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This is the Final Technical Report for the NASA Cooperative
Agreement NCC 5-14 "Application of Laser Ranging and VLBI Data
to a Study of Plate Tectonic Driving Forces" for the funding
period 1 May 1979 through 30 April 1980} The broad goals of our
research undexr this Cooperative Agreement have been to investigate
the conditions under which changes in plate driving or-resistive
forces associated with plate boundary earthquakes will bé
measurable with laser ranging or VLBI and to pinpoint thosé
aspects of plate forces that can be characterized by such
measurements.

This Report is divided into three parts, each describing
a specific research task completed during the past year and
cdntributing to the broad goals of the project: (1) analytic
,solutioné for two-dimensional stress diffusion in a viscoelastic
plate following earthquéke‘faulting on a finite fault;

(2) finite-element solutions for three—dimehsional stress
diffusion(;n a viscoelastic‘Earth following earthguake faulting;
and (3) quantitative constraints from modeling of global
intraplate stress on the maghitude of deviatoric Streés in the

lithosphere




It is u.p »sed that oither'a.repcated lCE'glLJC Casciseic
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PART l; ANALYTICAL SOLUTION OF TWO DIMENSIONAL TIME 1
DEPENDENT STRESS PROPAGATION

1. Intrcducticn

fost of the earthquakec t0uay occur alonyg pldte boun-

-

i ‘ H
dar ies. Straln energy accunulates and'rele;ses at these
bound es ,defornms sur faces, and~ Causes lamlage. The

undéfstanding of ““earthquake mechanlsns is b:CCM1ng more
[ ' ‘

important in crder to forecast and, further, to predict

earthg uakes. R e LTI

1he migraticn ofxlarge earthguaxe& was. fi:st qtudled

quamtltatlvely avalyLed tne mlqratlcn patfern along many
l i
pla%e toundaries aroun@ nthev world; . periadic trenqslin
B [ . |

space and time are cbtained. A gualitative mechanism coan-
Caning a possibly,deep—seated migration front of stress

trlggerlng eacthnuaxea along its pro;agating» diredtion

(scholz, 1977) is the gernetal explanatlon to the mlgratlon

ptenomeras Houever, the relatlcuqblp between large earth=-—

gnales=at greaterftlme-distance irtervals is less clear.
Recently, .the nlgratlon of" crustal deformation has been

|
i

- discovercd in marny tnctcnlc “areas (Kasahkara,1979).

Dispersion and dissipation cf the deforration waveformn are

tion path Lack tcward the ccean, thke deformation  front

seerns T to have oriqinaﬁgg Ecom'the~vic1nity of “the trench.

[

‘plate“thicn‘uenerates tuc ﬁe‘crnatlov eVOnto,'Qr:that it

:

| ,,:
by | Hbgi (1 68a 1°68b).7” Delsemme and Smlth (1979) bave

|
A

R DL ST, e ' S . o
~also noted as characteristics. Extrapolating the fijra-
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results

late

frou a perlodlc seismic elip at- a pl
5 i [
I

uauéltatlve study has Leen carr1cd o t! by xang”f$§7é)_

Analytxcal cclutlcn apout the stress ,(or dx=p;acenent)

1

Cesponse 1nAt1we anq cpace due to earthquaxe il turbanceb

at the clate Loundary lS btlll nececsarj to obtain physi-

cal lnclghts of thexmlgratlon pncce:s.~;

: LI i | \ ‘ ) - l -
_In previcus regcrts, we have studied the eifect of

earthquakes  on plate mcticn us1ng analytical one-

i -
models, mhe ﬂCdQla 1nccrpccatgd tbe lntepaatlors tetween
) . I B '
tke ela%tlcf 11thq§gnege agﬁ the aathcvosphere. : ﬁlth

[

dicersional vvscoelastlc and two- dlmenblcnal elasticf'7

i ST | .
i ; {

poriodidweh:thQuakes!the cnc dimensicrnal study show sijni-
, C >

i

to

[

flcant fldctuatlcn ;éf:di rldCGant field at large dis-

tances from the plate bcundary. The twc dlmenalonal acdel
- — S

consists of twﬁzfinite”‘élastid, regkdngular glatecf ycne

ovorlyirg the4:cthcif“\ith diff erent th;c&nebbes as~shbwn

in fiyure 1. Applying a unit dnglacementf at the rplate

&

;houxdd:y ‘sugygests that the 1nétantaneouc elastic deforma=-

‘,léngth of‘the tanlt rupture. . -

I

In this Léport,‘we'extehd our two dimensional elastic

| ] S LTI

tJuy ta a visccelastic rofel using the corvespondence

autnvro*wbvru ‘is a‘vuwed and thO deo&ndent ierOLratlcnb""

~in_thu'11t1csch@Le are calutlnted.

,tLon a:é 1jn1f1cant lehln a dis tance equivale nt to the

',prinCipin (Chrfstianseh,1971)w‘ A“naxwelliansaViScocLéatic



2. Twoc Dimensional Time-Dependent Sclution of Stress Pro-

pagation o e et

.

i T 4 .
Tirge derendent cclutlcns oquhorlzontal‘ stress and

strain propagatior in li;hosphere can Le obtained using
o S [ -

correspondence pr1n01ple (Ckrlst1ansen, 1971). “1gure 1

. | . .

skows a finite two di men31cnal plate w1ph le ngth L, ildtn

0 2C, thickness 1 ovcrlylng a seccend layer of the same Size
and tuxcnvess ‘HZ. We choose a Smele datwelllan V1bcoe-”‘

,lastic k0h3v10r in éhear rb:i ;hé asthenpsphere,l and gééwi
elastic response in the lithcsphére: The hétched area
reﬁfébents the finite ruéture zcne at the plate houndég}
with“total width 2D. Tke x-coordinate is noxmalwté the
, I oo
plate pcundary and tle y~cccrd;n§§gmqis parallglgyto the
plate boundary.  The ’origingiéiicééted at the center of -
the,"fanlt". e are calculatiny tLe stress and displace-
ment At spetific distahces frcmrthe Origin”inkboth x and y

S N

dl tlonb.

Starting with thke cguations of‘kmotion in the two»‘

dimensicnal «lastic case :

2 ¥ u/;lx +(1-v) PPusdy +n+»’)a V/(ax EY)

2pT=V? Ju/(E-E1HD) Ay
2 ;’v/;y‘m' RO ey +<w).; u/ (dx: ay) (b
5}((1 V )V/( 2) = » i

whore a, v drc' n15placement field in x, y direction

respectivaly. Vo LS the7 pciczon's ratio, & ils the Young's




modulus of the lithésphere, and 4 is the shear rodulus of

the asthenbspﬁéfe.

Take Laplace transfcecm cf: (la) and {1b) and acn-

dlnnn51cnlllzu

u, v by the 1n1t1al alsplacement at rupture zone,

X, y Ly h1, the thlckness of the - llthoschere, and

t Ly T, the relaxatlon tire of the,asthenosphere,
we ottain: T e —— .

20 63X (19) 32 w730y (1) R 1oy (2a)
~~2(H/u)/( H2) (1 V) T's-U/(T-s5#1) .

R ;
23" V/JY +(1-v) ? v/Jx ) 3 L/(Q‘( 3!) (‘Zb)
-7(1{1/4)/(13 H2) (1-v*) 1.5 V/("‘ ~+1) S

kuLCe vX and Y are tne nor Jlmen51cnal x and y,~U and Vv are

'the; nor dl ensic hal u and v in Laplace domaxn, ‘T is the

ralaxat10n~t;me cf the asthenosphere, and s is the Laplace

parareter. - N R S e

i

o |

Thc abcve two eﬂuatlonc are cxmxlar to those in our

two dlnenolcnal elagtlc case except that t}Lrn is a tlﬂek"

ucvnr(wrt Lagtor TS/(TS*]) at‘thefcxght~hand s;de ct 'the

 (-‘ r'].lcl ‘ l On

:'tc can. funthor 9plxiy the‘equnticns;(za) ~and  (2D)

Cintos
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i PR sa—

. vy = 2 &
e =Py ()

where V"~ is the laplacian-operatcr in two dinmensicn and

Y =d1,/3%+) v 7Y o

i
|

b

k* (s)=2 (/u»x11)/(z1-32) (1-v*) 1s, (Tsﬂ)

A set of solutions that satisfies equaticans (3) 'and

| - . e g
Ul y) = 2 usaa,-ia =3 (A‘P_w—A )+— 1[0‘ (Be —+B& )}

mz=0

o | o bx . -bx
+ ‘Z: Sndy i ; o(‘(A" -A€” ) bff,(; ( gac e )}
W20 : [ '

[
| ;

| | a ( _bx. Lx

n=o
: ‘ o x' -cQ( ’ L ' bx 5 =bx:- :
. 5: s.noiai___w e in e )~ —2__;.(65e ~8,e )},
M=0 a_—-,( ’ ’ : S ‘bff( : S ’
whc'e, ;
__k ma
= o )

o = J *‘u -‘2‘_—:

b = [ X

oy



‘dlong a siiall portion of tne houndary.

~and iynove friction. L
N : T ! Teld

T 6
| B T
The coeffitients A1,82,.0.++,83,B4 are“functions ‘of =m.

NOticé”Mgﬁgp “the disbiacement fields decay exponerntially

with X and" the ‘decay corstants, a and b, are time-

depcndert.

3oundary conditicers. .

’ iy \_‘ { : ’ I - :
Great narthduakes and treir aftersnocxs ‘yqu occur

- To simulate a fln-

1tn ruoture ZCNne, vwe apgly ;a unlt dlspLacaﬁentqiin the

uatcked area fromry -D to y =D throujnoat t}c tthkquS H1

(Jee flgurp 1) Tﬁé rema;n@gr of this Loundary 'is fixed

"the X dl[GCthDe;ijlGLEe -2 gives a top view of the

'

.'!J
mo&el:aqd a’brief summary of the boundary conditions.

Notioﬁf:in the*y direction is§a110wed at tte trefdch. fThe
' B : . N

rxd;e sxde is assuced tc ke =tte=s free.* &lony the ot her

two ‘Lounddcles, "we conf*re the motion to the Y dlrectlon

| g

~dathematically, these ccnditions aresr=_ ~7

U (C, y')‘gn/cf " 'Zi_m,ygin:(yolri'n)” cos ( o‘(-Yv) /(XC) .
Ix(L,Y)= Txy(L,m=0

S V(X,tC)=0



WAtk iy A A 8 b iy NI - I iy A m -y L e b= G

£
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Usiny these toundary conditicns and ejuaticns (3), - ..
(4), we obtain time-derendent coefficients with the same
fotn as those in two dimensional-elastic case . Iaverting
| to, tlhe time dowmain from 'the Laplace dcmain with the Fast
¥ Fourier transform, simple numerical solution results
]T: . . S
1 (Dubner and Atate,1S68).
Fesults e
T In most of the figuxeé*shcﬁr below, we use two kinds
of units, dimensionless tnit and dimensional unit. For
dimensicnal unit we refer to
1=5000kn
C=40V0km
H1=100km
N2=60km
D=500km
M=.7el11 dynescr
2=1.7e12 dyne/cr
T=7€7 sec '
7=3019 poise
e assume 1.6 meters horizental' displacement norral
to the rupture zcne tc sirulate earthquake slip.
The u displacement parallel to the x-axis at dis-
P o ‘ R s ' R s
. tances of 400,800, and 1200 km frcr the trench ate shcown irn
i S . ; AT ; ; - St
fijure 2. At tine O,7hhe disturtance at' plate bciandary
effects ‘only adjacent regicns of the }platé.‘ As tine
Cincreases, it gradually propagates deeper into the plate.




this directicn.

