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i i,r ,I,BSTRACT universally accepted by.marine. earth scientisrs.
. ii i-x L . On the other hand, their implications for con-

,rnr-rrt., I Irlagnetic anomall' pa.tterns in the northeast tinental rvork are more obsi,-,re and complex
I Pacific Ocean combined rvith.plate.theory in- and are only beginning to be developed. it is
f clicate ,!i, i trench existed offshore from likell, that 

-"n1; 
of the larger scale features of

\ u',rr.tn.North.America during mid-Tertiary continental g.oiogy 
".. 

reiated to plate mo-
I rimeand that the prese.nt episode of strike-slip tions, the ..r.rgy-ior remonic acrivity being
l, motion in the San Andreas fault syste.m origi- derived from rlie inreracrions of platei. lv{an},r -rectonic Herecrirr \ il::f'^i[J";':^]#;;f:'i:i'l];'i:']:':t"'; l'i:'."i '.':ilff,':i:,TT'iirr'#"lii;ii:H

Nichol,u II. Rdtciil!; ' i carlier lft l9 m.y. ago. At present, the.Ameri- the. uplift and volcanism in tiri Andes appear
.  Gan'Lofgn' i r  i  canandPacif icplatesappear^tobemovingpast to be-related to the destruct ion of an oJe^anic

tyvl G. irl. Friedtttu,t | one anothe_r. parallel to the San Andreas fault plate, the uplift and deformation of the
I

esr€rn \ \ ' \orning. I  r t ,  t " t .  of  6 cmfyr.  Data.concerning the, late Himalay'as to-the col l is ion of t lvo c_ont inental
Jdtte: Il. Steidt'ntortn I Cenozoic history. of rnotions betu'ecn these plates, the opening of the African rift valley to

i Norrhernrnost Cali. I pletes. is inconclr.rsivc, and so 2 probablc ihe breaking of a plate, and so on. Althoughof l l lcnlnlosl  ual t .  , ,  f , " . i " .  ^"  -""-^ ' :^" ' , ' - l  *^ ' "  r r rL uruanrrrS vr 4 l / rdrLr drru JU ulr .  nrLrruu5l l

I:l i A. Silrcr I inodels are examined. One assurnes a constant these continental expressions of .plate intJr-
Il.Ilrtest Anderso, I motion of 

-6 
cnf yr throughottt the late actions are less stiaightforward^ than the

,t otld l '. J. Hcnr.,,, Jr, I Cenozoic, rvltercas the other assLrmcs that th,e 2 oceanic_expre.ssions, 
^they 

hold.the key to the
t plates rverc fixed rvith respect to onc another past. \\ 'hile the sea-flooi spreading process hasI plates_rverc fixed rvtth respect to onc another past. \\thile the sea-floor spreading process has

ttrn,t I:..K.F. C;;io,nr,, { until 5. m.y. {lgo,.at u,hich timc thc1, brolic left arnple evidcnce in the o.eoni. crust to

Iiiclt,trd J,Jantt,r I i l:tg thc_S;n 
Andrcas latrlt sy'stern arxl bcgan reveal Cenozoic plate motions, the subducrion

Kcrtnt t l tc . i l lcTnggurr  lnrovingat6cmfyyThescconcl  nroclc l  inrpl ics o[oceanic.rust" t thetrenchcshasannihi lated

r). , , , i ;  a 
'n,ru 

I  that.  the San Andrcas fatr l t  took up al l  t l rc simi lar _evidencc for any plate motions that.  /  t ,  . .  I  
( l lar  [ l lc  J i t l l  1\ I l ( l tcals tat l l t  toOK t lp al l  t l ' lc  Slml lar  evldencc tor any plate mot lOnS thatt)dI't! A' 

'ottn'i ,l nrotion at thc boundary bct\\'cen thc North might have occurr"d blfor. a fciv hundred
'ott '  

\ lcxico 
lAmerican and Paci l ic pl" t"r ,  rvhi lc thc f i rst  n-, i i l ion vears ago. Thus, the rnain possibi l i ty

' tiri l lReinni:: 
I tod.r iugg"r,r ,rr"-il.*i., ti"r' that much of lbr trnraveling plare motions during most of
l , l l .1 i , .^Cenozoic tcctonic act iv i t l 'of  rvestcrn geolog. ic t ime l ies in undersranding the rela-

I 
tions for the distribution of igncous .o&, nnc{ Cenozoic examples of such interactions rvhere

cs,orr{ic,r,rdA,exand.r i[::il:'t:il$'i]:l:::'ilil::li:3t':::: :::i?:'#1?:,::li 
exists to indicate the

;stant mo-tions to tlte early Cenozoic suggests Of the presently active continental tecronic

roradoS0l02.second.clrrt Il l era of slightly cornpressional strike-Ji"p at zones,.,'.r^t.rn North America seemsespecially
;''. d;;;J-io.i.,t of 

I 
the edge of tio.tit Ar,r"iic". A major change in p.omising for srudy since a great deal is knooun

'plovees 
rvithin the scoF I Pute ,motions in late lr{esozoic time is sug- about both onshore and ofishore features, and

discernible relationships presently exisr be -
c ro ]anuarl'. o1,-".:1;1, jLltl^- 

r$,een the 2 regimes. The purpose of this paper
;'.. ".." t(e subscriptror' 

llY*o.oucrloN is ro ourline rvhat is knorvn abbut plate motionsI r  rL Ldr rr  ! ' r t  *  
_, i , rn: t

l:.t:f]'"1i::l j"""'""",rrr l, 
rhe.theoriesofsea-floorspreadingandplate from marine geophysical data in this region

at the srngrc cuPt '- -^'r 1 tcctonics as described by Vine ( 1966), Ir{organ and to discuss itr. portiUt" re lationships of tf,ese
'l,ll,lill'iii"r:l1i::il l$e.l' ""d k".i' 

""a 6th.rs. tigoa), houe Ead morions to .o'ti^r'.r'trl re*onics. -Although

r,,ir *r' *ir:r?i : tm: :::;ff lT*l**:{j *:ff }*u'ir *:
lii I 35t3. , f l t i ' i
.ils ,i

,*ffSd:S*"_



35t4 T. ATWATER-IMPLICATIONS OF PLATE TECTONICS' N. AMERICA

(1966).  t r lorean (1963a),  and McKenzie and
Morgln (t929;, their geologic implications
have not been stressed.

IMPLICATIONS DRAWN FROM
THE MAGNETIC ANOMALIES IN
THE NORTHEAST PACIFIC OCEAN

Figure I  shorvs the Pattcrn of  magneric

"norirli., 
in tlre noriheast Paci6c.- The

numberins of the anomalies follorvs the time
scale set up by Heirtzler and others (1968,
Fig.  3) .  Al t i rougtr  most of  the ages in . t  h is t ime
scale rvere Jriglrly speculetive rvhen they r.'ere
proposed, drLes from the Deep Sea Dri l l ing
Proiect  

^rrd 
f rorn rn ablssal  h i l l  dredge haul

indicate that they are approximateLy correct
(tr{axu'ell and others, 1970; N4clrlanus and
Burns, 1969; Luyendyk and Fisher, 1969). AII
anomaly ages used in this paper were taken
from the Heirtzler tirte scale, and the cor-
relation of ages to geologic epochs follorvs
Berggren (1969).

If rve use the plate model for sea-floor
spreading and continental drift developed by
Morean-(1968a) and N1cKenzie and Parker

f1967),  and assume that the central  Paci f t
Ocean floor acted as a rigid plate during t[
Cenozoic, then the locations of the anomalie
and the fracture zones indicate the configur*
iio.r, through time of the utt.i.nt tpt."'diog I
ridqe and its transform faults. For examplq )
Fig-ure 2 shorvs the configuration of the spread l
ing system at the t ime rvhen anomaly 2l  rv:r f
being created, the ear ly Eocene. I

A Mid-Cenozoic Trench off We stern North I
America

Figurc 1, Magnetic anomalies
anomalies and their ages shown in
Bcrggren (1969).

in the northcast Pacific from
the scale follow Heirtzler and

Atwate r and Menard (1970). Nurnb.,ing 
/

others (1968); ages of geologic cpochs fo ot

Figure 2. Con6gu
time ofanonraly 21, ab,
Figure l .  Nlagnetic a:
bring creatcd by the
twccn 2 r igid oceanic
figures, symbols follol
single l incs are tranr
spreading centers, and
duction (usually treocl
of plates rvith respecr
arbitrari ly held frxed
notioos at points alonp

are for the most pr
indicates that th i r
ly'ing to the east o
plate" of \ IcKenzie
contained the mis
most of this plate r
have been a trencL
boundar,v s ith the ,
aPparently consum
Iate that \ras, on t
rate at \\,hich it wa:
( j  cm/yr) ,  so that
was overrun by the
the margin, the ag,
Pfesent in the oce.
at ruhich the ridge
Irtg. Furthermore, I
ern anon.raly is mis
hare been viable ar
until that time.r

The numbers alor
Figure 3 shorv tl
anomalies recogniza
Irench rvas active ur

. l l t  is  gec,metr ical lv r
t ! .  Frr.r l lon plr, .  o..u,

l l  al l  anomaiies, but t i
utely.

