onn of the most
irmpsTtant manifustations of }I|LI-1L‘ ieitpr-
action. From u scivntifc print uf witsar
they supply o third disension to the
study of faulls and the nature of the
interackions between crustal blocks, in-
cluding the stresses imvolverd and the
pature of tho ot .

Seismologists at the University of Cal-
ilornia ot lh-;h-r--:- anel at the Mal Tech
Seismological Laborsiory have been
Lieping track of carthguake aetivity in
Califoruia for wmore than 40 vears. Both
graups have installed arcavs of scisimom.
eters that wlemeter seisenic dlata to thed
liboratories for privessing and dissemi-
ration 1o the appropriaie public agen-
cies. Dmrng the 35 vear perkad 1941
through 1969 there were mee than
7300 earthruakes witha I} ivhiter magni-
tude of 4 or greater in southem Califor-
nia and adjacent regions [sec fustiation
en page 151]. Many theasands more
earthquakes of smaller magnitude ate -



routinely located and repoded in Lhe
srismolegical bulletins, Althaugh dam-
age depends on-lwal geological condi-
tinns aned s natiwe of the canthrushe,
a rough nde of thuebs 78 Ut o nearby
carthquake of mugnitwde 3.3 or greater
can cause sieucturad) damave. The aver-
age annual numbwr of varthruahes of
magnitude 3 or greater in smathern Cali-
fuersia fecorded siee 133 95 2700 the
number dn any one year b varied from
a low of 97 o bigh of 331 The strong.
est earthquake in this period was the
Kern County ovent of magnitudr T in
1932, The afwesshocks of that event in-
credsed the batal ponber of esenrs Tor
several veurs theneafter.

In penceal the Lrger the earthigoake,
the preater the displacement wenssa a
fault and the grester the Teoveh of Taul:
that breaks. The great earthquales of
1906 and 1537 sesprectively cotsen] e
displicements woross e atthern and
cenbral parts of the San Ambeas Taolt
gl relievedd the avciooubated sprame 1o
these arcas. The accumutation of sirain
in southern Califomia is relivved mainly
by ship on a serivs of parallel lanlts and
by O'-'f.'rlhru.'.'ﬂng an ladls at an anyrles to
the main San Auvcleeas sestern: that is
what h;.'l.[‘.l[}t_-ng'd in the: Kere Contndy amd
San Femando varthupiakes. The awigine
east-west-Leereding  trmisverss  ranpes
were formel in this wav, Iole prowess
dt‘t‘l]-i&’ilt{'[{ aneient rocks wene 1|]1||El1.'d
uned exposed D erosion.

Anuther seivmivally aetise wiea asso.
ciated with wwjor Fits is suth of the
Mojuve [Desett wear San Bernaadie,
where the Laults shone g sudden change
i clivection. The conteab pant ef the Y.
jover Desert s alan maederatels aclive,
This s consistent switle the iclea gl vhae
sliding '|.it||mpl||_-r1' i diverted by tha San
Femardipe Monntzins, Faults amd evi-
dence of pelatisely rewent volcanic
events abogeed 30 the aea The gogthem
[nLrt of Bija Culihinnia is alse ruite ac-
tives Aninteresting leatue of sejpmicily
maps of soulhern California s the align-
ment of cartheualbes in zoncs tha! rend
feughly  wattheast-southwest,  approsi-
~quately 20 right angles to the majin trend
o the: San Ancleeas systen.

Fhe map an the aest page slews that
the San Andreas tanlt igsell has plaved
only a small rode i the seismieity of
southern Calionna over the past 30-odd
Fuas, Cie 1nesl not torget, however,
thuat the meat vantlupuabe of 1857 pob-
ably broke the San Adreas fanll for
almaid [OG piles inathinsest ancd souatlveast
frem the cpicenier. That epicenter is
thought 1o have Ieen near Fot “Tejin,
which is close to 1he projected interwe-
o of dhe Caleek aond San Aedieas
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ISUSEISMAL CONTOUE MAP vimsay the pattern ol inlenaals of prvtind-shaking prop-
duc ed b the 1906 5au Feanciven eathiguibe ol magpitude 573 the 1932 Kemn Coundy earthe
aquake nt magnitude 57 smd the 1971 San Pemando ead hepira b nf ﬂ‘l-ll:.ll'llﬂdt.' _'!'.,li The
Rorinainy vnmierabs indicate lesels ol poreeive] fntensitios a% debined b the |n||d|||1.'1li Mer
ealli seale, 4 wlusd de s ipliom af vuth les el do the seale aper the foad sy prage 133, &
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faulis: Lhe actual location of e epicen-
Ler iv wncrrtain B hundreds of e e
cause thre voene e seismue mstruoenls
in those davs. Sioce thal time this part ol
sauthern Catillonng lus iwen iwemark abiv
quiet and seems 1 bbb, meneraline
neither earthyuakes nor creep. Aclivily
alanz the San Andieas faolt picks up
near Coalin-a, which Is abouwt rn".du'a}'
kv tween Bablenbicld and 520 Franciseo,
Alignments ol carthouakes are appancnt
along the San Lavintu and Imperal 1oyl
in the Salton Sea troush wear the M-
carr buder. Althouch these Lauhts lie
west of tha mizin San Andreas fault, Lhey
are part of the San Andreas swstewn. The
Whate Wolf Lault, which is oonthwasl of
and parallel ta the Garlock faclt. bas alw
been quite actwve, particularby after

-

the kern County eatthouake, which o
vurred oty Faull The A hite Sl
fault liwes op with the hauta Hatlaea
1:hannel arca, which Tas simtlacly Iwen
qult{" actine. ’

One way to quantify thwe sefsmicity ol

sopthern Califormia i e conmnld Lhe num-
bor of earthequabes per vear per LOKE
square kilemwters and vompare ths -
ure For U wold as 3 whote. For exame-
ple. southern Caldornia asverzges one
carthgnale of maznilude 3 ar greater
per vear per LG squanc bilomelen.
Thus withim the ntire remon there ane
about 200 such carthiuakes per vear.
The tate for carlwjuahes of magatode
6.6, the size of the San Frmando eanth-
rquake, is about vee evenv fine or sy
vears. The acloal 1ates, however, vary

VWAHITE

SAMNTA BARSARID

= 1o

THIRY Y SV EALR FARTHMIAKE HECO®TY show the epitrutrrs of sl cvenis al quagp-
nitude 5 ur greater recorded in soothern Californis wod in the nothern parn of Baja Calie
furivaz Sromy 1935 ibhrough 38 The cpocenlen is (e pring e o eanlh's s fae sl e i
il:li-till rreak, Dot thiow eartlogieabes hetwern 3 amd 3.9 b magninedr, Oypen civelew iindicete
ratihqual es of mzpnilude & ar peeater. The Jivpoerentrer, the purinnt ol e natial hreak in the
eirlle reweT, i oblen many miles lelow the surfacs in teeosttype sarilipual e, & Gope bree

) quemly olierved in ki region In the 36vear perivd reuthern alifornia and aljacenr

region- expericneed mare than 7000 carthygwaker w31h @ mapniiyde of 3 o moree, Bl
queles are aligut 16 1imes 1note Srequent in Wi wrea han they ate 3o the wockd as & whule

.

vornsidderably From vear to vear and de-
pemd sonwwhat on the tooe inters al of
uwe sampie. The numlbeer of cartbipaases
shvveeawes rapidly wath size, and the aver-
are pecuirende interval oot well eatal-
Jishied e 1o Larger carthguales, South.
e Calforma s about 10 umwes more
actire sensmically than the werld &5 a
whale, v hich is simply 1o sayv that Cali-
torma s cartlyuake countn.