The veloc1ty as a_ functior c¢f time alonyg the 'x-axis
L ; -
is "shkewn in flgure 4. The effect of the asthenospheric

strjess telaxaticn'is ob vious. The shape of the Velocity

curve’nis similar to those in cur one dimensicnal moie l,

| . L - | l l B
which-assumes an infinite fa plt' hoaeve:, the magnltuqn of
H i L

|

i y “

thefimaximup'ivelgcity is- ller ‘than the one dlnenalonal

’ ;
case. For exanple, the maxlmum velocxtyxatk QOO kr from

¥

the fault is abcut 257 spall. This suggests that fault

length is one impcrtant factor for propanatlon velocxty. ==

i : P
’ - ' RN i
e V |

Figure 5 shows the v dlcrlacement aloug the pq§§t1ve

-
el

[ — SR

alwayb occurq at éhe end o: the rupture zoner - The dis-

‘ i 1 . - ; : ; :
placement} f*eld decayc ex;c entiallquw1th time. The
| ; .
S S T

rel axatlox ffcct is not obvious irn thls dlrectlon vecause

our dinitial displacement is essentially perpendicular to

H !
rt thé'ig;me cf iFe edrthcuaxe very hlgbw Skaar

stresses (about 110 Jacs) cccur at- the end of the ructure

zone as shown in tlgure €. The negative sign, repcesents

~the orientaticn of the shkear. These are dependent on the

toarnaaery conditicns.

The time dependent soluticn of stress G’f*”at} dizen-

sicnléss'distanccs 0,4,8 axcng trc'w Ax is ;S surwu in 'lg-

,u:ev7. or a 1 6 - netct bnrlvontal Cllp at the, bOlﬁ’l”Y,

Y axis at tlme O 5,10, 20 uo 4Fe max1mum v-displaceaent -

]

1



3. Sumnarcy : ,

the |stress ath=0 is about 22.5 bars, which is consistent

with finlte element calculatlons {Yang, i979).‘ The ;SFFSS

decdays exponentially with distance for short time inter- .

vals after the earthguake-disturbarnce. At several  hun-
!
I N . - -
dreds of kilometer away frcm the boundary ,the relaxation

[
!

cffect is again significant.

Figure 8- ls the d1=tr1tut1cn of stress 6’1 along the

y-axis, = For short” times, the stress o'x changes sign

'across tbe*toundary of the rubture zcne. ‘at y=800km. l A

P y
sulden slip in the rupture zone 1ncreascs'tke stress level

i
i

outside of tke zone ;drallel to t}e rlate bdﬁnda:y.r Thisn:

%
sli4yht 1increase 'in stre ss may trljger eauthﬂaakes in tbe
nelgl;orlnq area along the plate Lounaaty if the  tectaonic

stress level is already large.

Cur two dimensional analytlcal study of stress propa-
gation & has bheen-coapleted. Although thigwis a simple two

layer mcdel, 1it gives results that ﬂéta1n the significant

features fourd in nrore . comrllcared fini elcﬂcnt ncd;ls.

-

it alsc Lrov1des scme chysical ln lgnt suca’ the tize-

dqependent ‘expcncntial decay;constant of the displacenent

and stross fields anu allow us to undetstand, the [process
in sone Jdotail. Howeve:, it is rot ea51ly jcnerallzed to

ecific regicns. cur futire study ‘wlll < ar centrate on



e 10

: - - o
the -development of an ‘'infinite element' based cn cur
analytical sclutions to simplify three dimensional finite

.

elenent modelling.

|
!
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-FIGJRE 1

Finite twc-dirensicnal rlate modeIM”wi£E°ﬁlength“‘L,
.

xidth 2C, 'thickness _of tte lithosphere 1, and the

astherncsphreic thickress H2. Tte hatch2d . artea

represents the finite répture zone at the plate boun -
dary with width 2D. " Tke x-coordinate is ‘mcrmal to
the plate boundary and the7y-coocdinéte is'parallel

"to the ;late'boundaryé " The origin is located at’ ‘the

center  O0f the "fault®". %e apply a unit displacement"

throughout the thickness of the ‘lithcsphg;e“in the

rupture zcne tc simulate an earthjuake.
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| ; < F1GURE_ 2 R |

This is the top dggw cf the model. A unit;:di$glace-
mentﬁ«ix1 ﬁhg ‘rﬁﬁiure zone normal to the trench'is
aﬁglied to simulate earthquake slip. ;KE‘yrést jéf
this lEoundary :;sﬁfixed tociﬁe x—directiqn;%howevég;
inotibn in the y—d:i’:w_gectio‘n is allowed. @he‘ D.;Ld,&}e 'éfide
is assgunred ]go be stress frea; Alorg the other two
toun‘dak::iosk, we':ccnfine the motionk to the y direct‘ion
“and iynore friction. |
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T ] . BASIC EQUATION : 3% _ g
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1O EXTENDED_TO PLANE STRESS PROBLEM

2
oo

>
0O
TrT7?

Ao

~ TRENCH

o BOUNDARY COND¢TIONS

1) UN;n X= DISPLACEMENT IN THE RUPTURE ZONE

2) RLDGE IS STRESS FREE j ! ff"- Ei?“ﬁ

{
t

 ’33 ZERO Y- D¢SPLACtMENT ‘ON THE OTHER“TWO“BGUNDAR¢ES—-




FIGURE I . B

- < N frmy
The u—d;splacement rarallel to the x axis. %ﬂistanFes

- are non*dlmenxlonallyed by ﬁﬂb thchness’ of the

lltxoaglere.. The nunher ny the curve is the t"\:umen--

sionless;mtlme. : Athtlme 0., the dis turcance at plate

louqdary eftect only adjacent regicns. As time

increases,it graduvally prcpagates deeper into the

plate. R ;' - B N

!
FIGURE 4 |

¥ =
i B

1 o - . L o
{ H N
i

, - R | | —
Thc volorlty (time derivative of the U'ulsplaCPﬂcnt)

' RN

as- a | function ox tlﬁ auong tte X-aYlo at x=4, 8 ﬂ2§

: )
fThe e;fect of tHe asthenocp}erlc strnas relaxation is

obvlops. The maxlmumf,velocityVat x:&_is about 25%

‘sraller than the corresponding one dimensional;Case.



B Y XU <o gont SNPLE PR

DISPLACEMENT

. ® . . ‘ PR PR TR r_‘_ —

i | e —— el

e 4 | .38 . 2
~~ DISTANCE FROM ORIGIN. -

e
‘fF‘i‘gu‘re 3




. VELOCITY AT X-AXIS |
8 |25 58 5

188

e
| 125

150

175

[ N
R . ¥

4
:127 | N _

ol l ' L B 1

18 2 33 42 5%
©~ DIMENSIONLESS TIME

. Figure 4 | |

o
O F

7%

89

e

|

=

!

‘9

[

CHA/WDD ALTIOTIIA

i
|



FIGURE 5 SRR

”he v d*splacement along t}e nosxtlve Y’dlIGCtlun at

‘timze 0, 5 10 20,40. The azaximum dlsplace.ent oc#uraxT

!
i

at the end of the tuptur rg ; plaﬂeaemt . decays
rapidly fat Qhort time. Tre relaxatlcn effect is rot

obvious in this direction becatse of the dlrectlon of

initial conditiorns.

ed

IGUEE 6
(

P ! ] L
i | : . : i j
5 t

T

SheoAL ¢ trcss alonq the pOSlt‘VE Yy ékis.“'ihe dinmen-

5icnal units is ostalnen u:;rg the parameters speci-
fied in the text. Ver y YL h shear stress occur=-at
| - ’

the end of the frupture zore. The negative sign

relreb ents tho cr1cnta1tnn cf tte‘sheac.k
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g FIGURS. 7

i » L o ,;:;‘:‘; : : . : .
The stress o'x at dimensionless distances 0,4,8 alcng

the axis. For a 1.6 meter horizontal slip at the

boundary;

“the rmaxirum stress right behind the rupture

20re, is atout 22.5 tars. At greater distances, the

stress relaxation is sigynificant.

~__FFIGNRE 8 - . o
Tistributicn—of stress Ox along the ¥y axis. For

s.ort tires, the stress changes. sign across.the boun-

dary of the rupture zone. A slip in-the regative x

direction increases the ccmpressional stress outside

"of the rupture zone parallel tc the 'plate boundary.

‘This rmight trigger earthguakes where the tectonic L

stress is already bigh. o R e

16
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'1975; Thatcher,;l975a b; Budlansky and--Amazigo, 19767

l'

PART 2: TIME DEPENDENT DEFORMATION AND STRESS RELAXATION
AFTER STRIKE SLIP EARTHQUAKES

1. INTRODUCTION

Great damaéefhas beenwcaused bimshallow strike slip
earthquakes along plete boundaries im vafiousipartsfof the
world. The mechanism ofjtheseiearthquakes has long'interested“

P -

seismologists. The study of geodeﬁicimeasurements of th?,
lQAGSan %ranciscofearth&uakemled to the formulation of
elastlc‘rebound theory (Reld 1910), much of which has
remained a. ba51c tenet on earthquake mechanism. The
continuous study. of accumulatlon, release and relaxatlon

mechanism of strike Sllp earthquahes (e.g. Chlnnery, 19611

‘Scholz and FltCh, 1969'VTurcotte and Soence, 1974; Savageﬁw:

Rundle

,and,Jackson, 1977a,b; Savage anlerescott 1978 Savage} ﬂ97b;

Thatcher, 1979; Turcotte et al., l979) Much of the study

used geodetlc measurements near the fault zone. In partlcular,

statlc elast1c1ty and dlslocatlon theory have often been applied

to the study. S

StresS“accumulaEion, release and relaxation are tlme

; dependent phenomena. ThlS is evident from geodetlc data, the

L

ymlgratlon behaV1or of earthquakes and asthenospherlc v150051ty.

In recent years,. there ‘have been 1nten51ve geodetic and creep

-

fmeasurements in the San Andreas fault zone, and ultra ‘precise

’space technology has been applled to geodetlc measurements

(e.g.“Nlell,et al., 1979; Smlth et'al,,j1979).-.Accurate

¢



-
data will be available in the near future on the time

dependence of crustal deformation. A detailed, three-
dlmen51onal time dependent model w1ll ‘be necessary for . =

1nterpretat10n of such data. On the other hand, earthquake

mlgtatlon phenomenon have been observed along plate boundarles,

most noticeably along the North Anatolian fault (e.g. Moglh, o

[—

1968; Allen,: 1969; Dewey, 1976; Toksdz et a}3L11979).

ST i B

Explaining this time dependent phenomencii also calls for =

time dependent models.

. We calculated the long term time dependent response of
B
a seét of models of strike slip events. The effect of —

|

: relafakion is isolated for the calculation. Most of the f*
 éreVic$s;attempts to model time dependent tectonic phenomenon
' afterrearthquakes used two-dimensional models (e.g., Nur
iand Mayko;;1974; Bischke, 1974; Smith, 1974; Savage and

Prescott; 1978; Thatcher and Rundle, 1979; Melosh and

I
i

31 Raefsky, 1979) or simple layer and half space solutions

= ;
(Rosenman and Slngh 1973a,b; Barker, 1976; Rundle and .