A striking feature o[ Figure 1 is that th
anomalies present rePresent only the rvesten
half of the symmetrical pattern expected. .Al
prescntly knorvn ridges ipread approximatel
symmetr ical ly,  and so tr  e nr ight  expect to 6d
rhe orher halubs oI  t l tese anomal ies sometvhen
In fact, the eastern halves and the ridge itsell

ilr
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rodel for sea-floor
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.d plate during thg
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cene.

ff Western North
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Figure 2. Conngurarion of plate boundrries at thc
rime ofanomaly 21, about 53 m.y. ago, as deduced from
Figure l .  Magneric anomalies anjfrrcrurr zoncs arc
bcing created by the r idges and transfornr frrrhs be_

::: : :  
." : ' I i " : . : , l ic pl.rres. rn this and subsequenr

Igures,.symbols tol low McKenzie and parkcr (1967.;:
singlc.. l ines ere transform faults. double l ines a,re
sprradtng centers! and hatchcd I ines are zones of srrb-
Cuction (usua.l ly trenches). Lcrge arrorvs show motions

",,  111,: i  i , ,1. 
*:pec.t to the pacif ic plarc rvhich is

arbitrarily held 6xed. Small arrows show relarivc
motions at points along plate boundaries.

are.for rhe. mosr p:rrr  nr issing. Tlr is geomerr\ .
lnolcates l i l t  thcrc oncc,r , , ,  lnor l ,e,  p l , , re
ryrng,,ro t i re_east ol  t l re r iJgc,  r l re, .F. , r . r l lo,r
ptare ol , I \ lcKenzie : rnr l  J\ lorgrn (1969),  r th ic l r
conrarncd, 

.  le n)rssirrg l r r roml l ics,  lnd s incc
most ol  t l l ls  p late no longcr cxists,  t l rcrc rnurL
nave bcen a l rench \ \ .h ic l )  constrnted i t ; r t  i rsooundary rvrrh the Amcricrrn pl l rc.  1.his rrcnclr
aPp.rrent ly consunrcd t l rc Firal lo l  p l . l lc  at  i rrate lh l t ,was,.on t l tc aycr:rgc.  l l . tc i  11q,, ,  ,1, , .rare at , \v l  ch r t . t r . rs bcirrg crcr tcJ f l t  t l rc r idr :c
V^cm/yr) ,  so th.rr  cvcnru;r l ly  r l rc r i ,Jgc i tscl f
% ou.rnr,r  by r  I rc rrcnch. At any poinr alon.qIne margrn,  r  he ugc of  t l ,e yoLrng. i r  

"non*l i lpresent.  i r r . lhc.  ocearr ic plat i  inurcarcs a t rnredr^\ \nrch,the rrdge *rs st i l l  v i : rb lc and sprcad-rng, l 'ur thermorc.  s ince thc s; .nrmetr ic:r i  east_
ill.-ri".rll. 

is, mising. thc ircnch musr also

uifi ff i iJ;:f 
and consuming crttsr ar leasr

o.The 
numbers along rhe cont i r rentr l  margrn in.rgure J sllow the ages of 

.the 1,ou-ngesranomal ies recognizable.  They inorcate that  rhe
'cnch rvas acuve unr i l  at  least  29 m.1..  ago just

,rrlt- is 
geometrkall l. possible rlrrr rhe consunrptron of'rc-raralton plare.occurred entirely afrer the foimarion

[.i;."not"""t '  
but this possibil i ty seems highly un-

-.Figrrre 
3. Ages ( in mil l ions ofyears belorc Dresent)ol rasternmost recognizable anomalies in ,h.. ; ; ; ; ;

lJ i t( : ,r  
neseiges rndicate rhe err l icsr possible t ime thaturc nogr.a.nd trench col l ided and rhe Faral lon plate was

;ii:ff :iHil:;, #::' ;f,lH't: :i: :t'"";*:irrurr may De.rndlcxted by these ages. The coastl ine has
.Dren, 

omirtrd to cmphasize tt"i tt. porlt lon J tt i i

);i:i"l;. ' '*' 
plete during 

^o,t 
of ihc 

".ll i, i;n,'i;

sotrrh of  rhe Nlendocino fr i rctrrre zone, Be-
l)]^..1 

,lli Pionecr rnd lr,turr"y fr".rur. ,on".s,

i,.JJ,1" 1gl, Ti' i;*'"rd #0, dlJ.?j;lgcreat lon. ; rnd corrsrrnrpt ion of  crust  cersed ?orrnls ent l le segment at  th i t t  t ime. The trench
::lrtnued 

to consume crust more slotvly until

3i,'f:'fil::;r lll.i: 3 ;;# fr J;lf,?.flXl,l
anomalres become younger southrvard from 20
T_I- ,  

t r .1,  GuadatLrpe 
. ls land, they lack dis-uncrrve character and t hus remain unidentified

il.,'JJ,, ji #'{.ol'.""0i.0'l,uo''"ns to the
sourh. of ttre. Shirl iy,."r;n 1ii. '3"ri l"lr)jextension of the Moiokai fr"acture zone), theanomalles 

.changed strike so that they aie ao-proxrmately parallel to the .orrt; thujrnornriy
,,-' \r I m.y., ls the easternmost one along much

i

I
ri
I
t
I
I
I
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A. PRISIIiT

6an, 1970),  rvhi le
the basenent is
Hobson, 1968). I
,gdreas liult m:
niddle T'ertiary
strike'slip iiult; s
common behind
(Al len,  1962; Bur l
posibiliti ', that-lqdre as llult rr-ei
Tertiary episode c
in the last section

CONCEfu\ING
NORTFI AMER]

To undcrstand
6guration (Fig. 2)
(Fig.  *) ,  ne mu:
r  - .^ . ; - . , ,  , - t  . .^  -
oceanic piares dr
span. '\s discussed
North r\r.rerica hr
to the Pacilic plar
least  thc last . l  m.
pnor to -l r.n.;,. ago
previouslv propose
In the lb l lou ing s
tlte proposcd rrodr
tu,hich conccrns th

A Model rvith Cor

If thc Pacific-Ar
if all of it is take.
[rult, ancl iI the
lt)otion, iltelt the s;
by trlclicnzie and
)). The ages of tL
ttgure 3 just prec
trench- t ransform ,
Point s here the ric
transform fault ern

Figurc 4. Present conEguration of plate 
-boundaries

in tlic northeast Paci6c and q'estern North Ameli'a,

after Morgan (19684). The map is a Mercator pro-

ject ion about the pole of relat ivc motion betrveen the

Paci6c and American plates, 53'N., 51" W., Morgan

(1968a). Transform faults between the trvo plates l ie on

small  circles abcut the Polc of relat ivc motion; thus, in

this project ion they form horizontal l ines' Gray l ine

marks the location of anomaly 21, rrsed in Figure 2'

Boundary symbols and arrows are as described io

Figurc 2.

o[ southern Baia California (Chasc and others,

ieTo).
All of thcse ages suPply only upper limits for

the time u'hen the trcncll ceasecl activitl ', tor tt

is  possiblc t l tat  Iot l l l tcr , ,notrr : r l iet  once c\ isLc( i
of l^shore and subs"quenr l l  \ \cre ovcrr id( lcu by

the continent. It should aiso be cmphasizcd that

these anonalies lie rvitli in the Pacific plate and

move with it. The geometrical relationsltip
bet$'een the events they date and events on the

continent cannot be deciphered until the rela-

.tive motion of the Norih American plate is

determined. Nevertheless, the anomalies do

indicate that a trench e\istcd along the \\'estern
United States and Nlexico in middle 'fertiary

tirtes.
The cl.raracter o[ the trencll that cor.lsr'rmed

the Farallon plate may be guesscd from the rate

at ri 'hich it ionst,to.d cnit This rate \\'as' on

the average, greater than 5 ctnf yt, since the

trench rvai able to overtake the ridge; the most
likelv models, discus'cd bclorv, sugge't con-

sumit ion r . r tes o[  7 to l0 cm/yr.  - fhus'  the

tr"n.h rn.y har-e been epproximrLely,  equi-
valent to the nore actrve trenches known
todav (Ktrr i le,  [aprn,  Tonga; sre Le Pic l ton'

1968j ,  iaving I  tvel l -developed Be niol l  zone'

calc-alkal ine volcenism, and assoclated \er( lcal
tectonics.