Althouzh certan areas in southern
Calilornia ae relatively free of carth
urakes, DONC s itmne from ther of.
lects. Une ol the laregesl quict areas is
the western part of the Moejave Desert
widge, This is surprising because he
retion is Ienuded ou the poithwest and
somlhwrst by areas that aie sbvicusly
under large compression, as is shown by
Lhe npthrust mounlans in the transvorse
avd Tohaclapi ranees and the Jarge
overthiust carthguaies thal oeeused
in Keon Cownmty and 3an Femando. {t
appears that the rewmon is beme, pro-
tected from the narthwestedly march of
the southem California=Baja Caldoernia
block by the %an Hemardine batholith
and iy wopiesent @ stagnatin #es
U Tew sl the mountains, Caly a small
number of carthquabes wie contered
near San Dicge, althauch the larger
varthguakes in porthem Baja Cahfomia
atd in the mountains between San 1ic-
ge and the Salton Sea are tclt in San
Diego. The Cieat Central Valley north
ol Bakersficld o 1he castem pait of the
Kierra Novada are fatriv maactive, as is @
Tarper arca nerth of Sanla Buarbara in the
Coast Hangrs.

Magnitude and Inlensity

It is sormewhat decentive Lo Iﬂ.nl earth-
quakes as small peints o a map. The
puints repiesent the epicenter: the poind
on the suiface above the initial break.
Cnee the break is started it can contimue,
if _the carthiuake is a major oo, for
hundieds of miles. Earlhquakes of the
thrust Bype, which resull from a fail-
wie i curpression, typieally first break
many niles Lelow the surface e sur-
Fave Dreak and masiouan damage can be
10 miles or were from the epicenter, The
distaonce ¢ver which strong shocks were
felt during Hore large Caldoinia vaath-
gquakes in this century (19908, 1932 and
127 con v represented Ly plotting iso-
swismals: lines of cqual mirnsity faee il
Masteation an puecedme pegel. The shape
ef the patlern varies with the type of
varthrquake and with the natwe of the
local prolopy: sbacluies on r:ll‘.'l"l‘.l rdi-
]rl:_"ll'ﬂr". 11:!'||.|1\i L1 G 'I.:'ll'.".'l]”il:l';.'l':";l {l”
et A o intense shaking than stiuc-
tures on bechrec b, 1l isgaicismals of the



San Francisea eatthrjuake are loug and
narrow, both because of the aricatalion
of the [;m[t arid the ]l_'nglh of the faulting
and becanuse of the nothwest-southeast
trend of the vallevs. The urivntation of
the 1..']!]91.5. in tuen is controbled |:|'~" the
orientztion of the $an Andreas fault.

Tle Puh'lic and the oews media are
confused about the vaoious ineasnres of
the size of an earthognabe.
many parameters asipeiated  with an
earthguake; they are usually regarded
as fault parameters. They inchude the
|ength, Lh'[:[h aod wvriendztion of the
fault, the directiun of mation, the MY
ture l|.'E|r_1c|'t_~r, the racdiated SISy thue
cansal stresses and their arientation, toe
stress drop [which s related 1o the
strength ar the Frictinn alung the Faule),
the energy spectrum, the amount of
uﬂ'slet cr displacement and the time his-
tory of the motiva. Most of these param-
eters can be estimared from  sesme
records, even From sigioals recorded sev-
eral thoosand kilometers truen the earth-
quake. To nbtain hich precision, how-
cver, one newds reconds oo ooy well
distributel i
with fisld observations at the site of the
earthquake,

The maguitude on the Richter scale
is 3 nuinhur assimned to ane vasthynake
from imstrumental readinges af the anphi-
tude of the seismie waves on 2 stamdard
seismometer, the Wond-Anderon for-
sion seismometer. The amphiurle muse
Le suitably corrected for spreading and
attenuation in the earth, and lor instiu-
mental response if 2 non-standard imatra-
ment is used. The mamitude is closely
related 1o the enerav ot the varthguake,
the single mwst important quantiy by
which earthquahes can be ranked i
against another, B all the corrections are
adequately made, a scivmalosist aoy-
whete in the workd will avwien the sarns
magnitude, [n practice, hecanse of 1he
complicated radiation pattem of rurih-
quakes and hecause of ithe distortion nf
the waves trateling throuch the sarth,
the initial magnitnde assigoed hv varions
observatories mav differ s[:-"hth The
magnitnde scale is low writ homie “and i
upen-ended at both ends. It is pot &
scale with a maximum value of 10, a5 is
often reported in the press, and negative
magnitudes are routinely measured by
seismolomsts working on micrearth-
yuakes.

The intensity scale was developed for
engincering purpases aud 15 a qualllnti\'u
weasure oof the pdemadty of grouod vie

There ane

sepsemie stations  tierether

Leation and structural damage, These
aualitative assessmenls e assigned Ho-
e i rerals Seemn 1 XL Unlike e
mavnitude ol an carthipuake, the ioten-
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COMULATIVE DISPLACEMENTS direcily erlated ba arthrquakes ipdicatr thal sauthern
California west of the Zan Andeeas Bl aypstem iy sliding northe rzpwanil ac an arecage rate
ol 2% invhes per yeur. Major earthijuakes relieve stresaes that have buill up veer decades.

sity varies with distance and depends vn
the nature of 1ho Incal genund. In vetieral
alluvial walleve, safk sediments aned areas
of uncompacted B will maznify ground-
shaking and will register higher intens-
ties thun adjacent areas on solid rock.

The sntensily seale in comemon wsape
tocdar 15 the Modified Merealli intensity
Scule. The [ullowing characterizations ol
intensity, abrdged From lenger ilesenp-
tions, indicate the kind of obweres aviens
v w hich the Mezcalli scale is based:

L. Nat feit except by a very few uader
special trcumstanoes. Birds aied amimals
are uneasy; trees sway: doars and chan-
deliers mav swing slowly.

LL. Felt only by a lew persons at tesl,
particularly an the upper Hoors of badd-
ngs.

. Felt indoors, but many people do
naot recognize as an earthipuake, Vibra-
tions like the passing of livht trucks.
Dration of the shaking can be oatic
mated.