Jacksoh+ 1977a,b; Cohen, 1979; Cohen and Cook, 1979; - RN

_ Lehner!et al., 1979). Two-dimensional models assume

“;anfinfinite long fault, and the effects in the region beyond‘§

‘T«gthe fault tip cannot be described.  However, in this papenlg

 we show that there are significant effects in the reglon~

fbeyond the‘fault tip. for strlke sllp events. Laterally

b

"homogeneous models that assume no lateral heterogeneltles -

5 vki;f;‘across the fault zone over51mpllfy the near-source problem.irt“'°'
Most data 1nd1cate the presence of lateral heterogeneltles

~ near the_fault, L -

1
|
i S ' R S ;.,;;w_'.‘.-_t,___.a,_a-_;m._‘_Ma DT
|
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In this paper, we ptesent time dependent calculations
for finite strike-slip faults in 1aterall§ heterogeneous
media. We use the three-dimensional fﬂni%e element method
to model sthikenslip events : The*ferward problem is set up
to predict tlme dependent deformatlon and stress after a strlke
sllp event for years and tens of years. The models are
chosen for representatlve earthquakes to show the characteristic
time dependentkfeatures of strike slip events. The boundaries
of inhomogeneities in the models are kept geometrically simple.
The model results indicate that geodetic measurements afterr &
- an event may provide information on rheological propetties
near the fault zone which are vitally related to earthquake
occutreneeQ
II. MODEL DESCRIPTIONS ,

{
Fault Models

We present the computatlon for two classcs of models, one'
for a glcat earthquake, and the other Eor a moderate size
earthquake. Due to umcertalnty in the v15c051ty structure,
Sevexal sets of v150051ty values for the same fault model
are used to’shom arrange Of possible resnlts. We ateu
ylntcrcsted 1n the general behav1or of rela\atlonl -No attempt‘ =
M‘lS made to model a spec1flc leglon 1n detail. However, thed“
tfault dlsplacement and dlmen51on for gleat earthquake models~
(Gl G2 and G3) are comparablc to tnose of the 1906 San
: Francxsco earthquake or the 1939 North Anatollan earthquake

‘Thevdlmen51en for,fault models Ml and~M2’are approprlate




hFlgure l
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for a magnltude 5.5-6.0 earthquake such as the Coyote Lake

earthquake of 1979 M= 5.7).

We model the strlke slip earthquake as a suddenwslip

on‘two sides of a ectangular vertical . fault surface. The
}

offset values are prescrlbed, and the subsequent dlsplacements

and relaxation are computed. We assume'that the slip on

fault stops after the step functlon sllp.f lhis probably

will hapoen 1f dev1ator1c tectonlc stresses are relieved
|

near the fault zone and friction again takes over, and the

reglon deforms 1n a coherent manner. However, there may be

cases where thls condltlon is violated. Slow~aftersiip is

sometlmes observed after an earthquake (e g., Burford 1972

Buckham et al., 1977 """" Coppersmlth et él.,‘l979) If

”aftersllp does not last long relatlve to relaxatlon tlme

(years) the‘long term effect w1ll be 51m11ar to a step

functlon.

_ The model region for models Gl G2 and G3 is 2740 km ’
. ——— J -
long, 2320 km wide and 700 km deep.x The fault is a rectangle
.
350 km long and extends vertlcally from 0 to 40 km depth

[ ‘.
The relatlve fault offset is 5 meters Stllke Sllp, except

..... ;,MWL“”

:fthat near the edges of the fault area it tapers off. The

zero at 40 km depth7~and'1t tapers off 11nearly to zero at'

35 km from the tlps along the strlke dlrectlon as shown lnfs‘

The model reglon for models Ml and M2 ls 196 km long, ;

}169 km w1de and 80 km deep The fault is a vertlcal



rectangle 20 km longéaha 12 km deep. The modeipearthquake

has no surfage rupture. It has*relative offset of 30 cm

from 3 to 9 km depth, and the offset tapers off llnearly

to zero from 9 to 12 km depth and 3 to 0 km depth. It also
|

tapers off linearly to zero at 2.5 km from tips along the

strike direction (Flgure 2).

Material Properties
; Thereris controversy over'the laws governing creep
behavior of earth material (Weertman, 1978). ‘Linear Newtonian
behavior of the mantle fits the post-glacial rebound data,
but laboratory rock mechanics experiments show non-linear
creep behavior. For calculation of perturbation caused by
the earthquake, we choose‘theiinear‘viscoelastic models,
“simply because viscoelastic material contains the essential
elements of time dependent relaxation phenomena, while the
assumption of linearity greatiy simplifies the thsical
picture, as we can seéparate the effect of perturbations
caused by the earthquake. |
The materlal in the model is assumedito be elastlc in
:buik and maxwellian v1scoelast1c in dlstortlon. The short term ‘
 elast1c constants of earth vary slowly in space (Hadden nd
~Bullen, 1969) On the other hand the v150051ty value changes
‘,by orders of magnltude from llthosphele to asthenosphere ' |

:1(Cathles,,lQ?o;‘Peltrer and Andrews,l976). " The contrlbutiong



to v1scoelast1c relaxatlon due to changes in elastic parameters

is thereforefrelatuvely unimportant. In order that we do not
unnecessarllY“complicate the physical picture, we assumerlnt;hﬁ
all the models that the elastic parameters are uniform in

the{region,_ylth bulk modulus 1.3 x 1012 dyne/cm2 and PoiSson's

ratio 0.25.! The different model results will be due to
different viscosity structures in the models. e &Tl_l

The v1scos1ty of the earth is not a well[constralned
quantlty, espec1ally near a tectonlcally actlve zone such
as L transform fault. The llthosphere in general canw
w1thstand dev1ator1c stresses forralmllllon years“or longer.
The thlckness of the elastlc llthosphere 1nlcont1nental

i

reglons is probably greater than 50 km.» The asthenosphere'

v

has a_ VlSCOSlty va&ue orders of magnltude smaller‘th an the

Nk | b !
llthosphere. “From analyses of post glac1al rebound data,
b ‘

the 1ow vi50051ty layer beneath the llthosphere can be on

20

the order of 10 poise (Cathles,_1975; Peltler and Andrews,

31976) The low v1sc051ty 1mp11es that dev1ator1c stresses

"cannot be sustalned there for a tlme scale larger than several

3 ! S -
years to_decades.glar Lo T I
Lo o :

' earthquakes are observ ':suggests lateral heterogeneltles.
For examples, in the San Andreas fault zone earthquakes are
rzusually shallower than 10 to 15 km, 1ndlcat1nc'that stress_

“is belng relleved anelastlcally below thls depth. This
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thickness of the "seismo-genic" layer isisimply too small

compared to the generally accepted lithospheric thickness,

suggeatlng that a.iow v150051ty zone may ex1st under the.f;

b

fauls. LaChenbr“Ch and Sass (1973, 1979) found that the

San Andreas fault eystem is contalned 1n a broad zone of
; ;

hlgh heat flow anomaly. They concluded that the, thln‘j

seismo- genlc layer is more brlttle than the 1ayer beneath

1t,1mply1ng the p0551b111ty of shallow low v150051ty 'zone

there. Theoretically, the shearlng!motlon should also cause
temperature and v1sc051tymstructure to vary laterally (Yuan
et al:;ﬁl978). ’Three;dimensional inhomogeneities in elastic
parameters are,also’observed in tectonicaily active regions
(Zandt, 1978) -although it is difficult to estimate viscosity
structures from elastic parameters.

There is little information on the viscosity in a
fault zone. Budiansky and Amazigo (1978) estimate the

: l ,
effectlve v1sc051ty" of llthospheré to be 1021 p01se in

california. Nur and Mavko (1974) and Smlth (1974) analyzed

" the vertical deformatlon of the 1946 Nankaldo earthquake and

-~ conclude the v1sc051ty value below the elastic llthosphere is

on the order of 1019t01D20}xnse, Thatcher and‘Rundle (1979)
found that a viscosity value of about 5 x 1020 poise in the

asthenosphere hear Japan f1ts geodetlc measurements. It

is plausxble that the shearlng motion and hlgher temperature

'1n the fault zone make the v1sc051ty lower than in 1ts,

| adjacent~reglons.' We will carry out calculatlons for a




range of viscosity values.
~Great earthquake model Gl is the control model; a
layered structure is assumed. The lithosphere extends to- -

80 km depth; it is given‘a viscosity value of 1025 poise

from 0 to 40 km, and 1024

poise from 40 to 80 km depth.
A low v1sc051ty layer extends from 80 to 180 km depth
w1th a viscosity value of 1020 poise. Below 180 km, the

22

mantle viscosity is assumed to be 10 p01se as shown 1n

Figure 3 ,

More reallstlc models 1ncorporate lateral heterogeneltles
across - the fault In model G2, a low‘vlsc051ty zone”rlslngfw‘
to 20 km below the SQrface and'extenaing 140 km on eachzside
of the:fauit is'asshmed; Thekviscosity value is assumed to
be 1020 puvise, the same as in the low viscoslty asthenosphere
extending’trom 80 to 180 km depth. Calculations show that
dlfferences 1n resultlng tlme dependent deformatlon and stress

relaxation between model Gl ‘and G2 are 51gn1f1cant. Model u3}

‘has propertles 1ntermed1ate‘between,model 1 and‘2, with the
, M o ‘

low yiscositf'layer eitending to 40 km depth. For moderate
earthquake models M1 and MZ we assume that under the fault
the low viscosity zone extends to shallower depths. far'
away from the fault the llthosphere 1s 80 km thlck Both
'models assumezthat from 12 km to 46 km depth there 1s_a'
low viscosity zore 40 km wide on each side of - the fault;

from 46 km to 80 km depth, it is 70 km wide as shown in



Figure 4. Fast relaxation time is assumed for model M1

19

(viscosity lO poise) to establish the maximum possible

effect of relaxatlon.u ‘Model M2 assumes the low viscosity

value to be 1029 poise.

computatlonal Scheme

; We uae three—d1mens1onal time dependent flnlte element
models to calculate time dependent motions follow1ng an

P
earthqueke. We comblne the frontal solution tecnnlque
(Irons;, 1970) to tne;unified time stepping approech e
(Zienkiewicz and Cormeau, 1974) for a versatile and efrieient

solution scheme. The calculation scheme is described in

Appendix A. .

~Due to symmetry offa:vertical strike sllp earthquake,
only a quarter of the reglon is needed to be modelled in
the numerlcal scheme. All the models in this study use 720
elements and 2982 degrees of freedom.»lTheigrld structure of
moderate earthquake models is‘a‘scaled grid of great
earthquake models. .FigureMS is the te@fview of“thewgrid
strueture?er‘bdtﬁ‘classes of models. The three-dimensional
model‘lsdmade up oféseven‘identical grid surfaces. The
element is 1n 8 node, 24 degrees of freedom hexahedron
w1th 8 gau551an 1ntegratlon statlons. Elements w1th 27
1nte;ratron statlons have been used on some models.d‘The

results are nearly identical with those of 8 integration

stations.
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" Since only a guarter of the region is used in the

numerlcal scheme, the boundary condltlons must 51mulate

those of the complete strlke slip fault. The fault area

1s;conta1ned in the boundary plane x = OW(Fidure 5). The

boundary planemy = 0 is a symmetry surface bisecting the

physical fault model. On plane y = 0 the displacement in
X dlrectlon is constralned on plane x1= 0 the dlsplacement

in y dlrectlon is . constralned, except on-the fault surface

half the fault offset value is prescribed. The effect

caused by the event'decreases with distancehfrom the. fault.