Lirnits on the Age of the San Andreas Fault

Some conclusions can also be drarvn con-

cernins the history of  the San Andreas frul t

svsteml Accordingio the plate tectonics model
(hie.  +),  rh is fauI  system-is s inrply part  of  the
pt.-s.ni boundoty betrueen t he North Ame rican
lnd Pacific plates and exPresses their relative

Fisure 5. Schematic model of plate interactions

"r,.,iring 
th"t the Norlh American and Pacific plates

moved ivith a constant relative motion of 6 cmfyr

o.rral lel  to the Srn Andrcas fault .  The coast is ap'

oroximated as p:rral lel  to the Srn Andreas Faral lon-

i,aci6c plate motio.,s 
"r. 

approximated from anomalics

i. ,  Figur. l .  Ini t ials repreient ci t ies l isted in Figure.6

and Vancouver Islaod. Boundaries and a(rows are as ln

Figure 2, the Pacif ic plate being held 6xed' caPttoos

sh"orv thi ti-e rep...ent.d by each sketch in urilliotts

of ve"rs b.for. prl.e.rt 
"lrd 

th. distance that the Norllr

Arierican plat. .u.t  subsequently be displaced to recch

irs present posit ion with reipect ro the Paci6c plate'

mol ion ( \ lorgrrr ,  l968rr l  \ lc l ienzie . : rn ' i
Parker, 1967). Lr tlt.se t.rtus, the San Andrcls

."n .,,irt 61ly 1,,,here the 2 plates are in dircct

ir^"|,. ,rt rl"* xs the Fa;llon plate lay bc'

tween the . \mir ic l r  and Paci6c Plx les '  t l rc

Sarr  Andreas systeln could not funct io l l  xs : i

.",rii.-irrp ["r'ia.ty' rttrt. no pa.rt of the 
-Srrr

Andreasiystem began movenlent in the preset"

sense and rate before 30 m.y.  ago'  in9 tnt ' l i : ;

o[ the offshore anornalies discussed above gr';

age limits not only for the cersing oI trert'."

a i t iv i tv but also for  the beginning oI  t ' *

',,"rioui segm.nts of the Srn Andreas sYstet)t,,t

This voung age [or the Sen Andreas si >';-1,'

contradicts d"eti rvirich suggest f, consider:ru'"

amount of errly and nriddle Tertiary sltP;r.'1:

post-Oligoccne ofliet is about 350 km (ttu"

{
;

t
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i -
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.,^rr., .".,t^^.L.o "^l!lr.

fl i^n,.1970), \yhile the post-Cretaceous offset of
rhe basem-en-t rs about 500 km (Hill and
flob:on, 1968). Ir is_ possible rh"t n* pr-Sln
Andreas trutt may have exisred behind rhe
middle, Terriary trench as 

"_ 
,r.n.t -r.lo,.al

strike-slrp lrul.l; such relationships are not un_
,9Tmol^. l .Tnd, prescntly r. i ;u.,r*. t . ,
(Allen.,,r yor; rrurli and Aloores, l96g). Another
possrbrtr ty,  , thar olde r  ofsers on the San
lrdreas raul t  \ \ .ere relx l rd to a dist inct ,  ear lv
fert iary episode of  obl ique 

-ot ion,  
i ,  d i r .u.r . l

;n the last sectlon ol this DaDer.

CONCERNING THE MOTION OF
NORTH AMERICA

To understand horv the Eocene plate con_
frgumtion (Fig. 2) cvoh cd into ,t. pi.r.nt o*
(Fig. .+).  rve musr esrrbl is l r  i rorv ' rhe Norrh
r\mencan-plate moved rvith rcspecr to the
oceanic pl : r tes dLrr ing rLe . inreruening r ime
sprn., As d rscussed belorv, evidence suggeir s tha r
NOrrn / lmerrc: l  t l ls  been rnor ing rv i th respect
to the.Pacific plate at a ,nt" of d.,r,/y. fo'.l i
least rhe.lasr 4 m.y. For tt,. ..lotiu. rnoiion,
pr ior  to 4 m.y.  a8o, 2 disr incr models hav. becn
prevroust)  proposed rnd sr i l l  or  l rers are possible.
ln the to lo\r ' rng,sect ion! ,  I  s l r : r l l  f t rst  presenr
the proposed models and r l rerr  cxrm jne t i re dar r
nhich concerns them.

A Model rvith Consrant Relative Motion

, .  I i , rh;  P:rc i f ic- , \ r r r r . r ican nror iou rs conslant,2
lr 1" 

ot tl l i tirken up by. :r single rrlns[orm
ri lut t ,  and r l  r l rc corsr l rnc is piral lc l  to rhe
motron,- then r i re s i rupl i f i  ed er.ol i r r  ion dcscr ibcd
0y ilctlenzre and. I{organ (19691 restrlrs (Fie.
.l/, rne^agcs ol the easternlnost anomalies inrrgure J Jusl. predlle tlrc n;rssage of a ridge-l rench-trxnslorm 

.  r  r ip lc ju i rct ion (u): l t  rs,  a

ffi,?i:[' l:,1 ii'.;'fi :;l ff r: ; :i '"o;r,.;
ltme verius disrrnce -along 

,ii. .o"r, of 'Norrh

lliiilr; I, shorvs, horv the rriple ;u,",;on,

^,-ltgll. 
U. Evolution_lrith time ofboundary regimes

1,;.ri l l : 
.*rl of Nonh Amcrica 

"ssu_ing th. i lodel
:l 

."rj,1l: 
.American-paci6c motion discribed inr.rgure ), \t hlte^areas denote times and corstel locations\rh€rc rhe pacific plate was touching North Americaand inreracring rvith ir. Gral 

"r." 
iho*. , irn., ,r,Jcoastal locations where rhe Farallon plate l.y oft-sho;;and rvas underrhrusring North Americe.

i r )are u-a.  inreracr ing r l i th Norrh . \merica at
3] ] )  polnt  a long the coast 3t  rn) .  t ime. For

l "Tp,. ,  
r r  shows. rha.r  of l 'Srn Fiancisco, thel -Jral ton pt . r fe \ \ .asimpinging on North America

Ir  a (rench. unt i l  6 m.) . .  ago. rr len the Men_oocrno trutr  
^migrdted past rnd rhe North

1\merrca- i , rcrhc. . interuct ions (San Andreas
r.rLr l f )  bcgrn rn-this region. As anor her exnm ple,
rr  sno\vs ) .11 17 m,).  ago, ; r  r re l ]ch borde red
i \or t  r )  . \nt(  nca I  rom sotr t l rern Br i t  ish Colu mbia

)3., l:1...,-n,ri:lt a nd south fron, ..,,,rr1- Br-1i
\ - i l r r lo l  l l ta.  \ \  l l l ie Srn Andrcas_ t ;  1,c ln teracl  lons\ \crc r lkrns pl . rce- of f  sourbcin Cej i fornia,
lo l ,h. l l  B:r ia Calr fornir ,  and norr l rcrn Br i t ish
\-otLlnt Dlx.

Models .rvith Changing Motions

. 
The, intencr ions represcnrcd in Figures 5 ando are derrved l rorn-the asstrmpt ion d[  constant

rer; l t rve nrotrons. l f  r re assurne insterd that  therer: l l rve.nlotrons changcd, nrrny other models
1rc possrbir .  Une srrc l r  nrodel  ( i \ lorg:rn,  l96gb;
Vine rnd Hes, 1970.1 is that ti. NJrrt n_..ij
can and t ,aclhc pl l tes r lere f ised r . i t l r  rcspect tooJ)e another unt j l  aboxt 5 nr.y. .  : rgo.  at ' rvhich

]'j:, 
ul.f broke rnd began to rno\ e past one

anourer at a.ra re ol 6 cm/y r. Figure 7 iliLrst rates
Inrs po.ssrbr l l ty ,  and Figure 8 shorrs the evolu_
uon ol boundarl. conditions for rhe North
Amencan phre. Figure g shorvs th:rr of San
rrancrsco^rn thi: model, the rrench ceased itsacr lv l ty JU m.) .  rgo,  af ter  rvhich there rvere no

ftle..rn-r::acrrons 
unrrl the San Andreas began,

, m.y. ago.