1Y, Windows, dishes and doors sat-
tle, Walls make creaking sounds, Sen.
satiom like the passing of heavy trochs,
Fult innefoors by many, outdoors 'I.ﬂ. low,

V. Yeh hq. m::uh CVCEVOIE LNy
awakened. qm'l.!l unshhll. abjrety e
displaced orupscr; plaster may crack.

VL Felt Ly all; mauy are [rightened
andd run outdoors. Sotte heavy ducniinr
i5 moved: bowahs ace kooeked ol shelses
and piclures odf walls, Small eharrely il
sclumd bells ring, Ovcasional damage 1o
chimieys, otheesise stroetwnl dinnng:
ix adeplil,

VI Most poople oun vutdomes. Thl-
Beult ter stz tpe Nedived Dy odrivers ot

sbentinlalies, Umtu.,u_ 0% ru.'rrlaL_lh'lv in

Lunlelings of grod design and construe-
tiun, shight to moderate in well-built or-
dm.m-' struchibees, consideruble in pror-
Iy hult ot Ity desigmed straetures.
Waves un poruds anul pexils.

Intensily VI corcesponds tu the pen-
eral experivace within five or 10 miles ok
the wirlace faoles assacialed with the
San Ferpanda t'.lrllu'n:llzf ot s Felr
mary, The tollowing intetsiey el
wete Fpericoced o a simall area of
the noithern San Femendn Valles and
wauld Tw widely evpericnced i znone
severe eatLhguakes,

VIIL Sterony of aulemabiles aHected.
Frame houses mone v foundations il
ot olted dinwn; hwne paned walls are
thrown cut. Some masonry walls Ll
Chimnevs twist or fall, Danrage is slight
in specially designed structures, freat
i ool cunstruscted buildings, [Teavy
Iopstritmore is oo furped.

IX. Coneral panic, Damage i oon-
siderable in speeially desigred strue-
tures; partial eollapse ol substantial
Luildings, Sedivus damige 10 e rvin
and utadvrgeorae] prpes. {Tonspicnane
eracks in the ground,

X. Most musaney and 1 ane struciuney
ame destinyed with their fenndations.
Some wolldandt wonden sbioebuaes ane
destroved, Bails are bent slightly. Large
laadslaides,

XL Few,

I dnv, masmisy sEractanes

_aemain stanching, Hoidges are diatruyed,

Biowed Tivsnzpes re 1l connad. Hils e
[EHTT RSN TE I

NI Planwgye iy nearly gatul. Ohjecis
ater e it thie s,

e s obean tlaat the Merealli intensity

seale s 11-'n]:||---uu-ulw.l: I IR A E T
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timate the intensity from his own .
penence during an earthguake. The Ka-
tiemal Oceanic and Azmospherie Ad.
mindstralion mmp:llrs miormatien on M-
tensitics h}- m.-ulmg oul questionnaires tu
s sample of the popolation living in
an area that has experienced a sizable
earthquake,

In otder 10 ghtain more exact infoe-
mation aboul the ground matiens in-
volved in carthquakes enmnrers have
developed aronp-motion accelerometers
that autninatically trigger and start to
recotd when shuken severebe. Most ol
these instiuments are instalbed in the
seismic ateas of the V.5, vath a padicu.
larly heavy concentration in and anoond
Los Angrles. The instruments are ex-
pensive and must be located very cloae
to en carthquake to provide useful daia
More than 250 of the instruments were
triggeeed  during the San Femando
earthquake, and 1 wealth of enpginercing
data will be Prm.ull v hy these records,

A strong-mobion mstrument records
ground scecleration as a2 function of
time. Acceleraliona are commomly re-
parted as fractions of a g, the accelera-
tion due Ly gravily at the carth's surface.

SOME CONSEQUENUES AND EXAMPLES DF COXTINESTAL DRIFT

Une £ i rouchl "10 meters per sec-
and per second. I designing a building
to withstand moderate earthguakes. en-
gineers are concethed clieBy with the
mavumum accelerations, the period or
Frequency of shaking and the duration of
shaking. Buildings in ¢arthquale.hazard
regions with sttunpent building codes
are uspally designed to withstand a1
least 1 g of acceleration; this corme-
spunds to an inlensity of about ¥II on
the Slprpalli seake.

Mthough thrre s no direet eoccela-
tion between intensity and magmitude,

the zone of destruetipn increases as the.

magnitude increases far shallow-focys
carthguakes. In peneral the larger the
magnirurde of an carthquale, the longer
the faglt Tengih, the larget the disp'arce-

_ment acress the faull and the |ﬂnger thr

duration of shaking, The lemger fauh
fength alooe acceunts for much of the
mereased arcw of destrection. For exs
ample, the 5an Francisen earthquake of
1908 had an intensiry of VIl or gieate
out o a distance of 500 miles from the
epivenler, and this mayv not have been
the larpes Califumia ﬂrthquake in his-
toric Himes. The San Francisco earth-

SAN GABRIEL
FALILT ZONF ek ..-—;:.. HOERITEL S

SA‘\I FERMA 0

[ e el
B e et T

LAAIM SHOC K HYPOCENTER

TOCERTER OF SAN FEEXANDO CANTHOQUALE (darh colety af last Frhrogry was
13 Liloowrtery deep amd 12 Liloneiers nuril of the area whiere e pripeiqal grovnd-shaking
occurred. The earthygusbe eollapeed periiune ef fwo hespilels o the San Fermenda Valiey,
king &4 ”1.'rl1 and ko weriouely weabhcted the rorthen wall of the Yan Sorman Ian o the
worthern Fod of the S50 Fernandn ‘r-lllr:r 1T 84 000 prnple living hebow Whie Fam had tn
leave Ltheir |_|n|1|rl- wnlil the water lesel fn tha recervoir could Le lowmeeed, Total damage
catred by the rarthgquake is estimuted &1 $330 million s ¥1 billinn, This three-dimensionsl
view it Laued on w drawing prepaced by twe al the sathot's rolleagues, Aernard Slineee
sod Thomut Jotden, nho worked with jnlarmation supnlied by prolepivis and geophys
ftivs el tbe Californiz lowitate of Techuolopy. The view is looking tpward Los Angpeles.

guale had 2 mapnitade of 5.3 The 1952
Kerm County earthequake {magnitude
T.7) had an intensity of VI or groeate
mil iy 50 mitles, The pevent  San Fer-
nando 1:;|rt|!1:1uaike {magmtude & F1 dam-
afed older structures out o 25 miles
An earthquake of magmtude 55, the
Farlheld carthguake of 1966, produced
comparable damage ta 2 dutance of 10
mites,

The Feb ruar:_v Farthguahe

The San Femande cathquake oo
curred in the San Cabriel Mauntains (st
north of the San Fernando Valley, a
densely populated nerthern suburb of
Lot Angeles. The San Cabriel Moun-
Lains are patt of the structural provinee
of the transverse ranges: Uhe band of east-
westdrending  mountains, vallevs and
fanlts that is characterized by sirung and
pralugically recent tectonic defuimativon.
Crologists tecopnize that the reguon is
one of recent grustal shotening caused
by north-south compression. The moun-
tains, produced by buckling and thrust-
mg,, are one resuit of this crustal shorten-
ing, They have been thnasting, over the
vialkeys to the south forat 1asg hve mil-
lion vears along fael planes that dip o
the north or nottheast.