We choose a region large enough such that theiartificial

external boundary condltlon does not 1nfluence the behav1or

of the region we‘are 1nterested in. We used rigid and

free boundary condltlons on the 51des of the reglon. We

present results only for those elements where resultlng
stresses differ by less than a few per cent for these two

extreme cases;f'We‘used 12 time steps for models Gl, G2

and G3 to calculate time dependent Qalues for up to 49
years”aﬁterfthe event. For thiu lithosphere ahd fast
relaxing models M1 and M2, we used 14 time steps for
9.5 years afterrthe event.

III. Model ﬁesults

Great Earthquake Models

The results of time dependent deformatlon and stress

from dlfferent models are presented and compared in thls

section. . Model Gl is the control model with a laterallyrr
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homogeneous layered structure. The horizontal displacements
on free surfaoe at selected locations for model Gl are

shown in Figure 6a. The four figures give the horizontal
dlsplacements at tlme = 0,‘9‘5 25 and 4§“years after event,_

t i

respectlvely. The initial (time = 0) pattern is typical of a strike

'slip fault in elastlc media. Afterwards the displacement

gradually increasee with time. The initial displacements
decrease- very ﬁast?with distance from the fault. The
relaxation proéeés[spreads the deformatlon outward from

>S PE
1

the fault zone,

In contrast with model G1, model G2 has a lowwviscosity

 zone extending to Shallow'depth‘near fault. gihe result of

N »
horizontal displacement on free surface at' selected locations

is given in Figure 6b. The:instantaneous reeponse is the
same as for model Gl,isince they have the same elastic

\

parameters. However, the. magnltude of time dependent
dlsplacement 1§ nuch larger and concentrated near the fault
zone‘(where the low viscosity zone is shallow) . @he time
dependent effeéte can:he seen“moreeciéarly in Figures~7a

and 7b, where the dlsplacements along the llne perpendlcular

to the center of fault (x axis 1n Flgure l) are shown.  Near

the fault zone the tlme dependent deformatlon is in general

Vsmall compared to the 1nstantaneous response for model Gl,

whlle the shallow low viscosity 2zone rn model G2 significantly

increases the magnltude of time dependent dlsplacement.’
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The’oontoursuof vertical displacemention free surface
immediately after the event -are shown in;Figure 8a. Alsorm
shown (Fig. 8b) are the snear stress contours. The reSults
are &hat we expect from a shallow strike'slip event. In |
the yertical_displacement figure:there is subsidence in a
broad area;in the upper right quadrant, exceﬁtvnear the |
faultrtip. 6ur grid resoiution cannot resolve the very small

uplift zone near the fault tip, but the overall pattern is
very similar to that of the analytlc half soace solutlon of
Chlnnery (1961) . Subsequent tlme:dependences show "
characterlstlc dlfferences between layered and lateral
1nhomogeneous models. The contours of vertlcal dlsplacement'
change after the event (total dlsplacement mlnus ~instantaneous
response) at 5 and 25 years,after;the;event for modeljgl ‘and
are given in Figures 9a and 9b. rThemresultsfor nodel G2 are
given in Figures loajand}ldb.j On the upper right duadrant,
for model Gl the time dependent‘vertical movement is;continous
subsidence near the faultléone,éand uplift away from it. This
resulthis‘expectedzif”the norizontal displacement is
spreading‘out from the'near fault region.: The madnitude of

thls vertlcal movement is on the order of several centlmeters.

- In contrast, the results for model G2 1s contlnuous upllft

throughout the upper rlght quadrant. The phy51cal'reason
for this difference can be,seenuﬁrom the horizontal
displacement plots (Figures 6azandg6b\. In the upper right
guadrant in the‘figure, the "flou éattern"~of the strike

1

slip event is such that material



12a and l2b where Oy
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‘ o

enters the. near fault zone parallel torthevstrike direction,
but 1eaves the fault zone in the direct101 45 degrees from
the strike direction at large distances. The low VlSCOSlty
channel near the fault zone makes it easier for material to
enter the fault zone; the thicker lithosphere beyond the
low Visc051ty channel forms a barrier for material to fan out,
thus. material piles up near the fault %one and a bulge o
results. The uplift in model G2 is about 15 cm in 25 years. |
This effect is measurable by geodetic means, and could serve
as - a tool for investigating the v1sc051ty structure of the N
fault zone. - ‘ |
Another interesting phenomenon is‘the time?dependentzm
character of the stress relaxation forwthese two different
models. The instantaneous perturbation of horizontal shear
stress component O’Y
slip eventjis shown in Figure 8b, and ¢

at 10 km depth caused by the strike
xy at 25 years‘later
is shown in Figures 1la and llb for models Gl and G2
respectively. Before the event ;due to relative plate

motion the stress component Oxy should prevail near the’ww

fault zone. The earthquake relieve the prestress along the

fault, but reenforces the prestreSs ‘in front of the fault

tlp.é More detailed time dependency can be seen in Figures

Xy v time at selected pOSitions is shown.

It can be seen that along the side of the fault, O xy is

negative, implying the prestress is relieved. However,
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viscoelastic relaxation in general accelerates the stress
recovery. . In front of the fault’ tlp, °xy is p051t1ve, and

the prestress is reenforced This result of reenforcement

of prestress has been considered to be the cause of secondary
faulting (Chinnery, 1966) or creep and aftershocks in front

of fault tip (Scholz et al.; 1969) The earthquake may in

time trigger subsequent events along the same fault. |
However, for the uniform thick lithosphere?model Gl, the :
timeidependent'stressbis small coﬁpared to‘the instantaneous
response, in this case subsequent earthquakes should happen
immediately after the event rather than belng delayed for
years. Aftershocks,located ‘at the end of the main shock

fit this picture, however; the Short”time delay of the
aftershock is most likely due to local inhomogeneities

and creep. type relaxatlon rather than large scale mantle
relaxation. On the other hand, rfor the laterally ﬁnhomogeneous
model G2, a SLgnlflcant portlon of the perturblng stress‘in?
front of fault tip is accumulated years after the eventr
The pertUrbing stress 1évé1s off a~fewhdecaées after«the
event. This. accelerated stress accumulatlon in front of thef*
region of a strike slip fault makes the chance of‘earthquake
happenlng greater durlng the several decades after the event.
Trlggered events can then happen years after the triggering

event, as long as the stress dlffus1on is reenforc1ng the

prestress. The earthquake seqUence after the 1939 North
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Anatolian event (Toksoz et al., 1979) is consistent with this
stress diffusion mechanism. -

‘It has been reported (Thatcher, 1975a) that the strain.
accumulation near the fault after the 1906 San Francisco
event was eplsodlc. the average straln rate parallel to the
fault was about 2.5 x 10~° per year for about 25 years after
the event, and 0.6 x 10~6 per year afterwards. For model Gl,
the average strhin rate at a point 18 km away from the faule
is aboutwo.l x 107° per yvear, nuch'less than the observed 7
value. The relaxation does not haVe an episodic behavior
either. Thls simple model does not explain the 1906 data.

For the laterally 1nhomogeneous model G2, the average strain

rate at 18 km away from the fault is about 1.0 x 107° per

year, 51m11ar to the observed values of the 1906 San Francisco

I
earthquake. The taperlng off of accelerated strain rate 1nj

about 30 years is also con51stent with the San Francisco
earthquake. The model is not a model of the San Francisco
earthquake in detall however, the results indicate that if
the low v1sc051ty extends to shallow depth under the fault,
v1scoe1ast1c relaxatlon can contrlbute 51gn1f1cantly to the
time dependent deformatlon. - H

Model G3 has the low v1sc051ty ‘channel to 40 km depth
instead of 20 km in model G2. gThe;resu;ts are 1ntermedrate
between»Gl;and GQ.WVFigure 13 conpares the contours of
Vertlcal displacement change at 25 years after the event

S

for model G2 and G3. The result for model G3 in the upper
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right quadraat;is a broad region of uplift, and a small
region of slith subsidence near the fault tip. This”-‘=
indicates that time dependent vertical displacement is
sensitive to the viscosity structure. Figure 14 compares
‘the shear stress Oy at selécted positons vs. time for
models G2 and G3. There is accelerated strain rate a few
decades after the event for model G3, but the magnitude is
smaller than that of model GZ = 1w,

Moderate Size Strike Slip Earthquake Models

Models Ml and M2 are models of moderate size earthquakes
with buried faults. Model M1l is the fast relaxation model,
with viscosity lolggpoise in the low viscosity zone, while
model My uses viSCOsity 1020 poise instead. “Thefhdriaental
displacements at selected locations on free surface are
shown in Figures 1l5a ahd 15b. The results are generally a
gradual increase in maqnitude, Figure “16 shows the
instantaneous response of vertical deformation on free
surface. In the upper right quadrant, there is a relatively
broad region of upllft near the fault, and subs1dence far
away. Thls is expected for ar- fault with- large fault- depth
to length ratlo (0{6-1n thls‘case). The vertical deformatlon;»
changes at 9.5 vearsdiater are given in Figures 17a and 17b. .
For both models ‘M1 and M2, in the upper right quadrant,
the vertical deformatlon is sub51dence near the fault zone

and uplift far away from the fault, similar to that of the
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layered medium casegv This is probably becaus%ﬁthe Qidth
of the low viscosity chanﬁel‘is relatiVely large compared{
to the earthquakeuféult dimension. The magnitude of time
dependent vertical deformation is small, generally less
than 1 cm. -
Figure 18“giveé the time depen@ence of shea¥ stress

[ - ;
at selected locations at 7.5 km depth. ' We again see

Oxy
the prestress is relieved along,thé fault, énd reenfofced
in front of the faulté  The timeidépendencevis qaité
differenﬁ for the two models: significant chahgesare~
cbmpleted within 5 years after the event for model M1,
while the relaxation is linear in mod:s1l M2 for the first

decades. Though the maghitudes of quantities involved ih

those moderate earthquakes are of marginal use with the

_precision of present day available geodetic data, the

result may be useful in conjunction with hore precise and
fast geodetic measurements in the future to infer the
detailed structure near a fault zone.
IV. Discussion

In this study, we caléuiated time—debeﬁdent stress
relaxation and deformation fsr large and moderate size
earthquakes ﬁsing different models.  To compare these to
Observations we look at space-time migraﬁion of |
seismicity and’to geodetic data. Migration of seismicity

along plate boundaries has been observed in South America
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(Kelleher, l§72), the West Pacific (Mogi, 1968), Alaska-
Aleutian (Kelleher, l970lﬁlthe“san hndreas Fault zone B
(e;g. Wood and Allen, 1973; Lee et al., 1979), and the North
Anatolian fault zone (e.g. Richter, 1958;mMogi, 1968;

[

sayage, 1971; Dewey, 1976; Toks8z et al., 1979). In the

case of the North Anatolian faults there was a relatively
qulescent period in se1sm1c1ty prior to 1939 A bi-
directional trend of seismic mlgratlon followed the great
earthquake of 1939 (Toksdz,et al., 1979),‘ The occurrence of
a sequence of events in rapld succe551on favors an accelerated
stress accumulatlon process. In~all the model results in
sectlon III there is an accelerated stress accumulation
process in the reglon “in front of the fault tlp. The%
magnltude‘of thls accelerated stress accumulatlon is
significant if a low v150051ty zone under the fault extends
to . a depth of 40 km or 1ess below the surface.