=
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I
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I

r racl() l l t

rc phtct

i corfyr
n is r l !
iaralhn'
rronral ict
Figurc 6
are at in
Capri0n!
mil l iou

re No(h
to ! cltcll

Plrrc.

e an(l
\ndrcrts
r dircct
lily l)c'

es, t l )c

Jn as il

rhe Srln

nigrated up anc.l doryn ,ii"'.;;ir*#T;::i;

o'-1";r,,hjt 
and all nrodcls o[ ..consranr 

nrorron,, con-r i t - - , ,  n lo on..  con-Rcred 

^belo\r ,  
re lat i r 'e nror ion bct*cen thc I )nci l ic  : rudtr '" , .r  ̂  

(nc l ' : lc lhc :utd

i l, i l"i l.j,i"i pteres is a roririon ab,_rur a pole (liscd*i'1.*p.., . r,iii,' pr;;";';;il ;il:l; ff il;;:N.- Sr" ' . , ,  . i ,  --" '  Prcscnrl) l res at )J"
*i l"  

t t :  rne !:r te oI rotatron uscd amounts to 6dh/. .  L ' rcu , r f iounts to bYyr-at rhe.morrrh of rhe Gulf of California. .fhis

[t,'r:'l:j,"^.:,1]-il-organ 1re68a) from trends ofrhe S.rn Andreas nnd Foi.rr."rlr.. ryr,.rn,. A
::i-:,'{ '*:. j:!."pendently dcrivej by Mc-
{,Lu |arl ier ( lybl) uslng rhc f irst motions of

Presfl l l
.he lgcs
,l',e givc

tr;nch
of thc

'stem.
iststem
ider.lbtc
l;r,: the

''iA'fl"
u,r lrc ran n nore3s tault  rnd in the Aleurian
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Figure 8. Evolution with time of boundary regirnc5

along the coast of North America assuming the modcl
of changing motions described in Figure 7. White areas
denote times and locations of Pacific-North American
interactions. Prior to 5 m.y. ago, thesc Plates wcrc
locked so that no plate-related tectonics shorrld bc
detected in the regions and during the t imes indicatcd

by the rvhitc spaces marked "no relat ive motion. .  ,  ."
lYhite areas from zero to 5 m.y' ago indicate a regime 6f
strike slip. Gray aleas show times and places where thc
Farallon plate lay ofrshore and was underthrusting

North America.

decipher the true relative motions bet\\'een thc
Pacific and North American plates. Although
this cannot be done unambiguously at the
present time, considerable data exist rvhich
bear on the problem, and appropriate tests can
be suggested.

Spreading at the Mouth of the
Gulf of California

'I'he magnetic anomalie s at the n.routh of thc
Gulf of California (Fig. 9A) indicate spreading
at a half-rate of 3 cmf yr (6 cm/yr total) in a
direction approximately parallel to the San
Andreas syslim for the lasi 4 m.y. (Larson and
others, 1968). According to Figure 4, Bair
Calfonia is presently part of the Pacific platc
and Nlexico is part o[ the North American
plate,  and so spreading in the Gtr l f  is  a man'
it.sration of tfie reletive motion o[ these t\fo
plates, and thc Gulf anomalies may be used to
deduce the rate of this relative motion. Thus, rt

is crucial to discover horv realistic Figure 4 isas
a model for this region.- 

Slirrni.ity pro,ri'd., on. test. The lack of

errrhqurkes rvest of the ridge (Fig. 94) sho*s
that ir is probably safe to assume that l1xJr
California moves with the Pacific plate . On tht

other hand, the continuation bt ,n. gl'o'

America trench north of the Rivera fractulc
zone, the epicenters near the coast of Mexicoto
that region, and the distinct orientation of thc

A.PRES[l{I

B. 5l, l  Y
300 i(
ffi =

C. 11] Y

D.20[1Y

Figve 7. Schematic modcl of plate interactions

assuming that the North American and Pacific plares

were 6xed to one another unti l  5 m.y. ago, at which

time they broke epart and began to move at a rate of 6

cm/yr, other assumptions and symbols are similar to

those in Figurc 5.

Other models postulating changes of rnotion
are possible. Horvever, models that include
signihcant overthrusting of the Pacific by the
North American plate are discounted by
evidence (discused- belorv) that the coast lvas
nearby at  t l re t ime ol  the form:rt ion of  anom-
al ies iher are norv nerrs l rore,  and models t l rat
include significant southwest spreading of .the
Pacific arvay from the North American plate
are ruled out by the lack of symmetrical
anomalies near the coast. Thus, the other
likely models lie betrveen the t\vo presented:
pr io i  to 4 m.y.  ago'  t  he tate of  mot ion may
'have uaried ionsiderably, but the direction
remained approximately' parallel to the San
Andreas and the coast.

The considerable differences between Figures
6 and 8 demonsl.rate how important it is to

I

25"N

20'N

l5"N

sf Lj NoRIH c:
A14ERICAN-
PAi]I IJC
PLATT
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time of boundary rcgiIncs
rerica assuming the hod.l
:d in Figure 7, Whitc a1611
of Pacifrc-North Americau
y. ago, these plates wcrc
latcd tectonics should bc
during the t ime s indicarcd

"no relative motion. . . ."
.y, ago indicate a regimc of
t imes and places *hcrc tht

and was underthrusting

.e motions bet$'een thc
rican plates. Although
unambiguously at thc
.rble data exist which
rd appropriate tcsts cnn

h of the

.ics at the mouth of tlre
9A) indicate spreading

vr (6 cm/yr total)  in I
y parallel to thc S:trt
Iast 4 m.y. (Larson antl
ns to FiAure 4,  Bxjr

'eit of thJ Pacific Phte
I the North Amertcnn

1 in the Gulf is a mrn'

' 'e motion of these nvo
omalies may be uscd to
-elative motion. Thus, l(

,w realistic Figure 4 ls rs

one test. The lack of

e ridee (Fis. 9A) shot{s
l. to""siuri. that Brir

:he Pacific Plate. On rc

tinuation of th. mto'

of the Rivera fractutc

-rr the coast of Mexico jo

stinct orientation of thc
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cpiccnters and scr-ffoor-age near the mouth of the culf of California. Earthquakes(Irhgret rnclude au prerrminary derernrirr.rt ions of hypocenters of rhc USCGS, ESSA, between r96l anirgoTrsl'noot a8.s (ln mlll lons ot yerrs belore prescnt) rvere deduced from anomalies as described in Larson and othcrs
rr'06) and chase and orhers (1970). contours of200, r000, and 2000 fathoms are from chasc and Menard (1965).

Figure 98. Present plate configurations and mo-
t ions near the mouth of the Gulf of Cali fornia. Sorcad-
ing rates and r idge oricntat ion indicate that th. Riv.r"
platc may be moving approximately with thc Amcrican
platc; howevcr, carthquakes, the topographic trcnch,
and the dif fcrence in orientarion of thc fracturc zoncs
may bc indications of comprcssion bctwccn thcse two
Dtatcs.

l l5.w l lo.w lo5.w
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Rivera fracture zone may indicate that the

ocean floor east of the ridge acts as an rn-

dependent plate ( the Rivera plate,  Fig 9B.) '

This olate.uas on.e part  o[  the Cocos plate

( l r lc l ienzie and NIorgan, 1969, p.  I3 l ) '  and

al though i t  nou-appears to be movlng wltn rne

American plate,  i t  ma) . .not  be entrrel)-
couoled to ' i t "  vet .  A compl icated mot ion for

this small plate rvould not be. surprising, since

i t  is  cauglr t  in a t r lp le luncl lo l l  (Last  l 'xc lnc

Rise, l t f i l -America Ttench, and Gulf  of  Cal i -

fornia spreading system) and shares bouni i , r r ics
si th 3large plates (North American Paci f lq
and Cocosj .  Unfortunately,  most o[  t l re rnrr , .
net ic anomal ies knorvn in t i re GLI l f  u. t . . r . . , . l , l
at the boundary betrveen the Paciic plate anLl

c

this small rvayrvard one, so that their relation-

I
1

5r

tr

c.

t l
I
t i
l ,

h
L
o.
o;
r l
r l
P.