Although many taults are known to
have been active in this srea o the
past several thvusand vears, the San Fer-
natpdo earlhiua; o sroduced the firse his.
tarje sxample of surface fanlung, The

" San Gabriel Mpuntains rise abruptly

same 5,000 feet above the 9an Feinan-
do Valley and the Los Angeles Lasin 1o
the sowgth. During the cantliguake of
Febroary 4 a wedge-shaped prism of the
crvhiallice basement reck comprising the
San Cabriel Mountains was Chiust over
the 5an Femando Valley to the south-
wisl, thereby raising the clevation of a
section of the San Cahrirl Mountains
atl sliding it slichtly 1 1he west, The
diip'au'meut 15 consisient with 1he oo
tinns thal have bern m'r.'ll:l'ring [ -
liens of wears, as one cut infer froo
prologic ofcets and uplifts. It also agrees
witl: the general picture presented here,
natnely thal the ansverse ranpes were
formae-d by the collision of the southemn
and Haja Califoruia block with the ven-
tral and northe m Calilomia Block, and
with the concent that the sowlern Cal-
ifomdn Block 15 being divested to the
west by the masive San Bernardine

* hathglnb. One can inder that the thick-

{‘Iling of the crust involved i the over-
thrustineg and wplit of the San Cabriel
Mopuntains made this regios #n additioa-
al phslacle 15 the nortire eatethy mareh D{_



the: southem Califermia bleck. 1F it did,
this would lead additional suppert io the
notion thal the plates in California are
onlv 13 tn 20 jilomelers thick. An in.
triguing patsibility is that the upper pan
of the crust is sliding with relativeiy Lit.
the friction on a laver of rock rich in
the mineral serpongme

The hvpocenter, or point of witial
riptwes, of the San Fermando caith-
guake was at a depih of 13 kilooeters
undder the San Cabriel Mowdaing. The
Exult meticn was propagated ta the sur-
face aloug a faull ioclioed northwand a2
an annhe of 43 desrees amd broke 1he
surfage near the oifies of San Terruosd
and f‘i_'-'[JH-JT. ab the }munlhr_\' Fae | svames 1a
the crvstalline rocks of the mountnins
andl the sedimenis of the vidleys [vee d-
frsdrmtion on pane 3], Twn |1|_'-.11.'il:..f
dumaged hospitals weie between e
epiconter and the suface break amd

| ANDENG

were Uwecfore on the upthrosd, or ehe.
sateal, ek, The bumdeads of afier-
shocls following the l':lrlhrlll.llct‘ o
erd an oarea wf Jppm\im.llrl_v J0K)
siquare blonieters; 1l tolal solume of
roch Dilied up wat about 25300 cubic
Lilomuten.

Even though the dlevation diffeyence
between the rt'.‘ll!. wl the San Galipiel
dMountains, such as Mount Wilson s
Meunt Baldy, amd the Soais of /e ad.
javrnt vableys i3 impessiee, it does gl
represent the tulal upldt Krosion e
meves madcrial from the mountains 3l
depumity 0o the valless, The otal
amounk of dulferential verlieal mation
rubabdy raeveds b amd o holfooites,
nud harieontal tlini:ldt‘rl:n'nli in 1he
Wabsverse nnges i'-rulm'l:'l}-‘ o] 25
tinles, My thousads ol carthygales
of the San Ferpandu 1epe mnst vy coes
enrred in the area aver the st seepal

OTHE aA™ AWIHEA- FALLT 1537

million vears,

Sciumic suzscillance of the region with
instrumnenls dates back ondy four dec-
ades, In this period the amthern Saa
Fermandu Vallew nag less active seis-
mically than many other parts of the
greztcr Los Angeles area, alihouzh it
was comparable to the averzme for 2ll
southern Califommia, On the basis of the
sessmic data there was oo reason to be-
livve the San Fermande area was aov
more ar less linely than anv other region
wf recuent umuntnjn-lmj!djﬁg it souatheen
California to experignce a targe earth-
irade, On the other hand, the thousting
andd beniding associatied with the geo
logic processes in 13- Tiegions, and Hue
1[Iting that was assoeiafed with L
eahithiqare armt its altorshncks, suggest
that o wense vetword of nlimeters coukd
pravide w warndng of the next boepe
_:'.1|l|11']uulr Treres,
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MODELOS NUMERILUS DE Lﬂ: DINAMICA DE SUELOS - COMPORTAMIENTO
SISMICO DE DEPOSITOS DE ARENA

1. INTRODUECIDN

La revpussta’dinimica de loy depdsitos naturaloy e
uno de los problemas de la dinfnica do wuelus que
tlene gran [nterds &n la ingenbferTe sTamica y, gue
debldo a su complejidad, se hace neceisrio hacar

use de los mitodos numérices pare tlegor a splucio

res apropladas en aquellfos problemas #n 1ok cuales
Ins condiciones de Frontera no son slmplos, v que
dicho 1es, son Jat situlCiones que als Frecuentenen
L 3£ enceniran.

En cste trabajo se discuten tos modelos numfricos,

y 3¢ presantd und breve descriprifo’de Y53 ¢aracts

risticas mis importantes gque & Juicio dr Yoy sutn-

red ion las By reprasentativos para cuantlflcer £1
fondmeno de licoaclsn de agrenas. Taxbidn a2 predan
ta un rlesplo de aplicacifn para moscrar 1a v+rsatI
1idad de 1a harramienta ngnErica,

I, HODELGS HUMERICQS EXISTEHTES

Es ob|ete de esta seccifn hacer una breve descrip-
cién de las caracteristlcas da algunas de 1od mode
Toy mumEr fcos que se han urilizade en al anklisly
det fendmeno de ticuacifn y que, de woyerdo zon la
axperiencia de los autores, se conslderan los mis
representativos,

La descripelbn de Jos modelips numdricod contlders-
gos 3¢ hard con base en }a formulacién de Jas ecua
ciones de movimiento en el conteata da la wworla”
del medle pontinuwo.  Por canto, se hark énfasis 2n

oy ccuaclones consiitutivas el materésl, 1& mag-

nityd de lot dosplazamienios considerados, (& mode
TaciBn de'la generacidn de poro, #50 toms al ™ L odo
da tolucin de Va5 ecuacipones de movimlento.

Respecto 4l marerial, &1 sgnfoque que 5S¢ ha seguido
pars su modelacidn consitte en definfr por trparade
£1 vempartaniento d2l esqueleto At como loy cambles
volumditleos gue ecasiona  [a densifleacidn, Loz
pardmetros de las ecuaciones se delinen bBislcamente
de prucbas ante cargas clclfcas de smplllud conztan
ta.