] Fhe poss1ble scenarlo for the loccurrence of a sequence

ofgearthquake follows.‘ The initial earthquake happens when

stress accumulation exceeds the material strength. After

this event,;thezstress accumulation accelerates in the
.’ ‘ H

reglon in front of the fault tlp. The next earthquake

happens when the comblnatlon of dlffused stress. and 1n1t1al

- stress exceeds the strength; in turn this trlggered earthquake

triggers the next events in an adjacent region. The process

“continues until the stress along the whole fault zone is
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relieved. This episode is then followedib;ka slow stress
accumulation stage and relative quiescence in selsm1c1ty
Aftershocks that 1mmed1ately follow the earthquake are .
probably due to local stress adjustments. Creep resultlng
from stress changes at the 1mmed1ate v101n1ty of the source

may result in relatlvely rapld stress adjustments in the

source area. Mlgratlon of earthquakes in time may be

] !

‘related to v1scoelastlc relaxatlon and stress diffusion.

Tlme-dependent horlzontal and vertlcal motlons after a
strlke slip extent strohgly depend oh the v150051t1esé
under and hearhthe fahlt zone. -~ Although horlzontal |
displacementstare much larger than vertrcal, in thlS study
we found that the time dependent behavior of vertical
displacement is very sensitive to lateral’heterogeneities
of viscosity distribution. The bulge or subsidence formed
after a great earthduake is of measﬁreable magnitude. Thus |
levelling, in addition to horizontal geodetic measurements,
after a great strike-slip-earthquake will reveal the structure

near the fault zone.

[ . . .2 ‘ . . ; Lo Do
Deep aseismic slip below the seismo-genic layer 1is

{

’suspected of playing an importantyrole in earthquake mechanism.

Thatcher (1975a) reported accelerated strain rate decades

prior to and after the 1906 San Francisco earthquake, and

~this can be explained by deep aseismic slip. Several studies

have found that it is difficult to distinguish the effects

of deep aseismic s$lip and viscoelastic relaxation from
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geodetic measurements alone (Barker, 1976; Rundle and
Jackson, 1977a,b; Savage and Prescott, 1978) However,
this argument was based on calculatlons u31ng laterally
homogeneous layered models<and'comgarlsons of the surface
defbrmation caused by viscoelastic relaxation and a certainﬂ|
static dislocation at depth. As pointed out by Savage and
Prescotti(l§78), _there are 1nherent dlfflcultles in using
a 51mp1e layered model to compare the results, because in
such cases a distribution of slip\at depth can always o i
dupiicate the'uiscoelasticfresulti Thls 1nherent difficulty
may not arise 1f the _symmetry 1s broken by three dlmen51onal
1nhomogene1ty.; The relaxatlon is more ‘intensive near a i
low v1sc051ty zone, as we have shown in sectlon III.
Although present day avallable geodetic data are not very
constralnlng, geodetlc measurements’1n~the future could
resolve%thislquestion.i : , Fo
A ore;seismic strain’rate increase was reported in the
case of‘the 1906‘San:Francisco earthquaﬁe;(Thatcher, 1975a) .
This phenomenon cannot be caused by v1scoe1ast1c relaxation
aione{ slnce relaxatlon is not a_spontaneous process.minwever,
ifréiSCOs;£y‘lS'lndeed low near theffault zone, relaxatioh
will add;tovthe strain accumulation.WtAmpossibiefway'
v1scoelast1c relaxatlon enters the accelerated straln rate

'process could be a renforcement effect culmlnatlng 1n the

fracture of tho seismo-genic 1ayer; the aseismic sllp,at
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depth increases the prestress on the locked fault, the effect
of viscoelastic relaxation in general increases the
~deformation, so the prestress near thé'%ault isﬂfufther
increaséd; The magnitude and relative imporéénce of this
positive reénforcement again depends on the viscosity near
the fault; | |

In conclusion, we‘héve implemeﬁted a verSatile,scheme”
to modei the time dependent behavidf after earthquékes.
Non-uniform faulﬁ Slip and three aimensional-heterggeneities,
can be included in this scheme. The modei”fesﬁlts‘preAiét
a stress diffusion phenomenon in front of fauﬁt{tip gﬁﬁer aﬁf
strike slip event: if low viscosity extends to shallow depfhE
neat;the fault zone, the shear stress in frqnt of the fault
tip will increaée significantly with time. .The time dépendent
deformation on free surface is more cdnéehtrated near the
fault zone in that case than it-is in the case of a laterally
homogenééﬁs layered structure. The timé dependent behavior
of vertical displacement near the fault mayrbe completely

altered by the presence of lateral inhomogeneities.



APP’ENDI‘X' A

Time Dependent Finite Element Scheme Implementation

I | We combined the time stepping approach of Zienkiewicz
and Cormeau (1974) and frontal solution of Irons (1970)

for our finite element,caiculations. The central process
of the frontal solution approach is the familiar Gaussian
elimination. However, a global displacement-force equation
is eliminated  as soon as it has received all ofkfne element
and consistent nodal force contributions. The coefficients
are moved to outside storage and other equations are updated
accefdingly. So only a small portlon of the stlffness
matrix will be in core at a time. Thls achleves the"
savings in core usage. Assembly and elimination processes
arejnot:separated After completion of assembly and
eliﬁination, ‘the coeff1c1ents are returned to core fon
Hacknsubstitutlon in the ordervexactly oppos1pe to which

they were saved

I ] [ :
In the tlme stepplng approach for time- dependent

'fpéalculatlon the total strain g is divided into three parts:

*e‘ [ ECP+ €© ; , (A-1)

e

where €5 is the elastic strain, £° the 1n1t1al straln 1uu'”;;,

Eppf Ehe creep straln,“Qui£é~geneLa1Ly the constltutlve

law for creep strain’rate‘and stress can be put into the form.f

m~
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where dot indicates time rate. I is a symmetric matrix (may
depend on stress) and o is the stress.

The virtual work principle is

; (A-3)
“rseloan - SouThde = Tesule @ s =077 I

Q "~ - Q. " s~ "
where b is the‘prescribed body force, t the prescribed boundary
traction, u the displacement, § indicates variation and T indicates
transpose. Integration is over the volume @ and traction
boundary s; respectivély1

~ o~

‘Let g=Lu, u=Na T (a-1)

L is the operator relating strain and displacement, N the -

shape function and a the nodal displacements. Then equation
\A3) becomes

6aTrsw mTo ae - /b ag - /NT £ as] = o (A-5)
| Q Q" s, 7
or /BT gda-F =0

~

where B =LN, F= INT baae+ S N tds

~

Q" Sqg
Using 0 = D € =D (e - ¢CP - ¢°), equation (A5) can be put
into standard form K a =V (A~-6)
where K = /BT b B ae
o oo
v=r+/BTD e agn+ fB D P ag :

v L Q~
Equation: (A6) is the set of llnear equatlons ‘to be solved

using frontal solution. e E is obtalned in time stepplng
fashion using equation &P = rg. It can be Shown that this
procedure can be applied to the general visco-plastic problem

(Zienkiewicz and Cormeau, 1974), including plasticity and

~creep problem as two extreme cases. The scheme can handle
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nonlinear creep behavior as easy as linear material. - However,

nonlinear creep behavior depends on ambient

stresses, since the strain rate depends on the sum of
ambient and perturbing stresses. In this paper -we have

assumed that linearity holds and treated only the perturbation

caused by the earthquakes.
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

1. Fault for models Gl, G2, and G3.

(a) Schematiéwdiagrgmé”éf fault, double hatched
area has méximumkfault glip, single hatched area
has tapered fqglt“é;;p.‘ »
(bgfrault~$11p éldng Stfike direbtgon kY!direction).

(c) Fault slip vs. dep£gjfz direction).

2. Fault for models M1l and M2‘

(a) Schemat%q diagram of fault, double hatched area hés

maximum fauit slip, single hatched area has tapered’

fault slip. k

(b) Fault slip along strike direction (Y direction).

(c) Faulé sﬁip vs. deéth (z direction). |

3. Sectional views of viscosity distribution for models (a) G1,
(b) G2, (c) G3. Numbers with exponent are viscosity in poise.
4. “Sectional view of viscosity éistéibution for model

Ml. Model M2 has the same strucéufe except that the

020

viscosity is 1 poise in low viscosity zone.

5. Top view of the finite element grid. The three
dimensional model is made of seven identical plane grids.

6. (a) Horizontal displacements on free surface due to

strikevslip‘event in model Gl at 0, 9.5, 25’and 49‘

- years after the event. The location of the fault is

indicated by a thick line segment and sense of motion

is indicated by a pair of arrows.
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Dots are the locations where displacémenﬁs are
calculated. Displacement is indicated by a line |

segnent from the dot. A scale for the displaceﬁéht

v

(100 cm) a2nd a scale for the map (400 km) are also

shown in the figure.

(b) The same plot for modei G2.

7. (a)’Horizontal displacement vs. time along the line
perpendicular to the center of fault (x axié}ion ffeé
surface for model Gl. The distance from the center of
the fault for points 1, 2, 3, 4, 5, 6 and 7 are 35, 70,
105, 140, 210 and 280 km. Schematic diagram of the
locations are shown at the bottom of the qraph,

(b) The same plot for model G2.

8. (a) Contours of vertical displacement on free surface

‘immediately after event for great earthquake models

Gl, G2, and G3. Broken lines (negative values) indicate
subsidence; solid lines (poSitive values) indicate uplift.
The location of fault is indicated by a thick line segment
and a pair of arrows. The numbers near the contours are
uplift or subsidence in mm. The tick marks on the
frame are at half fault length’intetval (175 km). The
elastic response is the same for model G1, G2},and G3.

(bf Contours‘of shear stress component cxy'atylo knm

depth immediately after the event for models G1l, G?,‘and
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G3. The numbers near the contours are stress in bars.

Stress‘cbncentrations are placed near fault-tips from
: i

interpblation, the actual grid resolution is 1/10 of

9the fault length. . T

9. (a) The vertical displacement on free surface at
5 years after the event minus the elastic response for
model Gl. Numbers are amount of*ﬁplift or subsidence

idrmm. Tlcks are at half- fault 1ength intervals.

(b) The same plot at 25 years after the event. ey
\ Lo o

10. (a) Vertical displacement on free surface at 5
years after. the event minus the elastlc response for
model G2.m~ B : R
(b) The same‘plot at 251yearsiafterwthe evént;

11. ~(a) Contourswdf shear stress conpenent Oyxy at 10 km
depth 25 yearsvafter the event-for model Gl.

(b) Same plot for model G2. i

12. (a)’ Shear stress component Oxy vs. tlme at selected

;locatlons for model Gl. The~locatlons are at 10 km depth.

A schematlc dlagram 1ndlcat1ng‘the horlzontal pos1t10ns
relatlve to the fault is given to the right of the

figure. . The dlstances from the fault center along the ,

1str1ke dlrectlon for points 1, 2, 3, 4; 5, 6, 7, é}rahd

9 are 18, 53, 88, 123 193, 228, 263; 307 and 385”km.ﬁu;
The dlstance from the fault perpendlcular to the strike
direction 1s 35 km for poxnt 9 18 km for the rest of

the points.

~ (b) Same plot for model G2.
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13. (a) Cohtour of véf£ical displacement. on free surface
at 25 years after the event minus thé élaéﬁic reséénse
for model G2 (Identical to figure 10b, included for
comparison). o

(b) The same plot for model G3.