R
o(
CI

di
T,

ship ro the American plate is uncertain.  On r l ) (
other hand, 2 magnet ic prof i les northeast o[  111.
Tamavo fracture zone shorv rates of 2.9 cm./r r
(5.8 c^/vt  f t r l l  raLe) for  the lasL 2 m.y.  (L.rrso' '
and ot l ,e is,  1968; R. L.  l2rson, I969, pcrso1.1l

F a\ol\ l

45"N

40"N
I,

rzEo\ l /  t?no\rr  l tqolAr lAO"Vl
'v-  

YV la-v r l

,,ii1i,"lli;",",#.,h;ru:m:],t"l,:Ti,ffi :Ii"'.::5:1",.' ;J::#::'.::'}]::l-i!':j'i"i'j.#
Rad and Masoo (1961) and Atwat€r t"a ilt"'"ta 1UZO)' Contours of 200' 1000' and 2000 fathoms are trom u'-

Manus (1967).



CONCEI{NING TI.IE iUOTION OF NORTH ANIERICA

res boundarie5
rican,, Paci6c,
t oI the nlag-
I \\ 'eIe Created

commun.).. These anomalies are not involved
r l i th the,Riwra-plare and appear to be truly a
parr  o l -  rhe CLr l f  spreading iysrem. The sir i i l_
a ty ol  ra les acro_ss the Tameyo fracture zone
suggesrs rar the Rrvera plate is near ly couoled
ro the Amcncan one. The spreading r i te nort l r_
elst  ot  re tamayo l racture zone is probably
the.stro-ngest evidence rve have conceining th'e
Pacific-North American tnt. of ,.l"tirl."-ol
r ion,  I t  is . rhe pr incipel  source for the 6 cm/r.r
rdre used rn the models descr ibcd above.

The_onset of  spreading of  the Cul f  4 or per-

l , r f ,  
o 

TJ: .  ago (Larson and others,  l96g;
L?t:oo.,-Iv-/!) m.ry be inrerprered as rhe onse I
ol  l ' rcrhc-Nort l r  America mot ion in rhe model
of changing motions, or it can be artributed ro
the sout l ruard migrat ion of  a t r jp le jLrncr ion in
the mooel ot  constanI mot ions,  This sccond
posibility l ' i l l be discussed belorv.

:ific plate an{
:heir relatiol.
:rtain. On the
,rtheasr of thr
of  2.9.cnf  y1
m.) . (Larson
969, personal

120"w
riar.|Ls) tt',

rnomrlics ot

re from ita

Spreading at the Juan de Fuca Ridge

_ .The magnetic anoma.lies at the f uan de Fuca
Ridge. (Fig- l0r \ )  shorr  thrr  spreading is
occurf lng r i lerr  1t  a hel f - r . r re of  aboLrr  2.9
l l /yr  

(5.6 cm/yr torel , ; ,  prcsumrbly in rhe
drrect ton p. l r i l l le l  to t l )e BI: l l tco f racLrrre zone.
The northern Gorda Ridge is also spreading at

{

t

i l
t

i

I

t

t;tt
S

I '

I t
e

,"llt" tOl. present plare configurarion and
ih;::l: j."' the Juan de Fuca ridge. The probabiliry

th-eJuan dc Fuca platc is u.rderihr,rsting th.No.th
.n.r" +"J: makes spreading at the fuan de Fuca

'- +erE--s-4:ts.a. EEIGES@:5I'4*a--:':
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I  th is,rate and direct ion.  (Act iv i ty on theI 
:oruth,errl 

parr o.f rhe Gord.r l(icige 
"'"a "" 

ii,.-  r \ lendocrno. Iaujr .may be disregirded for our'  purposes..srnce dis lor ted 
"nomil i .s and scat_

rered earthquakes indicare th.r t  the sea f loor isnor ac, f rn€ as a*r ig id plare in tL is repion.)  The
tuan oe fuca Krdge and Bhnco frairure zone
ha\e^been considered to be a cont inuat ion o[rne Jan 

^Andrea< 
s;-srem l_,y |ine and Wilson

( r  v iJ)) .  Uotr .and orhers (1969;,  and orhers.  Assucr,  r t  would be an indicaror of  rhe relat ive
rare 

-o[  
mot ion be trr .een thc American and

1'1111. l t" , . t ,  FIoser-cr,_ Figure 4 emphasizes
1 :efrous problem in th is interprerat ion.  Fieure,r  ,s a Nlercator projecf ion r | l r ic l r  uses the N"orth
,rrnerrcan- i ,acihc.  pole of  re lat i , , .c morion as i tsnorrn pote (srmrlar ro th.r t  o l  t r lcKenzie andParker.  1967, F;g.  l ) .  In th is prolect ion.  anvrarr tL \ r l lch is acr ing 

"s "  
r r , ,n i fo i_ faulr  bel

l \veen thc l ,acihc rnd Americarr  p lates rv i l l
appe;rr  ar  a i ror izonral  l ine.  The sr; ;ke of  the
btalrco^jr ; tcturc.zone di f fers f rorn th is t rend by
aoorrL l ) - .  hr ther rhe Bl : rnco i r  absorbing aLlrge anrount ol  conrpression. or c lse the ocEan
uoor betwcen the r idge ant l  rhc cont inent is
nf  

' lng j . r  ; r .scprr . r re phte (rh" fLrrn de Fuca
prare,  _f  rg.  I  Uu).

I , l  . rhc f r r . rn de Fucr pl : r tc is I  sep.rmre olate
and rs moving parallel to the Blanco fraiture
zone. l t  5.E cm/yr rrhi le thc Arner ican pJate is
movmg p.rnl le l  to t l re Srn r \nJreas faul t  at
at .5.8 cm/yr,  Figure l lA shorvs thar the re-
sultrng motion betrveen these 2 plates is a
norrh-nort l reJsrward compression oi  about 2. i
cnr/  )  r .  I l  .Oregon and \ \ 'ashingrorr  nre moving
ar r  r i r re less than 5.8 cmf yr  ( is  in Fie.  16)]
t l rcn t t re compression is fasre r  and js in i  moie
easter ly drrecr ion (Figure IJB).  , fhere 

is a
consrder:rblc amount of  cr idence that the
margirr  o[  North America is being urrderthrust

?LXl"  
oTrn loor rn rhis rcgion (Si ! r .er ,  1969a,

ryoTD;.  h i ) rne and others,  1966),  and the
cndeslrrc.  volcanism of the Crscrde mountains
rnocpend.ently suggests the exisrence of a
oown-\\ eflrng ocearric plat e. The lack of a clear
rJenroft zone ol earthquakes may be considered
as evloence agdln-st dotvnwelling; horvever, a
llv relrthq urkes ot rn te-rme dia te depth do occur
(.t obrn and Sykes, 1968), and bouniaries rvhere
storv compresion is predicred are noted for
rnerr  lorv sersmrcrty (southern Chi le and the
i'l i:?"{'. ndge are example s: ser Le pichon,
lyodr.  - t  ur thermore, the Juen de Fuca plate
rs young and rhus not ver)  rh ick and cool ,

?: :  T"] :  
may,reheat very q uickly, ,  producing

rew oeep earrhquakes. The possibility of de-
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couDl ine of  the fuan de Fuca and 
' \merican

oi",'.r-i?na.tt tlre spreading rate at the Ju'n

5. F"* t iag.  unrelnble asi  Paci f ic- ' \me r ican

rate indicator''- 
A, rfr"t, discussion of the history.of the iuan

de Fuca r idge as shorvn by magnettc anonralres

; ; ; ; ;  . i r  r t r t .d above'  the older rnomal ies

";;;i;;J 
by spreading betrveen the Pacific

;'F;;;ii; 
's,h'res 1Fi"g 2)' end a trench

.l,t.d tulti.h iuas consul.ting the eastern edge

.i ,i. fr."ii.t ptate. After thle rid-ge and trench

.ottiaed routtt o[ the Nlendocino fracture zone'

"" t r rn.  
t . . .  o[  t l te F.rrr i lon phte rennirred to

i r - ' . ' " "" t i r . '  , "a cotr t int ted to mo'e er5t \ \  ard

i;;; ';; Pacific plate' Even though-..the

t" t f "a i"-  rate r t rd 'd i rect ion chenged ( \ / ine'

l '966; \ I -en"td rnd ; \ tsr ter '  I966) '  rnd , t l )e
manner by rv l r ich t l re Presenl  .sprerolng
conf igtrrat ion evol lcd f rom the prevtous ot te ls

not i rnderstood'  t l re I r r rn dc 
-Ft tcr  

p late,  ts

clear lv a direct  descendent ol-  l l re l ' r ra l lon

olate . 'The f . rct  t l r : r t  the ' inomrly .seqrretrce 
ls

iornpl . t .  i t rst  nort l r  o[  t l te \ [errdoctno l r rct t t re

;;;:.i;;; i, 
".iv 

n."4" co'plete nerr thc silx

iru.iut. ,on. iltotus tl.tat spreading l.ras been

continuous. If the Juan de Fuca plate ts

; ; ; ; ; t i ;  mo' ing ui th rhe : \meric:r^ plate '

ih;r  6supl ine is rcht i re ly recent '
"'Tf',. 