1.1 dodelos Deaanvolfados ea o Indvens {dad de
Colifowndia, Bezkeley

Loy referencias 5 & B, representen ona bibllografia
sclecty gue discule los modeios desarralladas en ig
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Estableca las oeuaclgnes de movimiento en fun-
clén de exfuerzos totales

Consideran 21 problems de desplazamientos peque
fos

E! comportamientn ng=llneal dr los suelos s tra
ta ya tua modfanie wn procedimiento lineal equi
valente o mediante un criterio tipo Masing(i6),
qum pusde 34r un Apeberp-fispeod o own bartin-
Davidenkav(?) .

La gereraciin de 1a prestln de poro 3¢ calcula
& partir de resytisdoy de proebss trianiales ef
clicas convolidadas-no drenadas (M}, covas varia
bles son: -

% s resfuerzo de coniol idar 16a
* udp . esfuerzo desvindor cliclico
'{ug}”, presfén de poro generadd para ¥ oclfclos
* Nt , nlmerp de eleles pars provocar 1a -

cuac [
u

Al vepresentar las relaciones Lfky vs E% te

bt lene una fran|a angosta de forma’ '\ecu?ur e
5E presenta medlante .

o
ﬁL [; 1 - ot ] (2.1)

‘¢% un parkoeiro gue depynde del tipo de areng y

ge las condiciones de pruebz{?). Al aplfcar 1a
expreside {2.1) pars wna Ritterla Trreguisr ge

ciclas de esfuerzos w3 necerarlo transformar di
cha plstoria’en un nimere de ciclos equivalente,
de ampl Ftud conslante, 3egqin el criterlo deseri
1o en la referencia{2T).

Loz ecuaciones de mavimiento s¢ Integran ¢on a1
mELode dal elemento finlfe yo sea con el crite-
rio de! mitodo Vinest equlivalente o bice en for
ma (neremental, La [riegracifn respecto al Liem
PO s 1leva & cabo medlante wn esquema gue utiEl
ce &l dominio de la Frecuencio; o bien wne direc
19, pate 4 paso, &0 #l doefrlo 42l tlerpo,

El amortiguamicnio conslderado 3 el lineal squl
valante fong sg deline en la ref 22; o bicn ¢
Gue resulie de considearar un mpdets histarético.
La disipacidn de l» presida doe poro se calculy
con base en 1 peneratida de la presidn de porn
conpcida y a3 Teor{a d¢ Consolidscidn Laidimun-
3 longk,



3) pParz problcmas bidimensionales ba respuesta dind
mica 3o coantifica-con el métodd Iinecal cquiva-
Jent=, aienlras que para los problemes oo linea-
|#s incrementatey se fonsiders nfcamente &l cast
enidimensional.

7.0 Medels Doswveeffads en fa Univeasddad de
British Columbia, Voncouvea

Este rodelg s¢ describe &n Tas referenclas 13 2 15,
con 133 siguientes CArCIErinpicas:

1} Establace las ecuaciones de rovimiento en TunciGn
de eslparzos elrcLivos

?) tonsidera al problems de degplaramfentos peque-
hos

3] La curva csfuerzo-deformacidn para &) #squelerg
es del tipo hiparbd! [eo

T Gpg TA(1 4 Gy YT,
Jonde

Bz €5 el midule tangente inicial mdaimo, ¥
Tpg =5 el wsfueryp cortante mixima sin provocar
la falla

[:m'_.r‘[m

{z.7]

se dererminan segin la ref 23 .

Las traysctorlas de descarga ¥ fecarge 3e deserd
ben mediante el criterio tipo Maslag{Z&).

-t G _{¥-Y_] G |-}
L L R P S mnl T {z.3)
z 7 Ty
donde
..*r ¥ T, son la deformacida corlante ¥ esfuerzo

cortante del punteo donde ocurre la in-
. ‘vertifn de esfurrze

b ¥ Tpn 500 el mddule al ecortante y &l esfuer-
o cortante, respectivamenta, para &) ci
cla N , expresadas por:

i PR )
= 1= t-—] (2.4
I;':11 1) ﬁ:|.+“t Eud g;u
I Cea | B 1/2
Ton = T i gy .4 2.
mn "™ Tmg ..1,_”."I Tud tﬂvu]- {2.5)
donde - -

Evad T:dl‘ deformacifn volueEirica acuma

H W, K,y H, 300 constantes experimentales

oy ¥ Oon en les e3fucrzos vertfcales efectdl

vos et el clelo H e dnlelal, respec—
Livomente

L) La generackdn de la presidn de paro se calcula
mediante el cambio de valumen acwmulade, cbreni-
do esperimentaloente. La expresidn del incremen
1o el cambio de valuren es:

Ar t Y L 'E':Id
E ] - S ———
v!d‘ AT o) f 0 - 12.8}
C,.f: C, v €, 1on constantes experimentales qus
toman en cuenea £l tipo de arena ¥
la compacidad relatlwva,

T3]

En condicionet mo-drenadas y completa satura-
cidn, el incremenlo de 1a presibn de poro duran
te cada intervalo de tiempo de inlegracién se
calcula medlante

ao = E, Mgy {z.n

"y
donde

E'r es al eddulo do recupsracidn eldstfca unidi
menticnal

El Las etvaciones de movimiento se resuslven conoel
efroda de diferenclias finitas ¢ la {ntegraclon
se jleva a cabo con ] o¥todo bheta de Newmark,

B) Ademas del amorifguamienta histerétice, se pus
de Iincluir arrtiquamienta viscosu, de acuerds
con el eriterio de Rayleigh,

7) La disfpacidn e la presidn de paro se calcnla
conn base en A Tearfa de ta Consallideci&n Unldi
mensional. i -

BY F! modelo es wnidlmenslonal y las ecuaciones de
mviglento y lay de disipacidn de la presida de
pora se integrean en Forma independiente,

.3 Madedo Peacvtoflads en fa tndvetsided de
T18eineda, Unbana-Champadqi

En la ref 19 se prosanta la formulacifn de este ro
delo, curas caratteraticas e resbmén a contlnua=
cién:

1} Las ecuzclonet de ravimiento se Tormulan en Fun
ciGn de los esfluerzer cfectivos. -

2} Considera el problems de desplazamisntor peque-
Mas, R

3 Utlliza como ecuaclBa constitutiva ol models de
sarre] lade pot Ithihara ¥ sus colaboradores, des
vrits enlas referenclas 20 y 21, La ecuvacldn
del esqueletn, wdlida hasta el inflcio de ta 1]-
tuacidn, para representar |la aplicacidn de la
cargt-{tanto posftlva copo negatlval rosvlod sar

Yo i

(D = e {2.8)

P Y Gy * Sax
donde *
q es el ssfuervd cartante
-5 Ya presién efectva
¥ ta deformacl|dn angular
G, el midula de rlgidex al cocrtante jnicial
Swax €4 el waler de. gfp' cuande T tlends a in

finita -

Lai trayectoriss de descarga 3c canslderan lincs
les, con prondiente &, hasta que alcantas el walor
afaimo o minfmo previo de  gfp' . dende podterier
rente $e conslders vil1/da 1a ec 7.8 .
*

Pe acuerdn con Yas referenclas 20 y 21, la Tlrua
cifin inicial ccurre cudnda el psfucrra se apro-

slma, sin I1fegar, a la lTres de Falla, denoming
do ettade Crlilico, Cuyd fcuacidn se puoede £5Cr)

bir como: -

fliq-p" tan § » O {2.9]

85 pL es el esfuerzo fectivo infcial del ma-
tcria? en condiciongs no drenadas, la trayecto-
ria de esfucrlod en &1 plana p'=q e models cong
w cuarto de elipse, expresaca por la ecuacicn

817 lente:

- - -



it o8 ot perop (5D -0 0.0

Py .