\

14.. (a) Shear stress component Oxy VS- time at

- ‘ 1
selected locations for model G2. The locations are

at 10 km depth. A schematic diagram indicating the
horiantal positions relative to the fault is given to
the right of the graph (identical to figure 12b;.included
for comparison).

(b) The same plot for model G3.

15. (a) Horizontal displacements on free surface due

to strike slip event in model M1 at 0, 1, 3 and 9.5 years
after the event.

(b) The‘same plo%wfof model M2.

l6. Vertical aéfofmation on frée surface immediately

after the event for models M1 and M2. Ticks are at

half fault length interval (10 km). Numbers near the

‘contours are uplift (positive values) or subsidence

(negative vélues) in mm.

17. (a) The vertical disbigcement on frée,surface at
9.5 years aftef the event minﬁs the elastic response
for modél M1. Numbers are uplift -or subsidenCe‘in

mm. Ticks are at hélf‘fault length interval (10 km).’
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(b) TheﬁSaﬁe plot for modei MZ:. TM,“'""M”““*€4~Lneiw;w:_M.”uh
lé. (a) Shear stress component Oxy VS- time at selec;e?
locatlons for model Ml. The locatione are at 7.5 km o
depth. Awschematlc diagram indicating the horizontal
positions relative to the fault is given to the rlght

of the‘f;gurei The distance from the fault center along y‘f
the stfike~directlon for pointz 1, 2, 3, 4, 5, 6, 7, 8, 9: l
and 10 is 1.3, 3.8, 6.3, 11.3, 13.8, 16. 3, 18>8 21.9,
27.5 and, 33 8 km.. .The dlstance from the fault perpendlcular
to the strlke dlrectlon 1s 3. 8 km for point 9 and 10, and

1.3 km for the rest'of the p01nts.

(b) The same plot for model M2.
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PART 3: TECTQNIC STRESS - MODELS AND MAGNITUDES

Introduction

Understanding the state of stress in the Earth's
lithosphere is one of the paramount problems in Earth
tectonics. The stress state is linked to causes - loading
and'unloading, heating.and cooling, plate motions and
driving forces, towconsequences ;Wcreep deformation and
seismic failure, and to rheology - the depth over which
stress can be supported and the time dependence of material
properties. None‘of the classes of links has‘been
characterized in sufficiently quantitative detail to define

the stress tensor in the lithosphere without amblgulty and

w1thout a long 1nference chaln 1nvolv1ng poorly

tested assumptions. ThlS paper ‘deals w;th one cause of
stress in the lithosphere: the systeh'of forces that
harntain plate motions. ¢Specifically addressed are ways
binhich“models of tectonicfstress in the;ﬁlates’can be
used to constraln the magnltade of reglonal deviatoric

stress in the Earth s llthosphere.

Global models of the 1ntraplate dev1ator1c stress that

arises from the dr1v1ng and resistive forces controlllng plate

motion have been given by Solomon et al. [1975] and Rlchardson,is

et al [1976,'1979]. A pr1nc1pal objectlve of those studles,—~
has been to find those sets of forces that best match the body

of lntraplate stress observatlons. The observations held to be

-

most reliable for such comparlsons are the indications

of principal stress directions inferred from the mechanisms of

r
-



midplate earthquakes, from in situ stress measurements, and
from the strikes of stress-sensitive geological features.

While a comparison of model predictions and observations on

the basis of principal stress orientations is straightforwarddfj

and serves as a useful test by which to reject possible force

models, such an ekercise does‘not directly address the absolute
magnitude of intraplate deviatoric stresses, since all
deviatoric stresses in a model can be multiplied by an
arbitrary constant without changing the?relative inagnitudes
_or the orientations of the principal”streSSesf’ ﬁenshow in this
paper, however, that under certain conditions the body of
data on intraplate stress orientations does constrain the
‘magnitude of tectonic stresses. “ : »f: |

, Itfmight be argued that stress magnitudes can in principle
be measured‘by’direct in situ techniques in sufficient o
locations to charapterize the stress field for length scales
com?arable to plate dimensions, thus obv;atingfthe need to‘

apply indirect arguments to constrain tectonic stress

‘magnitudes. This eventuality is doubtful for the near term,”‘ﬂe““

because of the dlfflculty of extrapolatlng near—surface measurements

to greafer depths in the llthosphere,,and because further advances
in technology w1ll be necessary to conduct routlnely measurements
of in 51tu stress: over the-large fractlon of the Earth's surface
covered by ‘oceans. On the basis of avallable hydrofracture data,
it may at least be concluded that dev1ator1c stress magnltudes

‘are on the order of severalfhundred bars to depths of several

kilometers in a:number of continentalkregions [Haimson, 1977;

McGarr and Gay, 1978].




Thus the:question remains: given the large and growing
body of data on the orlentatlons of principal stresses within
the plates, what 1nformatlon on the magnltudes of regional
deviatoric stresses can be obtained from}ngmerlcal“models
for tectonic plate stresses’ Wé‘diseuss ih this taper two
routes by which useful 1nformat10n on stress magnltudes can
be derived: (1) For the drlvlhg force modelsjthat best fit
the stress orientation data; if indeﬁendent information on
the magnltude of one or more of the forces in the system can
be obtalned, then the magnltudes of the total predlcted
stress field are constralned to comparable precision. The
best fitting force models we have examined to date all involve
a signiﬁicagt contribution frem;riaée forces, the pushing
forces that arise because‘of the elevate§ topography of ridge
axes with respect to abyssal sea floor. Since ridges exert
forces equivalent to compressive plate stresses of 200-300
bars magnitude, this leads to the‘prediction that,reéienal
deviatoric stresses are of this magnitude. v(2) If in the?
vicinity of a known local source of stress, the observations
of stress orlentatlons 1ndlcate comparable control by the local
and regional stress fleld then the magnltude ef the regional
field may be estlmatedgr Thls line of argument holds spec1al
promise for oceanic 1ntraplate regions where earthquakes
have occurred in the v1c1n1ty of 1slands or large bathymetrlc

features characterized by sufficiently good topographic and

gravity data to model the associated local lithospheric stress.




It should bé mentioned that when direct in situ
meaéurements of stress magnitudes have high reliability,
thefmagnitudé data. can be used alongside the stress
orientation data as a moré'bOWerfﬁl set of constraints on

both regional and local forces on the lithosphere.
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Stress Magnitudes and Global [Plate Models

The comparison of predicted and observed directions of
pr1nc1pa1 intraplate stresses can be a sensitive test of possible
sources of stress. As noted above, if such a comparison 1nd1cates
a 51gn1f1cant contribution from a source of stress of known or
estimable magnitude, then a strong constraint on the general maé-
nitude of deviatoric stressﬁin the lithosphere~on regional scales

is obtained. In this sectlon, we summarizeé our recent work

[Richardson etal., 1979] on testlng global models of 1ntraplate

stress predlcted by plate tectonic driving forces against observed

directions of principal stresses, with particular emphasis on

o L |
possible inferences on the magnitude of deviatoric stresses.

Premisés That observations of principal streSS'direcgions
in the plates oan be- used to constraln plate tectonlc dr1V1ng
force models requlres the adootlon of three norklng premises:

(i) that regionally- con51stent stress orlentatlon fields exist

for large fractlons of the stable 1nterlors of plates, (ii) that
such stress fields are steady over tlme perlods less than that

(v lO6 years) characterlzlng“chandes in plate motions; and (111)”v

that a recognizable portion of these stress fields is dominated

by contributions from plate tectonlc forces.

The flrst premlse has substantlal obser ational supportwforimost

~ the plates [Sykes and Sbar, 1974- Sbar and Sykes, l973 ~Richardson

‘et al., 197% ; see Flgure l. The second premlse depends on thev

questlon of whether in plate 1nterlors the deformatlon and stress
arlslng from past plate boundary Sllp superpose to oroduce steady
motion and stress, or whether individual stress 'waves' from large'

earthquakes are discernible [e.g., ‘Anderson, 19751. Thiskissue




i §
i | '

may be resolved by ultra-pre01se geodetic measurements of short-

term plate motions soon to be made  [Niell et al., 1979; Smith

et i;;{ 1979; Bender et al., 1979 . The third premise will be the
most difficult to establish w1th certainty, but is a reasonable
working hpyothesis for. regions well. removed from such other
notable sources of stress .as recent tectonic or thermal activity,
recent‘topographic loading or unloading, and pronounced structural

heterogeneities.

Possible Driving Forces.

We consider several simply parame-

terizedwdriving and resistive forces as potential elements of a
)

plate tectonic force model- plate boundary forces at ridges,

trenches, transform faults and zones of continent-contlnent

collision,‘and basal forces assoc1ated with viscous interaction

between the llthosphere and the asthenosphere. While all of
these forces contribute to llthospherlc stress, it is important
to recognize that potentially large stressvcontributions can also

arise from lithospheric cooling [Turcotte and Oxburgh, 19731,

latitudinal plate motion [ Turcotte and Oxburgh,. 1973), crustal

thlckness 1nhomogeneities [Artyushkov, 1973], 11thospher1c loading

and unloadlng [Wa7cott 1970‘ Watts and Cochran, 1974 Haxby and

Turcotte, 1976]:and past tectonic events [Swolfs gt él" 1974;

Tullis, 1977] . 'In the interpretation of stress observations in terms
of plate‘driving‘forces,'care must be exercised to remove or to
avoid where possible the effects of these additional “sources of

lithospheric stress,

The compressive stress produced in oceanhic plates by the

- elevation of mid-ocean ridges is the easiest tokquantify among

the set of posSible‘driving and resistive forces, and is in- the



10.

range 200-300 bars [ Hales, 1969; Frank, 1972; McKenzie, 1972].
At subduction zones, the negative buoyancy*of*subducted litho-
sphere is capable of exertlng'an extensionaliforce equivalent to several

kllobars stress on the adjacent plates [McKen21e, 1969, Turtotte

and Schubert 197H~, ‘but the greater fractlon of available

pulling force is counterbalanced by forces resisting descent of
o
the slab into the mantle [ Smith and Toksoz, 1972-'1 Forsyth. and

Uyeda, 1975 Rlchter, 1977]1. The net pull by slabs on the

surface plates is uncertaln but 1s cons1derably smaller than that

due to avallable negatlve buoyancy At zones of continent-

contlnent colllslon, the net force on the adjadent'plates‘may be

res1st1ve (net compressxon), because of the contr1butlon from the o

excess topography of the mountaln belt marklng the colllslon

zone; the contribution from topographyilnvolveSEShear stresses "
of 200-300 bars fOr the maln boundaryﬂfault at the base of the
\

Hlmalayas [Blrd 1978] ; The re51st1vetfor0e at

transform faults is uncertaln [Brune et al.,

' 1969- Brace and Byerlee, 1970], but is not llLely to be a major‘
contrlbutor to the plate dr1v1nc meahanlsm on the ba51s of the
relatlvely small fractlon of boundary ‘taken up by transforms for

most plates ‘and the poor correlatlon of plate! speeds w1th length

rof,transform boundary [Forsyth and Uyeda, l975 Aggarwal 1978].