Tit..-, i",t oI spriading chrrrged at thc

Tu* d.  F ' , . "  r idge bi t t t  een 7 and {  nr 'y '  ago

t;; ;;; b. *l"i.d to the onser o[ motion in

th. Ir-roi.l of changing motions' Horvever' tt

.r" 
'i. 

"t 
..iirv .*it"iinta using tlre model, of

constant mol ions by noLing t l lat  the f  aral lon

;i;i;;;t steadrlv diminishing in size.' Perhaps

ibout 7 m.y.  ago, i t  became too snral l  to m:rrn-

t^i. l" rn1r,i"?,, and so it bec:rrne partiall; '

coupled to the American Plate'

Evidence from the Sea Floor off

Central California

Figure l2 sltorr s the m:rgne tic a11qrn'Il 'ts5 rvest

.f ..?tii"f California ThJ com plicated.broken

geometry and the slou ing of the sPrradrng rate

irav be interpreted as an indtcatron tnat tne

F"i" l lon plut .  broke up about.32.m y '  ago'  as

the r idge neared the trench and thrs Part  oL tne

i
{

t/^ r^

f{k, I

I
(
,
(

t '
I

{

i
I
I t
I
I

l
I

I
t

A.

I

I

f

1

Fieurel2.Magnet icanomal iesandsedimentat ionoffcenualCal i fornia 'Posi t ivemagnet icanomal icsaresho$d
in biack (afrcrMason and R'tr' ls6i,;;;;;;;' '""a-"it"*' rsos) oi"t'iiJ;" of f"" d'po'its 1grav1 an{'llP

osraohic features are r,"* rta'""'a lilli';"il:;;ilil;;;""*r'-t.',".,* 
t-r'"*]"*iionl of oe'-p i'alrillin;

h-oles 32 (southern sta0, 3J and 34 
"hich 

lottoritdin late Miocene f"" dt;;t i ' '  i l ; ;;;t i" 
""o*"ty'proFltt 

tho"'

the basis for identi.catioo of tettait' a^tt'J-a"t' i;t"nit 
"' 

f"t comparison' ii from north of rhe Mendoaino frat'"0;

zone. Profile c-C'-C" shows slowing of spreading about 32 5 m'y' ago' presumably associated with disruptioo

thc Farallon plate.

%- t \
-n)

B.

Fieure 11. Vector diagrams for deducing rclativc

*o,i3r, b.,tu."n the Jurn de Fuca and North American

"irt.t. 
C",*a fine shows trend of North American

i"* ff*. In both cascs, the motion of the Juan dc

i"." 
"fr,. '";rft 

rcspecl to the lacif ic plate (Jr) is

""r"tiJ. 
u. 5.8 cm)yr p'rrallel to the Blanco fracturc

;;;:';. Th. ;.,iori oi th' North American with

;;.J;; .h. Paci6c plate (A r) is assumed to be 5 8

.-7rt o..ff.f to the San Andreas fault The resr'rlnnt

-.i i* '"e 
,n. Juan de Fucr with respect to the North

American plare (IA) is seerr ," 
" ""::;o;;: ' i :1":l;

north.no.therst direction of 2'5 cm/;

American'Pacific ratc of motion is i(sumed to Dc a

..7"t. ift." ,ft. l"rn de Fuca-American motion (fi ts

."#il U. u" eastrvard compression of 3 cm/yr'

o late became very narrow (NlcKtnzie^:nd

l \ lorg"n,  1969; r \ t rvater and Nlenard'  ly lu) '  I '

,rrir i l"tt.-, ln. broken pattern indicates that

,o-. pur, of ,n. .ontintni was nearb-y' Further

support for this conclusion comes trom uesP
"sli 'otiril^g 

Project operatio.nt off Srn Ftrn'

iir.o. L, t. 
"lr{io.ene a6ysal-fan deposits rtere

recovered near the bot tom of the sectton lntu'"

ii"r +iro m rt"," the coast; see McN'fanus and

ii"r^t, rsfll, indicating thx-t the continent \!",;

nearby and that the trench hart been destro)'-

or overfi l led before this time'

I2

1-t
,il ,l
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These lines of evidence sttpport plate models

in rvhich North Arnerica either rvas movtng

aooroximately par.r l le l  to i ts orrn coasLl ine or

*r1.. 6*.d rr ith rcspecL to the Pacific for the last

30 m.y.  ln sr tch models the ages of  near-coasl

anomil ies of  FigtLre-3 represent the actual  t imes

of the r idge- i rench col l is ions.  Both models

presented abote ate of this tYPe'

Evidence fron the Aleutian Abyssal Plain

and Island Arc

Grim and N.r t rq ler  (1969) h3\e repor led x

hcadless submarinl  channel  on the Alet l t ian

plain (Fig.  I3) .  and E. L.  H:rmi l ton (  I967)

iound r l ' " " t  t l te plain con: ists of  o ld rrrrbidi tcs

iio^ o ,to.,l,.rn iource, overlain by a bLanket of
pehgic sedinrents.  The Lrnder ly ing crust  rs.P: l r t

i f  t i i . . "gn. t i .  b ight .  Afrer th is part  oJ-t l re

crrrst , r  as c ieatcd, r idges le; '  
-north 

and east ol  t t '

orol-,lblv lornrirtg a L'irrie r for turbjdites' Thu'

ih.  ,Loi t ine of  lurbidi tc sedimentat ion m'r1

m:rrk the dint isc o[  t  l rese r idges, aborr t  25 rn 1 '
aeo accorcl i r tg lo const i rnt  mot ions (descr ibcd

l,ilo" l sce l-ig. lti), or aborrt 60 nr'y .ago.accor'l-
inq to thc 

'changing-motion model (Pitman

"n? 
Hn".., 1968): 'I=he cessation of turbidite

depositiln marks the ctltting of. path\\'ays

IeJdine to thc source arca ei ther by the en-

croaclilcnt o[ thc Alcutiln trenclt or b1' [orm:t-

iion of tlt" trerrch, dcpcnding upon *hiclr

modcl is assumccl. Both possibilities requtre

vo r ' tg(  r  rgcs r l t rn t l tosc csl  iml tcd f rom pehgic

icdi , r icnt  i I t i .kn,  r '  b;  l - l : r r r r i l ton.  Ft t t t t re dc. . -1r

sc.r  dr i l l ing ui l l  srrpply d:r tcs rvhic l r  mr; '  t l is-

t i rguis l t  bct$ ecu the nlodels
'ihe Al"utiatt trench and island arc are tlte

resulr o[ the Pacihc platc unclerthrtrsting thc

Nort l t  Americ"n plate,  so thaL cl t tes abotr t  the

i,irLorv of motiorx bctrve e n thcse plates might

be iound from a study of the continuit;' oI

activitY in the Alctrtian clrain' The consttrr.lt-

mot ior i  mod. l  prcdicts a dcfrnirc history for  t l tc

Aleut i . rn 
"r .  

t i l t i .h includes I  change in the

rate rnd direct ion oI  r rnderLl t r t tst ing in t l tc

mid-Tertiary, and data available appear to.be

compatible ivith such a rnodel (Gro$ and At-

rvater,  1970).

Separation of Cretaceous Italeomagnetic Poles

Another method of measuring the motion oI

laree plares is to compare their  pr leomagoe(Ic
poiar'rvandering curves Paleo-pole posttton<

ior the Paci6c are knoqn l ronl  the magnetrza-

tion of ,.o-or.,nts (Francheteau and others'

i 'g;bi;.Jit.t comparative-magn-etization,oI
thc I imbs oI  thc megnet ic brght (Vlne'  Ivoo;

be four
North.
1\ ere pr(
,\mertca
dominat

Igneous
Trench

t7o. 160. t50. l4o" t3o.