A= e tan ¥ {2.11)
o Pl- "
donde .
p' e3 Ja intersecclén de T2 trayecloria de esfoer
2o en cuesiifn com 1a I1fnea de fallm.

Fara el comporamiento deipufs de la |lcuaclfa
Infcial, Ishihara £1 al (ref 71} proponen unatra
yectorfa diferente e 1o de Falla.

La generacldn de presidn de poro se contldera 2t
aconlar &1 movimlento del aqua. El acoplamiento
te bhase en 1a teoria da Biot (ref 24) ol comside
rar &l material constitwide por dos Fases.

Las ecuaciones de movimienle originalaents sz 25
tablecieron en foroa genersl para el probtema IT
neal {raf 2%} y se fermularon para resolverse con
el mitodo.del elemento Flnlto., Posterlormente so
consideraran vhlldes pars al comportamlente he 1
nasl det s81ido {ref 18) y 14 establecieron en
forma incrercntsl. Fars 18 Integracide respecto
al tlempo se utlliza el adpodo thera de Wilaon.
La dizipacifn d¢ |a presitn de poro estd Emplici
ta en Ta modelacidn del mavimiento del sgua.

El amortiguamliento Tmpifcito en &1 modelo es el
histeréLico v =1 provocade por el mavimiengo del
agua. Tamb{én se puede sdiclonar el smoriigua-
aleato dal tipo viscoso.

El wodelo tw desarrolls en farsa general para ef
cay> lineal, tln erbargo, para ¢l problems no 11
neal te partlcularizd en uno wnldimenslonal.

')

5)

B}
N

L]

Vedefo Desanaotiady en fa Univensidad de
Wickigen, Aan Azbox

Las referencias 11 ¥ 17 describen el, proced imiento
sepulon para el desarrolle del medelu en coesdl[dn,
cuyss caracterfatlces principales son:

1}

i)
1)

1.4

Les ecuaciones de covimienta se establecen en fun
¢lbn de 1ot stfuerzos efecelvos.

Conslidera el problema de desplazamientod pequefos
Urlliza com ecukacidn contiLtuti{va para el esgLe-
leto un modelo Rambarg-Cigond modiffcads con aklan
damiento por deformacfion, de la forma sfgulente:

t . b m-1
T ,13,} E ¢ “ltlr-{_f:rl ]

donde

{2.a2)

as el esfuerzo cortanta
la deforoaclén angular y .

af -« A

L]

el esfucrta vertlcal efectivo

Los valares de &, y T, correspomden &) midulo
de rlgidez al coritante para deformaciones (nfinl-
tetlmales y al esfuerzo cortante asociado, Fespes
tivamente y s¢ calcuelan de acucrds con i raf 73,
para ] problena wnidieensional. Los parbmetrot
del medelo de Rarberg-Dsgotd on cuestifin son o,
:I y R. Parg definlr 185 Llrayrectorias de carga
rﬁ;luitarga se utfliza et erlierio de Mavlngiref
{18

La generacidn de preslén de poro se contldera al
scoplar el movimlento del agoa, El1 acoplamiento
to tfecrita 8) considerar £ flujo vertical del

4)

61

N

agus y wtllfzar la ey de Darcy,

Las eruacloncs de movimiento se astablecen en
forms de ecuaciones de ondas da cgrtante v Jde
compretldn,  La seluclén de Tas scuscicnes de ma
vimienlo sz chbLlenen con el mitpda de las cprac~
terisiicas y el acopisamients da lan ecuaciones
e satablece en el proceso de zoluclén.

La dltlpacién de la pres(én de para se considers
en forme implicita &1 modelar &l mowimiento del
agua.

Et asoriiguamienta Impllcito en el modelo o5 el
histarético y el provocado por el roviglente del
HGul.

E,'l El modets e unidimenslonal.

Y

&)

Hodelo Peagrankfade en fa Unfvers{dnd de
Loamsen, Safes

-

Este mitods se descrfba en la ref 16 y sus catacte |
risticas tn resumen o contlnoaciin:

1) Establace las ecupglonas de movimlento en I‘:mc|6n
g los eafuerzor sfactives.

*) tonsidera eb problems de los dasplazamientos
grandes,

1) EV comporiamients da! 18} ldo se modalz con h
scupclén constitutiva de Ia elestoplascicidad.
La superflcie de flusncla vtillyada corresponds
al criterlo de Talla da Mohr-Coulomb con una re
gla de Fluencia no asoclativa.

) La generacién de la presiSn de poro 3c considera
21 cusmtificer s compactaciin £, , debida acar
gas «fclleas. Lla dalormacidn volumétrica, Eq s
Ia coant|flcan con bate en prusbas de cortante
simple, cTclicas, de amplitud conttante, Ao dre-
nadas, con medlcidn de presifn de goro. Las va-
riables experimentales & = T/oL

dewnn dee

1 ey &l msfuerzo coriante

Opg &) e1furerze medlo inlclal, afestive,

¥ la amplitud de deformac(Sn angular

P 1a preslén de poro ¥ .

N «1 nimero de ¢cicloy, son ta bate para cons-

trulr 1a expresTdn slguient-:
o= fix) | . . (2.02)
de = gle] d E- (2.15)
H
4t -,la,]geu' ) =12, {2.15)
donde o o
de ey 8! Incremento del tensor de deformacicnes

dasviadar, correipondiente &l tensor de defu_r._
paclones Finitas di:” . "

Para lov datos experimentales que se uwtilizaron
en esta formulacidng, i chiuve la expresion sl-
gulente:

[ = ..—:E dr (2.18)
Los valores erparimentales de 1oy coeficientes
Ay B sp cuantifican pars las do3 etapas en que
se divide ¢! lenfmens,  Antes y despuds de la 11
cuacldn Infclal definida por la relacldn

plog, = 0.6 %

£) Las ecusciones da movimlento 1¢ resvelven con )



miiodo dal slementlo Findbo ¥y la [nregrachda res-
pecty 8l tlenpo se lleve & caba edianie o mé Lo
do pate 3 pass basalo em un exquema eapliclto de
difercaclas centrales.

&) Ademds del awortiguamiesto hlscerético, se consj
dera ¢] amartiguasento viscosp con 2l criteric
de Rayle'gh.