The v1scous tractlon at the base of the plates is less well
"characterlzed than plate boundary forces and is uncertain both in
magnitude and in dlrectlon. The- uncertalntles are llnked to
guestions of the radlal scale for upper mantle convectron, the
planf01m for counterflow to balance plate creation and destruc-

tion, and the existence of'a smaller secondary scale of astheno-

spheric conVection to'transport heat [Richter<and.ParSOnsjm1975;
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McKenzie‘andeeiss,31975; Harper, 1978; Chase, .1979; Hager

and O'Connell, 1979] . Some simple forms for viscous drag

are adopted as a basis for testing models, but the various
potential complexities must be kept in mind.

. Stress Models. A variety of driving force models

incorporating different relative amounts of boundary forces

and basal tractlons as descrlbed above have been tested- -against
the observatlons of intraplate stress orientations. The
lithosphere,is'modeled as a thin, spherical, elastic sheli;~~
and stresses are'calculated from”the imposed forces using

the flnlte element analysxs oescrlbed by Rlchardson [1978]

The results of many models are given 1n Richardson et al

{19791, and only a summary of the results pertinent to the
question of stress magnltudeS'w1ll be given here.

A summary of stress orientation data for intraplate
regions is given in Figure 1. Most of the data come from
the mechaﬁisms'of intraplate earthquakes; Ethe re~-

mainder are from in situ measurements (see Richardson

et al. [1979] for~the original sources--of the data shown).

In complllng such a data set it is:aebessar§bto establisgﬁoriteria
for the selectlon of- those data most approprlate for constralnlng the
tectonlc stress field. Whlle sqoh criteria are of |
necessity at least‘partly arbitra£§; ou;.approach has been

to exclude only those data very;near*(mlOO“km'distance or

~less) plate boundaries and those data likely reflecting

unmodeled processes. Thus data from continental margins
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hﬂvebéén excluded on the basis of possible contributions
f{qm sediment loading”ﬁgfthermal contraction ~ effects not
modeled, and data are not used from regions of complex
tectonics not likely to be a response solely to plate-scale
forces (e.qg., Alps; Appalacpians, and North America west of
the Rockies). o | | :
Baséd on a cqmparison with the observed stress orientations
i? Eigure 1, the‘pfedicted stresses are in best agreement with
the observations whenrﬁﬁéhiﬁg forces at ridges are included in
the‘driving force model and when the net pulling force dﬁe to 
subducted iithoségéfe is comparable in magnitude or is at
most a few times;lérgér thanwdther forces acting on;the-plates.
On the basis of“ﬁntraéiate sﬁresses;’thereforé, resisfi&e
forces opposing éhe motion of the slab with respect to the
mantle must,ﬁeérly balance the négétive buoyancy of the
relatively cool, dense slab;vin agééément with similar
conciﬁgiéné derived from otﬁer;céﬁs%derations [Smith and

: Co : ] v o
Toks8z, 1972; Forsyth and Uyeda, 1975, Richter, 1977].

' The maximum ratio of ﬁéﬁ slab pull to net ridge push is;«ﬂ

not sensitive to a dependenée of net slab:pull on sdbdﬁdtionVraté

or to the inclusion of other forces in the system. Forces

i
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resisting further convergence atfcontinental collleionvzonepﬂ

along the Eurasian plate are important for intraplate Stresees,

and‘improve,tbe fit £6 the data in Europe, Asia, andwtne”indian

plate. Resistivem§15cous drag forceeraCtinQEon the base of the

plate in»a’direCtionjopposite to "absolute" plate velpcity

improve the fit,to‘the intraplate stress field for seteral plates

(e.g.rNazca,ESouth America);r The intraplate‘stress fieldv;s relatively
insensitive to an increased drag coefficient beneath old |

oceanlc llthosphere compared to young oceanic or contlnental

llthosphere.» Increa51ng by a factor of flve or ten the drag

coefficient beneath contlnental relatlve to oceanlc llthosphere

changes the calculated stresses only slrghtly and has little

effect on the overall f1t to observed stresses as long as some

resistive drag acts beneath oceanic plates.
Models in which drag forces drlve (i.e., act parallel to

"absolute" plate velocity) rather than resist plate motions are

in poor agreement with the data. This poor agreement'may depend
on the oversimplified model of the adopted interaction between

the plate and the asthenosphere. As noted above, the actual flow
pattern in the mantle, 1nclud1ng counterflow and possible multiple
scales of convection, may be?cohsiderably more complicated than has
been assumed in theselmodels.

Two models that pro&ide reasonably gdod fits to a large
fraction of the intraplate stress orientation data are shown in
Figures 2 and 3. In Figure 2 are shown the predicted intraplate
stresses for a model with the following forces: (i) a symmetric
pushing force at ridges equivalent to a compressive stress of 100

bars across a 100 km thick plate, (ii) a symmetric pulling force
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at trenches of the same absolute magnitude,"(iii) a symmetric

re51st1ve force at contlnental collision 'o, s.of the‘same

absolute magnltude ‘and (1V) a drag stress -Dv, where v is absolute
plate veloclty in cm/yr and D ‘is 0.1 bar/cm/yr beneath oceans and
0.6 bar/cm/yr beneath contlnents. Note that only the relatlve
magnitudes of these' forces are- constralned by the stress orienta-
tion data; their absolute magnmtuaes are proportional to an un-
specified multiplicative consta%t.

~The predicted directions ofvprincipal'stresses forlthls force
model are in good agreement with the data for eastern North | |
Amerlca, Europe, A51a near the Hlmalayas, and the Indlan plate.
‘The fit to the data is good in South Amerlca, espec1ally far from
the trench, and in western Afrlca and is acceptable in most of the
Pacific plate. The orlentatlon of the calculated maximum compres-—
sive stress in the Nazca plate for the model is only in moderate
agreement with the orientation inferred from ‘the single fault
plane”solution available. The flt to the data in the northern
Pac1f1c, eastern A51a, and east Afrlca is rather poor. The fit

to the data in the northern Pacific and eastern Asia could

be 1mproved if subductlon zone or. drag forces were decreased along
t \ P

on the subducted plate. No attempt, however, has been made to vary
plate boundary forces locally to match inferred stresses. If such
an approach were adOpted; most observed stresses~could

be matched but the solution for the driving,mechanism wduldybe’
unjustlflably arbltrary and non-unlque

In Flgure 3 are shown the 1ntraplate stresses for a force

model that takes the approach of Dav1esr[l978] and Rlchardson
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[1978 ] based o©on the‘assumption that drag balances the net torque
on each plate due to boundary forces. The resulting draéﬂthus
varles from plate to plate and need not bear a simple relation-
ship to relatlve plate motions, in contrast to the drag derlved

from absolute plate motlon models cons1stent w1th known relative

veloc1t1es [Solomon and Sleep, 1974- Solomon et al., 1975;

Mlnster et al., 1974]. The force model includes: (i) a symmetric

force at rldges equivalent to a compre551ve stress of 100 bars
across a lOO km thick plate, (ii) a symmetric resistive force at contl-
nental convergence ‘zones- of thCe thlS magnltude, (iii) a pulllng force
at trenches, on the subducted plate only," equlvalent to an exten-
sional stress of 100 bars across a. 100 km thick plate, and (v) a
viscous drag on each plate, due to the rotation of the plate with
respect to the Jnderlying mantle (whichymay be moving), determined
!

by balanc1ng the total vector torque Qn ‘the plate from boundary forces.

.The predlcted stress dlrectlons for thlS model (Figure 3)
agree very well with' the data-for‘several areas. In the North ‘
American and Nazca plates, the orientation of the max1mum compres;
sive stress 1s well matched by the model. The flt is almost as
good“ in Europe and in Asia north of the Hlmalayas. In the Indian
plate, compressive stresses trend NW—SE in: contlnental Indla, in
agreement with the data,’but the flt is poorer 1n Australla.WiIn
South Amerlca,,the max1mum compre351ve stress trends E- W,jln only
, moderate agreement w1th the data.' In the Pacific and,theseastern
part of the %f?ican plate the agreement with the data is poor. On
the'whole,thlsnodel provides a better flt?to continental than

i

“oceanic data. Comparison of Figures 2 and 3 suggests that any force

S

‘pulling the overthrust plate toward the trench is probably lower in
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magnitude than the net pull on the subducted plate.

' Discnssion,, Erom-the‘standpoint of deviatoric stress
magnitudes, the most important general conclusion from the
modelingfof plate tectonic stresses and the comparison with
1ntraplate stress” orlentatlon data is that ridge pushlng forces
are an 1mportant element of the set of dr1v1ng forces for the
models that prov1de the best fit to observatlons. The stresses

‘that\arlse from ridge topography are 200-300 bars compression;
as‘notedwabove."We are thus. led to the conclusion that regional
deviatoric stresses in plate interiors are of?this Samewgeneral
magnitude, or 200-300 bars to w1th1nwa factor of perhaps 2 to 3.
This conclusion should be tempered however, by several
general observatlons on the results of the plate tectonlc stress-
models. The models represented in-Figures 2 and 3, though pro-
viding good matches to the data for a number of reglons w1th well
characterlzed stresses, do not fit:all of the data. , Thus elther
there are 51mple models not tested that prov1de a better flt to
the global data set:than those;shown, ox the stress observations
are influenced byuprodesses not lndluded in the simple models.
Even if a(model were obtained that fit all reliable observatlons

b

to w1th1n thelr estimated errors, it is likely on the basis
of models tested to date that this model would not be unigque.
Thus statements based on elements of best-fitting force models

must be understood in recognition of this nonunigueness.



17."

Stress Magnitudes and Local vs. Regional Stresses

An alternatlve approach to constraln the magnitude of -
reglonal dev1ator1c stresses in the llthosphere from stress
orlentatlon data and plate tectonic models 1s to flnd 51tuatlons
in Wthh observed stress orlentatlons are sen51t1ve in approx- o
1mately equal measure to a local stress field that may be readllyﬂ
quantified and to a regional stress field whose magnitude is to
be determined. Such an approach holds high promise tor constrain-
ing the magnitudes of plate tectonic stresses in oceanic litho-
sphere. o

Consider the effect of a volcanic load on oceanic litﬁosphere.

Such a load leads to llthospherlc flexure and to potentlallj large

local@bendlng stresses. For a very: large load such as Hawaii, §

the local stresses may be in excess#of 1 kbar [Walcott 1970

Watts and Cochran, 1974] and may domlnate the reglonal stress.;

That behdlng stresses mayrdomlnate reglonalvstresses for Hawaii

is supported by the’report by Rogers and Endo;[1977] that greatest
compressive stressraxes from composite fault plane solutions for
many mantle;earthquakesfheneath and near the island of Hawaii are
radial with respect to the island. »

‘f ‘'For loads appropriately smallergih ﬁagnitude than Hawaii,
the local stresses should be comparable in magnitude to
the reglonal stresses. Thus the mechanisms of earthquakes in the
vicinity of such loads might be expected to indicate P and T axes
which differ somewhat from regional trends but which are not pre-
dictable simply from stress models for the local load only. For
earthquakes near very small loads or distant from any pronounced

topograohlc relief, the mechanlsms should reflect the reglonal
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stress‘field;

“As an illustration of this approach, consider the region:
near the Ninetyeast ridge in the central Indian Ocean. The
Nlnetyeast ridge is a pronounced linear feature some 5000 km

long and rising 1500-2000 m above the surrounding seafloor

[e.g.,[Bowin, 1973]. ‘The ridge is isostatically compensated

except at short wavelengths [Bow1n, 1973 Detrick and Watts,

19791]. Several large earthquakes have occurred in the Indlan
plate‘ingthe general vicinity during this century [Sykes,

1970; Stein and Okal, 1078] .