Figrrre 13. Location of sourcelcss sedi:nenls and

beheaded deep-sea channel on the Aleutian abyssal

plain, after I larni l ton (1967) and Grim and Naugler

i tgo')1, orrL grry shorvs ereas of abyss:r l  hi l ls alrd sca-

moLrnls. Grr) l ines show location oI anomalies 2i

and 32 in the Greirt  N{agnetic Bight of Elvers and

others (1967). Contours of 1000,2500, and 3000 fathoms

are gcoeral ized from U.S' Nxv) HydrograPhic Omcc

ch^r i  t t .o.  Nl isc.  15,25'1 '6 (1961).  Agcs ofstart ingand

ceasing of turbidite sedimenrirt ion may provide clues

.urr..r1, ir lg the l i fc t imc of thc r idges rvhich made thc

anonral ics-and rhe locatiol of this plain on the Paci l ic

plate rvith rcspcct to possible sol lrcc areas lrhich lay in

the North Anrcricarr Platc.

r30.
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Vinc arcl  l lcss,  1970). ' l ' i rcsc d:r t i r  indicate that

thc Pacific plltc hai urovctl ttorlhu'lrd a con-

,i.l.r"trl. clis't:rncc sirlcc Crctrtccotts (at least 25o

in the last  70 m;. ;  -scc Viuc,  l9( '8)  fhe pole
po' i t iorr  [c,r  Nr.- , r i l r  . \ r , r . r ic . ,  ' lLrr i r rg the Cre-
' i : , . ,  

o l ' ,s  i .  i r r i r l l  l rc l l  knc'r t  t t  (Crontnre and

ot l rcrs.  19671. ' l  l rc , l iscrc l ' . r r r t ;  l r '  l r rcen t t  ano

i t r , l  r . . , ,no, , , i '  nolc is 50o io ut l ' .  i : " r rc l l  (1968)

r i r" t , . ' iLt . , ,  r l ' , ' r .  pol .s c i rn b( l ) f { ) t rg l r l  together

br rssLrnr inf  t l r t - I ' r rc i l ic  r t r l t l  . \ r l rcr icxn Plater
rr ior ' . . . l , r i t l i "  corrstrnt  r t  l : tL i re t r ' lot ion Piral le l
to r l tc prescnt Sl t t  , \ t tdrc ' ts xn( l  l t  a rate

c.rLr ivr lc i r t  to abotr t  6 crn/1 r  r t t  t l rc San Andreas

sir ' rcc CretaceoLrs r i rnc.  lh i"  sol t t t ion is nor

tunicLtc,  bt t t  thc f r t  is  tncottrrgi t tg for  the con-

, t"r , ' t - ,not io, ,  nrodel .  Thc rnodcl  rv i th changtnS

;;ii;;;;;;;;;;J'"bo''. p,.,li.t' onrv a re'v
desr. .s oi  total  reht ivc mol ion'  so lhr t  l t  docr

noi frt ,,nless rn oldcr perioJ oI t xt rctttely nptu

motiorl is Postulated.
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States (Barazangi  and Dorman, 1963) This

Daltern of  ear lhquakes is ent i re ly di f ferent

iro- th" narrorv, 
-linear 

belt of activity asso-

ciated l i th oceanic t ransform frul ts '

Figtrre I4 cont-ains some of the more prom-

i . renl  tecLonic feat t r res f rom King (1969) '

o lot ted on t l re i \ lercator project ion of  Figtrre 4 '

The relar ionship of  the Paci f ic-North American

-ot ion 
to featurcs rv i t l r in the boundary can be

r isual ized b;  nroving the top of  the map

horizontalh to the r ight  Fart l ts r tLnntng

horizontally acrosc the figtrre (San Andrea')

shorv pure strike slip. Faults at other angles

,ho,,  ip.ning (Basi i  and Range) and..c losing
(Transierse Ranges).  Rotat ions ol  smal l  b locks

iil l co.nplicate the picture sonervhat'

Relations of the Onse t of Continental

Deformation to Ridge'Trench Collisions

Before r tc can disct tss the age of  onsel  ar ld

the total  amount of  deformat ion expected

rvithin thc continent, \Ye must consider \\'hat

o..utt 
", 

a migrating ridge-trench-transform

i i ip l .  iu n. , ion.  Figure I5 is a s[ctch o[  phtes in

.rds,  s. . t ion as t l r i  r idge and 
- t rench 

appro'rch'

Fisure l5A rvas constructed {rom Mcl(enzie's

tt1SZ , WSVl rnodels of ridges and trenches The

i ig id pl .  r .  l i . ,  t . to th icknes'  a t  t  l te r idge cen te r

"n"a- i r i . t  
.n,  as i t  moves r t r ry f rom t l rc r idgc

nuJ.ootr .  At  the t rench, the dorvn-going slab

iii in, nenin as it is s armed by the surrorrnding

" l"" i f .1 
l .  Figrrre I5B, t l re.r idge is.so r tcrr  lhc

trenclr  th.r t  t l re platc is st i l l  rcr ;  l l lLn \ r l ren,r t

bepins to t lcsccnd into lhe mxnt le al td lo DC

ifrir".a frv hcating. By tlte time the trench

;" ; ; ; ; " t  ihe 
' idg. l  

Figt ' re 15C,.  the Frral lon

plate has pract ic:r l l l  ccf lsed to cxrst '
' In pl^t ' .  mo. lc ls,  a spre:rding r idgc is corr

sidcred ro be iust rlrc ueakest pllce bct\\'een I

diverging phtcs:  i t  is  not  esPccrxl ly-  rc lated 10

" 
.or i t . i r i . .  up-uel l ing zot te in t l tc  mant le '

Thus, rv l ten the Frral lon Plale ceases to e\rst '

ifr. tiae. also ceases. Thiiidea is incompatible

..lith ltipoth.r.s tvhich relate con t inrred ac tir it; '

o i i t ' .6 i . t run East Paci f ic  Rise to r i fL ing in thc

Guif of C"lifotnia and the Basin and Range

or*in... Those leettrres are here regardcd. as

iveak places in the conttnenlal  cr t ls l  \ \ 'n lc l l

f r r" t .  i^a thereby became parts oI  the botrnd'

uiu b. , tu".n the obl iquely diverging Nort l r

American and Pacific Plate-s' ." 'F i* ; t ;  
15C is a sketch of  the s i tur t ion s hen

th. t?.".h meets the ridge and the Pacific and

North American plates firsL con)e into contlct

th. P".ifr. pl"te tua. stil l thin and hoL at the

iuncture.  In Figute l5D, the present s i tur t ion'

a oiece of the continent has become attached
to the Pacific plate and motion is taken up in-
land. This can occur only after the lithosphere
at the iuncture in Figure 15C has cooled 2n6
thickened. Thus, a cooling time must be in-
troduced betrveen the time that the triple
iu nc t  ion passesa P, ive n point  and the t ime rv lsn

deformation r.lited io tbe Iteru boundarl'
reeime misht be expected to be fel t  u i th in the
.o"nr in"nt ."Fo, 

^uih 
of  southern Beja Cr l i for-

nia,  thcre appears to hrve beert  a cool ing t ime
of j  to 7 m. i . ,  s ince t l re l . rst  anomll ;  o l fshore is
i  I  m.r .  o ld.  s hi lc spreading be g.rn inside the
morrt l i  of  rhe Gulf  6 ro 4 m.1.  ago (Chase and
others,  1970;Larson, 1970).  Dur ing the cool ing

time , all Amcrican-Pacific motion rvas ap-
uarenLl t  teken trp alonQ the cont inental  margin

i f  rhe *a rein is pi  r . t l lef  r  o t  he mot ion,  deforma-

t ion r ' i l l  6e prr ie str ike s l ip '  d i f f icuh to dctecr

ar a hter t ime. l f  t l re mrrgin l ies at  an r tngle to
the rnot ion,  obl iqtre sprcading or compression
r i l l  resul t .  Nlrrch'oI  the bor. ]erhnd r i f r i r rg of f

southern California and Baja California may

have occurred during these times before

deformation iumped inland, and may be simply

related to the stlgltt nonalignmcnt of the coast

sith thc San i\ndreas trend. This possibility
*ill be used in the rcconstruction belorv (Fig'

l6)
i-L" fa.t that motiou is preseutll ' taken up by

dc[brnrat ion rv i th in the cont inent incl icates that

thc cont inental  l i thosphere is Icry u 'eak,

rreakcr c|ctt than thc continent-oce:rn rntet-

f rce,  cvct t  af tcr  that  intcr f rcc sas cont inual ly

shcarccl and riltcd during thc cooling time'