7) Ho contidera ¢l cfeclo & la dislpacidn de la
preslén de paro.

B) La Farmulaciin presentads, awigque general, 3¢ de-
sarrplls parg =1 probless Bldimensional. En los
ejemplos cons [derados sapone que el amart[quamien
to conduce a una matriz diagonal ¥ 5 donde resui
ta mis efective €] esquema de ol ferencias cenmbra
las gue ws condicionalmete estable {raf 17].

3. EJEMFLD OF APLICACIIA

Fara [lustrar la vtilizacion de logt modelos numEri-
cos descFitoyr, se presenta Ix respueila dindmica del
depsllo arenpso mostrado on la fig 1.

El modelo utllizado corresmmde al desarrollade en
la Universidad de British Lalumbia, Yancouver, me-
diante al programa de compuladora DESRA-1 {ref 29,

El si_smu tpnsidevada corresponde & ot dier prime-
ros sequtdas dal acelerograme de El Cenbro de 1340,
componenie H-5, cacalado convenjenterente. _
Los conceptos de mayor interfs gque 3= cusnt{fican
‘an ¢t depd3iIp, Parad variat ac:1zr.cim¢1. del sia-
mo, son las slguienpes:

al Acelerograma calculady en la superficle
Bl Hlistarfa de {a generacidn de preslin de pore
€) Hislaria de 155 deformacionms angulares
d} Turvas esfuerzo-deformacifa,

] . ] - . -
Con el andlials dlndmico efectuade 3& determinan
lox elemonios negectarios para estimer 1a pntel'll:{a'i_i:
dad e Ticuacldn del depasiio en cuwatlBn.  Tal es-
ticacifn se hace al cuancificar la aceleracidn mi-
wira dal temblor gue prowsxca =l injclo de la Ticwa-
cidn, en alguno de los eseratos del depdsito, al f1
rnal o durante 2! sismo, fLon estx [aformacidn e
pusde aseverar que el lenfreno de licunc[&n w2 @pro-
paga cuands ocurra un sismo de myor Intensdad o

durgeidn o ambos. -_.,“ s . -
- -r'-:_;-__,“_ - :_ . . -
3t camtemam ded Depdsite Cauu{ﬂmda -

1.1.1 Estratfigrafia [%- 75%- 0 -
los depfisitos de 3w loi granulares du la cospac-del
Facifico de 14 Replblicy Mexicana pucden ser carac
tarlzados como: cepSsltns de suetos granulares fi-
nos de eatruclurs Suelts como arengd MNinas y 1lmos,
-Ademis, tienen und alta compresibitidad v susceprf-
hl”dad a grandes cambips wvolumdtricod ante solfci-
taciones cfclicas.

Los depdslios de arena, que =n genefsl sun de wa-
rios metros do efpesor, provientn de Lransporia-
€idn-sedircntocitn edlica, maring y fluvlal. Su
graulomotria es relativioente wniforme, awque los
depdsitas pueden ser heterofinect segin haya 3ido
ta historia oe su formacicn.,

&2
g

La fig 1 vepresenta ua perfl] astratigrafles de las
caretterfsticas sefaladas arrlba.

En tErminos generales el deplafto contiste de: un
rellenn de 1.5% m de espesor, formado por boleos, gra
vas, Arcnas y lima, Subyscenze al cellenn se en-
cpentra un aslrate de drellla de 1.0 @ de &3prsor;
1lgue, al estrato de arsitle, wn #strato de #rena 11
na con un espesor de 7.0 m. En sefuida Se presents
uh #ilralo de gravas arendsas de 2.0 m da asprsar.
tes 5igue un £s5trato de arena flaa lirosa de 0.0 m
de etpesor. Por Gltimo s& tlene una capa de drenas
y gravas mezcladas de 3.5 m de espesar,

E1 nive] de aguas FreStfcas [HAFY e localiza a1.0m
da profondidad.

3.1.7 Propiedades r;er.inicu de los estratos

Parg utilizar el models nuskrlco seleccionado ey R

cesarfo definir las propledades mecinicas e los EE
Lratot que forman al depfslia.  Ton base en lacstra

“tlgraflTa rostrada en Ja ffg ¥, '# Idealizagifin saleg

cionads Jdel depsSsitg se muestra &0 la Fig 2. Eporal
Figura se pucde observar que e] selleng de 1.5 my

‘#] ettrato de arcilba »e sustieuyan por una sobre=

carga de 3.25 t/m' y el efecte del estrato de arci-
Tle s¢ considers ademfs cofo una frontz=ra impermed-
bie, E1 deposito se subdivldif £n once estrateos.
Ly ecuscidn constitutiva para cads esrrato queda de
finlda sediante 1as curvay erquelete fnicial y subsg
cutniet. La curva msgqueleln iniclal gueda definida
medlante los pardmectros S, ¥ Tpm o ¥ 5% Obluvig
ron de aryesdo con e] criterip dada por la red 23
JLas curvas esqutleto subtecwent®s quedan deflnldas
‘madlante o mt ¥ Ty SUE. & 5w ver, quedan deffl'if
das nrdlante las constantas Hys Hoy Hy ¥ H ;¥ e
oht_lenen de atuerda con el criterico Eipc’.‘.lfll’.ldﬂ en
“1a ref 30.

Ls gereracidn de presion de pore. Av |, gueda defini
da redisnte 13 cuantificaciln de la deformacifn wo-
Tundlrice producida por b4 compattacion, AF.4 | ¥
a1 sdduto de recuperacidn «)1iszica, E. La deforta
eldn wvotumérrica se determlng mediante 105 pardms-
trea 0, €. Cy vy L, , ¥ ae selecclonan de acuerdo
con la ref 30. E] modulo de recuperacidn =lasticn

-queds definida mediante los pardnetras K, wm oy 0.

Para tomar en cuenta Jo dlsfpac(dn de Ta presidsn de

. purog &% necasario conoder 1ps welures de la permess
_-.-hilldld-k- H =

..,‘u'-

Mnnh de | amrt-ymhnm hisiarérico, Templicito
en.ls formulacion del modelc mmmdrico, se considerd
w1 smorclquamiento del tipa viycolo del dos porcien
to wediante los pardectros o ¥ B gue ﬂeflnen el
criterin de Rayleigh.

Los valorcs ¢ los pardncirps que se uplllzaron en
el anblisis del depSaito se muestran en la fig X,

3.2  FRespuesfa del Pepdsite con Fuontera Scpeaier
Tmponmenble .
Al efeciuar el an31lsis dinknico del depdsizo sk
encontrd que 2l 2ccleregroma del sismm gue provocs’
£l inlciao de la licuacidn =5 &) Gue_ se Sucitra =n
ta “g 3, con accieracifn minima & 0.10% ¢ {1.0%
w/sT) donde g es la aceloracidn de 1a gravedad, E}

-
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acelerpgrama calculade en la tuparl el 42 muestrs
en la fig & .