The orlentatlon of pr1nc1pal stresses in the Indlan plate
may be estlmated from the fault plane solutlons Of 1ntraplate
earthquakes. Figure 4 shows the P axis orlentatlons for all large
earthquakes with; known focal mechanlsms in the Indian plate near the
Nlnetyeasttrldge. There is a strongly reglonally consistent
NW-SE tnend to’the,direction of lnferred greatest compressive
stress.h - -

Two aspects of thls general con51stency are noteworthy
(i) The P axes for strike- Sllp events on and near the Nlnetyeast
rldge trend 1n general agreement with those for thrust events~
~4in the plate off the rldge. Thus while a zone of weakness

a550c1ated w1th the ridge may control the type of faultlng

[Steln and.- Okal 1978], the 1nferred direction of max1mum

horlzontal,stress for Ninetyeast rldge events is still
reliable. The data in Figure 4 are entirely consistent

with a generally uniform stress field across the portion of
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thé Indian p}ate shown, with strike-slip rather than thrust
motion the preferfed féﬁlﬁ type within weak zones in the
lithosphere. (ii) The P axes for thrust events off the
Ninetyeast ridgé are not orthogonal to the strike 6f the‘
ridge.i Thus stresses associated with ridge topography do
not dominate the local stress field. o

This second conclusion can be quantified to produce a
constraint on the magnitude of thefrégionalwstréss field.
Adopﬁing Bowin's [1973] model for the isostatic compensation
of the Ninetyeast:ridge, the compressive force that the
ri?gg éxe?fs per unit‘length on the lithosphere beneath the
adﬁaééﬂt abyssal plain may be estimated from equations (47-

49) in Artyushkov [1973]):

L = J(ox - czz)dz

. ,
= - (.14z + .067¢%) x 10° bar-cm + Zpjgge

where Oyx aga o2z are horizontal and veftical‘normal stress
components (v principal stresses),!g;issthe height of the ridge
(ih km) with iéépect to the abys%almgléin;*zriééé”is the:valge
of I beneath the ridge, &he inteéfél is taken over the depth
range ofﬂhorizontairdénsﬁty variations, and the minus sign
denotes a compréssive fojrce.; Note that, (1)"ihcludés the
effects;éf topographifand isbétati?wépmpensgtion iny;héhe
effects of yiéééué forces at the base of“thé'platé and of
thérﬁal stress due éo any diffé?énfial cooling between the,

ridge and surrounding sea floor, for instance, are not included.

For ¢ = 1.5 to 2 km [Bowin, 1973], (1) gives 2-3

ridge ~
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- (0.35 to 0.54) x 109”par-cm, or the equivalent of 70
to 110 bars additional horizontal deviatoric stress over a

50 km thick plate. For comparison, Artyushkov [1973] gives

- 1.2 x lOgybér—cm and 240 bars compression for the‘force/
}ength‘and stﬁess associated with spreading ridges.

Thus‘thefrégional dgviatorié stresses in the Indian plate¢
(excluding the contribution frOm‘tﬂe Nihetyeast ridge) ﬁust
be larger than ~100 bariin,magnitﬁde in order to account for
the pattern of stress oriehtations‘in;Figure 4. This result
provides only a lower bound on th§ ma§nitude of regional
~deviatoric stresses in one platé, but the result. .
is ‘at least?coﬁgistent,with the inférence made above that
regidnal stregsés areisimiiar in h;gnﬁtude to the stresses
produced by ridge forces, &hich are 3iiil‘£imes as large as
the force exerted by Ninetyeast ridge t0pogté§hy.

A numbértofmbther oceanic intraplate earthquékeé large
enough so that their focal mechanisms are known have occurred

in close proximity to prominent bathymetric features.
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Bergmanfaﬁd’Solomon [1980] have compiled a comprehensive

catalog of 159 oceanic intraplate earthquakes and, for

a representative subset of 83 epicentral regions, have

assessed the degree of association of these earthquakes
with large bathymetric features and with zones of expected

E
lithospheric weakness (e.g., fracture zones). A histo-

gram of the results (Figure 5) shows that the epicenters

of at least 12 oceanic intraplate earthguakes with known

RPN

fééél mechanisms, and at least 11 additional earthquake
localities with one or more m, > 4.7 events since 1264,

a#e situated near features bf:pronounded seafloor ﬁopoéraphy.
Several of thege features invblve lithospheric loéds>£hat B
should lead to bkending stresses lafger than the stresses
indicated abové for the Ninetyeast ridge. Thus it may be

possible by a combination of detailed stress models and

cargful source mechanisms to bound regional deviatoric g

stress magnitudes from both above and below using this
approach. | ;m h |

::Thé potéﬁtial difficuities withrfhis approach should,
khowéver, be noted: (i) Many oceanié intraplate earthquakes
occtr in orxhéar such obvious zones. of weakness as fracture
zones ahdivplcanic a?éés. Over 70 ééfcenéldf‘the oceaﬁié

earthquake epicentral regions in the listing of Bergman and

Solomon [1980] are located in such areas (Figure 5).Stress directions
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inferred from earthquake mechanisms for such e;ents should?be

used only with caution in the absence of corroborative

information from events removed from the weak zone (e.g.,

Fignre 4). ‘(li)lBending“stressesvassociated with lithospheric

flexure, for given rheology and thermal structure, are eXtremely
sensitive to depth. Thus for an observation of stress orlentatlon from
an earthquake mechanlsm to be a useful constrarnt on stress amplltude,
the' focal depth must be known with high prec151on, probably to

within a‘few kllometers.

Conclusions

The global data on dlrectlons of pr1nc1pa1 stresses in

plate 1nterlors can serve as a test of possibleplate tectonlc

force models. Such tests conducted to date favor force models
in whlch rldge pushlng forces play a s1gn1f1cant role. - Eoﬁ

such models, the general magnltude of reglonal dev1ator1c

stresses is comparable to the 200-300 bars compre851ve stress
[ .

 exerted by spreadlng rldges.

An alternatlve approach to estlmatlng magnltudes of

,reglonal deVLatorlc stresses fxom stress orlentatlons is to

. [
look for reglons of local stress. elther demonstrably smaller

than or larger than the reglonal stresses.m The reélonal

‘stresses in oceanlc 1ntraplate reglons are larger than the

VWlOO;bar'compressionkexerted by the Ninetyeast rldge and less

han the bending stressesl(zltkbar)’beneath Hawaii.
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Figure Captions

Figure 1. A summary of intraplate Stress orientation data
e SR L S

[Richardson et al., 1979]. ?Filied circles denote faqlt

plane solutions; arrows denqtey?;agﬁ’T axes, where hearly
horizontal.  Filled ciféies,ﬁiﬁhéut arrows denote thrust
faults witthoorly~cohstrained P axes. Opén circles
represent in situ data; the line gives the direction of

maximum horizontal compressive stress.

Figure 2. Principéi*horizontal deviatoric stresses in the
lithosphere for a model of plate driving forces (see text).
Principal stress axes without arrows and with arrows pqinting
outwardﬁAénote deviatoric compression and tension, respec-

tively. Relative magnitude of principal stresses is indicated

by the length of stress axes. From Richardson et al. [1979].
Figure 3. Principal horizontal deviatoric stresses in the litho-~-
sphere for an alternative driving force model in which basal

shear balances the torque due to‘boundary forces for each

plate (see text). From Richardson etéai;a[l979].

Figure 4. Summary of focal mechanisms forwearthquaké;%in the Niﬂgty-
easf ridge region of the Indian plate. Fault plane solutions
are shown as equairarea projections; compressioﬁallquadrants

D e e
are shaded. Lines through ieach solution denote the orienta-

tion‘of the P axis. Data are from Sykes [1970], Fitch [1972],

,Sykes and Sbar~[1974], Stein and QOkal [1978]; and Bergman and

Solomon [1980].
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Figure 5. Histograms of the number of oceanic intraplate earthquake

eplcentral reglons in the. catalOg of Bergman and Solomon

[1980] sorted by 11kelyhood of a55001atlon w1th either (left)
pre-existing zones of weakness, such as fracture zones or
volcanic seamount chains, or (right) with topographic relief

that may provide a significant local source of stress.



INTRAPLATE STRESS FIELD

150 120 90°W 60 30°W O 30°E 60 90°E 120 150 180
: ‘ i T | T | ),o' 1 T l T T I 1 T T I T T | T T ‘ T LI l T T T T [ T
, 2N | e k
60 - % - o | . -60
S | - /',6./ ‘ \33 \3;/‘ : , .\98-!03
N e ) e R et
B ' P —o ‘:los-us_ /. wlez-ize TV 92
; o ' ’ - l/;o\!l?-lZI/.'{/ ]
" 30°NI s ._él‘f ooy \:/-’:{27430 —30°N
= &l /vJ by . 1
g . 22\ f?QT 95 |
0 |4 8.9‘.;\..; _Oi
L 8,*_?/_'\82\ i
; i 8} ! 86":# & i
30°S— N T2 ~30°S
S 84-85 - 13-
L \\9' 4
[ i .88 i
60 | 2 ~160
‘ ' R TR SRS R L1 ‘ k ' P R ST S NN TR SN NSO S . ML
- 150 120 o , ; 90°E 120 150 180
Figure 1 )




© MODEL E3I

100 bars

,.,n e R \\ _ \ B O
o ;

. i~ o
0 ;, au

~60 -

Figure 2




MODEL E29

Figure 3™ .



10

10

20

30

NINETYEAST RIDGE

100

Figure 4



39

140

35

=
44
z
g
T
O
w
=
=
a
O
O
e

130

POSSIBLE PROBABLE

LOCAL STRESS

UNLIKELY

POSSIBLE PROBABLE

PRE-EXISTING FAULT

UNLIKELY

Figure 5



	0010A01
	0010A02
	0010A03
	0010A04
	0010A05
	0010A06
	0010A07
	0010A08
	0010A09
	0010A10
	0010A11
	0010A12
	0010A13
	0010B01
	0010B02
	0010B03
	0010B04
	0010B05
	0010B06
	0010B07
	0010B08
	0010B09
	0010B10
	0010B11
	0010B12
	0010B13
	0010B14
	0010C01
	0010C02
	0010C03
	0010C04
	0010C05
	0010C06
	0010C07
	0010C08
	0010C09
	0010C10
	0010C11
	0010C12
	0010C13
	0010C14
	0010D01
	0010D02
	0010D03
	0010D04
	0010D05
	0010D06
	0010D07
	0010D08
	0010D09
	0010D10
	0010D11
	0010D12
	0010D13
	0010D14
	0010E01
	0010E02
	0010E03
	0010E04
	0010E05
	0010E06
	0010E07
	0010E08
	0010E09
	0010E10
	0010E11
	0010E12
	0010E13
	0010E14
	0010F01
	0010F02
	0010F03
	0010F04
	0010F05
	0010F06
	0010F07
	0010F08
	0010F09
	0010F10
	0010F11
	0010F12
	0010F13
	0010F14
	0010G01
	0010G02
	0010G03
	0010G04
	0010G05
	0010G06
	0010G07
	0010G08
	0010G09
	0010G10
	0010G11
	0010G12
	0010G13
	0010G14
	0011A02
	0011A03
	0011A04
	0011A05
	0011A06
	0011A07
	0011A08
	0011A09
	0011A10
	0011A11
	0011A12
	0011A13
	0011A14
	0011B01