En este caso &l estrato licuado &3 21 superficial,
ldentificados con el nimere wnn. Tal conclusidn se
pusde ohtyner ol observar en la Tlg &, la variacifn
de la relacién de presidn de poro  ofdg,
Lo da presifn de poro, v , y predldn vertical cfec-
tlve Inlels), oy.).
Ja en 2l Increwento excesivg da 1a dcformacion,
comg 3+ pueds ohservar en tas Figs 7 v 9 .

Para tener una [des abjetivae de Ya xons afectada

por la llcuacifin,G en la Fig 26 se muestra la varls
cidn da la presién de poro gunerada en el instenle
en que 3¢ Infcla Ta licuacldn. En tal figura s= = 1)
s¢rva gque &l dafo se lgcalizy Gnlcamerte &n 12 par-
te superiogr del depSsito. & fin de efectwvar compa-
racionecs posterlares, en las figs 6, B y 10 se pre-

senta Va informaciSa correspondlenie a) csirato nue

e,

3.} Reapusdfe del vepisdifo con Frontern Superion

Peameable

Ante la posfiblifdad de tronsformar la frontera im-
permcable en permeable, mediante remoclén o drensfe
e3 necesaric cuantificar o7 efects de tal toiucksn
en funcldn da la pﬂl‘.uncmll'dld da |loupcidn de) da-

plsito.

Al calcular lg respuesta del deplaito con frontera
percable sare ) 13m0 que provocs ta licoacian
del depbslto con frontera impermeable, se concluye
que nz se prosents el fendimsno de ) fcuaclSa comp
pusde cheeryarsa en las flgs 11, 17 y Q6.

El acelercgrama dal sismo que provoca &1 inlcio de
Ya licusci8n'de! depdisita en toesrl&n in muestra en
la flg 18, con aceleracion mixzims de 0,198 g

(1,94 lﬂ'ii} ¥ ¢) corrospondienta acelerograma calcu

tado en 1o superficie e indica en 'la fig 13 .

La llcusa¢ldn dal depdsito se inlcig en 2l estrato
~neve, 8 los .02 sequndos, como putde observarse
en las flgs X1, 23, 25 y 267 El ingcremanto de 12

presibn de poro en el ssirato superficial es pract]

camente despreciable como se musstrs en las flgs
20, 22, 4 oy 26,

Andlisds de Lo Potencdalidad de Licuaedsn del
Pepdalto

34

Debiga sl nlmcro de  factores que goblernan a1 fens-
reno de licuacldn (ref 31} es convenlente aclarar:
gue lay conglusionas son aallcabins Gnichmnte wf
ajeaplo wtilizado vy o &3 recomendable-su exLrapols
cidn & otrat condlclones que diFleren dn las consi=
deradas,

En el dapdslia cton frontera superior Impormeable 1a
TicuzelGn se Infcls en ] estrate superior, lo que
provoca gue tu inflluencia se propague al seguads v
tercer esirato {flg 26). El efecic de 1a reducclén
de 1a presifdn efecilva en el materinl dab estrato
tuperficial ccaslons que el pidulo de rlgidaz al
ortante e redyichs tensiblemente, pers vin ocasior
nar lazos de hiviéresis signlficativos [fig 9); o
cual no sucede & partir del tercer esirata (Flg D).
La respucsta de acelerpciones en o superiicie sm
lrn:llilfltl conlInuamenie durante ol slam {wver figs
ly

*

Lincremen

fste fendemno tambléEn e refle

k]

£l ¢ rontldera que al depdsiio se encwenlra & una
distoncia eplcentral do 39 km, la magnitud dol sls-
oo qua ocaslonarfs 1a Jeuacidn es: M= 5.6 {ref

m.

Al contlderar a] 330 &0 quc se3 perreabla la fron-
tera tuperior cel depSilto, b respussia ente el
slsms de magnitud 5.6 cambia radicalrente ¥ no exnis
ten Indicios de licuacldn, regim e chierya en 1m
Flgs 12, 1%, 16y 26, El materia) del estrato Ho,

1 np sufre ablandam/snle ¥ practicarente fu cOMpoOr- ,

tamlents €5 lineal (ver flg 16}, La respussts de
acelaracidn e 1o suptrflele £ pricticsments la
misma que 52 cbtlone en &1 cesn de Frontcra seperior
[mpermeable.

De aturrds con €] acelerograms que acaslcne 1a 11-
cuacifn del deplsito con fronters peromable, la mag
nitud del sismo correspondiente sarfa igual »:

M= b6 (raf 32). La Vlewseldn se lafcla en &b e3-
irata 5, & wng profundldad de 1525 m [var fig H)
¥y por esta razén su influencia se refleja ea lo oa-
yarTa de los estrafos, scgin se observa en la fig
6. La respussta de acaleraciones en la swperficle
se ampliFlca durante el piermpo en que ae alcanza
wna relaciSn de preslén de poro {u/fg_ ) del orden
de! B5 porciento, v & partir de ese instants existe
wa reduccidn notable (ver figs 19 y 21). EV com
portamienta det materlal en la zona licusds es slta
menre no bineal [var flg 25). Los dos #irrsiol fu-
periores pricticarente no son influencledos por el
fendmeno de licuaclsn.

"

h. CONCLUSIONES ¥ RECOMEWDATIOMES

4,1 Comeldisfones

Las concluslones cenardles que 3& purdan darlver
de aste trzbajo sen:

#. Se ha dewostrado la eflcacla de 1os witodos nu-,

mErleos para cuant [ Tlcar la porenciatlded de i
cuacifn de un depdste coando 1as ecuaclones de
movimiento se satablecen en funcidn de los es-
fuerzos efectivos,

b. La redistribucibn y dlislpaciin de la pr il&n ot
T poro generads tiene una gran influencie en ba
ascabl1ldad dul. dapsslito. . o — - +
] o
_ i LoeT T -
£.7 Recompndzciones

El compartamiento dinkmico de los suveloy granulares
constltuye, dentre de la dinkmica de sumlos, uno de
Tox probleass que actudlmeonie estd lejos de ter fom
prendido tataleenta y o5 sucho o que Talia por di-
Tucidar en torma 8 &1l ¥, por tanto, conttliuys wn
campo FErtil de Inwvestigacidn, En ests |fnea am
puaden hacer las slgulentes recomcndaclones:

1

&, Continyar con e} davarrollo tedrico dn las ccus

clones conttitul|vas que reprodurcen con mayor
aproximacién el comportomlento de modios de das
fayes.

L
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b. Es pecesarfo defarrcllar tfonlcas cxperlrenta-
Tes en el labgralorle para la deteralnacifn de
los pardmriros que lntervienen sn moda los numé-
Ficos bidirenslonales, asT como 12 callbraclén
de tales modelod para cargas difcrentes & tas
clclicas de ampllitud constante.

€. %S& perexfta 1a comprobacicn de Jos resul tades
obtenidos con Mmdclos mefricos, ¢om 1os phie-
aidos en redlclones de campo en modelns & #ica
la natural debldamente instrurantados.
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