A Reconstruction of Middle and Late

Cenozoic Interactions

Using the concePts just discusscd, a slightly

rnore rialistic r'.rsion of Figurc 5 can be con'

scructed. In }rigure 16, tlte Nortlt Anlcrtcan
plate is arbitraiy held frxed and, going back-

ivard in time, thc Pacific plate is progresstvety

moved horizontalll to the right by thc amount

specifred. The map projeciion ls such that

pi.... 
-"y 

be ,moied- ngrb".l]lt_ ̂:t"i:: lli

l
I
I
I
)
I

[ , r
(

I

I
1' l
I

i"r "iifri"i 
.f'tnging ,ir. o, slr:rpe.,'fhe ofr-

i#;;;;;;lt;;i.-u,.'d to d.lin.oie the Faral-

I
t
I
' i ,
(

I

i
1i

lon plrte. From zero to 20 m.;. ago, 2 con'

rineital boundaries are used. The rvidc, gray'

inland zone schematically represents deforrna-

ii*'ir-iL* Basin and dange p.ovince, u'hile

the coastal boundary rePresents offset on tDe

irn 
'lnat.rt 

und 
' otti., nearshore fruhl

Deformation is divided arbitrarily: one'trrlru
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on the inland boundary, two-thirds on the motion before 4 m1" aAo was not constlnt but

coastal one. 
changed and 

"e' 'nori 
nearly prrallel to the

The black regions-in Figures 16D' l6E' and 
:,:l*it^' -N'1inor' 

rather sudden chrnges tn

l6F are overlaps ot tonttntntul- 
^nd 

oceanic direction and rate of motion have been noted

crust rvhich arise rn the tonstrirciott betaLtse !:!Yt:l 
othtt olates (ir'fenard and Atrvater'

the coast is not perfectlv P"-tiJi;;";il;': It9llJ':T:lerand 
othirs' Ie68' Fig' 3) so that

tion of motion. l'hese overraps inJit"tt 
'o'nt ", :-:ll,-thjnnt 

rvould not be sr'rrprising A

basic error in the assumptron', ilttttt tt." tt' t!Tg-,t 
Jl 

dirEction l0 m y' ago of about 20o

floor has. been. grossly *,,out'i,-oi lt.'i- I::]11""?9:d1T:1.'ff"X':t1J:?;:;i?,1:
,i.iot-.a much'mori than the amount ac- lnstance' D\

counted for by the rifting 
"i'tftt 

"C 
"i'f 

t"a i*it{ tltl: coa5r' to near-coast anomalies dur-

borderrand, or erse the i"ii'i'#p"'rn' ffi:iiili::H:11,i:g5tr't;J?i:illl.'j"Tfiil
spREAorNG oBLo'E r/oLcANrsf,r changed enough to resolve this corrfl ict while

f^--^.--t '"t"^' .^"^"^^ o, o1'r"oi '"t 'ot \; o,^r,"",, the rate lvas a-bout constant' a ttme-otsrance
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a,uouilz m.)i'ugJ, the Farallon plate broke
up off Baja Calilornia bettteen.the Pioneer rnd
N'lurruy fr^.tut. zones, and therealter, pieces

oBLrouE \\  l ' Iurray rnclurc zurrcs' drru "" '--""^ '  r ' -" i

r ! .  s"" .oo, 'u,  . . " , , l io '  \0,1) l t l , - - .  of  the'r idge began col l id ing wi th_the trench.

- ^^ .llacFcPLalL -!:--L-- --:F+-:1' n. la,' '..rl^o.t.1he Farallon phte betrveen the

OELIOUE \  \

SPREAOING, SIIBOUCILoN \VOLCANlsLr'

=::<#-,:j' L plot, Figure 17, can.be, constructed and the
,'oc;;o 

"-\1'':i,',1:r iollos-in! history mighr. be described.

\  a 'bot ' i3z- '1; 'agJ' , t l reFaral lonf, ]1: :bt :k:

+:+j" ' su iq m.yl ago,"rhe Farallon plete betrveen the
'aF;Nr+- tri..tdo.iio ind Nlurray fracturc zones had

"')\, disappeared, and American-Pacific motion rvas
'\ being taken.up at the young' htt'-:9":ll:lt:

\

{

(
srRrKF 

' ott^i boundaiy By 20 m y' ago' this section

' 'o,u.."., t'\',,---^--+H,," Emffi:'[T",!ffi'l;:il"U:i:rl":i:3= 
---==="='=-' 

- 
\. '_- a'd strengthened sullrclenuy ulJt .r\me tqan-

* 
Pacihc nrition beg:rn to be lelt inlend'.on the

San Andreas (Crorvell' t968)' ancl perltaps tn

the Basin and Range province' Be tu;een 20 and

'- ' l i ' if i 'Hi io .., '"' 
"*o' 

mot"e iouthetly sections o[ theSIFIKE SL]P(6cM/YR) I0 m'Y' aso' more ior'rtherly sections of the

erc rrc prrlF rnxloL I o':le!lc-o-u ridge iolliied rvith the trench while tfre M;n.

i[' ao."ino .on,inu.a to mo'e north\\ ' ird so that
oF PAc:) 

ihe Pacifrc-American boundary rvas greatly0 200 4c0 tne racurc-.\rrrE ""."-!:'-;
*]dgrrRs 

- N0 v.RT cAL txAcctRAlrorr lengthened. By I0 rn y' ego (hrg tbuJ ' :ne

Figure 15. sketch o[ platc cros""ion' du'i"g tr" 
i1;t1i;"atti;5'tt"d 

di'ippt"ar"d 
"]'"t :nt'iu-lt

col l is ion ofa r idge and trench Theraci f ic  p late i ;beld length oI  t l te present 'San ArrdrtavGulf  of

l"li:}l:,:l;ri,J,''";l..;;;'6;.1*,il'l,',":iri :r;:''nlltnl!i:rii::ii[ ]lii!.;i
io,tt. t i*tt, 

"-,: 
cm/yr and rhc Farallon plate moves to ttnti l  4 or 5 rn 1" ago APparently bct\reen r

ifr";*f, i", l0 cm/yr. T.he American plare move s,out and 5 m.y. ago, t[e continen_t-occxlI. Juncture
of th."pege at6 cmfyr- Consumption at the trcnch,rs off Baia 

'Californil 
r 'as sti l l  hot and rveak so

obliq,t€. A' the Farallon OO* t*}:;."rt 
Oti:"T :il: th:rr motion rvas being taken up in the margrn

ridee, it rhickens bY cooling; as it

Beiioff 
'one, 

it is thinned bv b't;;;";; ' ;;; '  ' ,"9 
b"li: ' ]""d' p"'f,"p"tu'ing' the' buried

thickness in ,4 is sketched following ihe 0 9 isotherm dtto'^^ttott oiihi *"!;" nottiby No'mutk

of McK€nzie (1967, 1969) (where t '6 i '  i i t  "o'-"t i"a 
and others (1969)' In California' the ocean-

ootential tcmperature of mat€(ial in the m'rntle beneath continent couoli l le apDears to ltave grott n

ih. plates "nd'intrudiog 
at the,ridge'crest) 1l'p. "::lt: st ronger .so ;iil tl:"r;"ll-;1t::lt::* 

*f:l;
the olates in early Terriary, C rcpresents the srtuatron xccelerating the sllP rate ol tne Jxtl 1\rru*

il.i;; ;;;;'J t'e "c'( 
collidi'd, Tg.D '.'P"-"I: (Huffman,"l970;' liet'r e en 2^0 and 5 m y' a$o'

the plate confrguration in ccntral C€litornu at lne 
ihe Srn Andreas and Besin-Range systerfls a''

oresenr ti*e. The time which elapses du'ltr,l l l j".l l- assumed to have extended coastrvrrd to con'

:i::,:j;iT::ilff,"J.:,::,i3!;;"'J:'i;:'::l; n':i::".*iii3 :i:T,;H:,'Ji ,H:,i'"
predicted. 

Andreas apparently potttd thiough the trans'
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n.Y. 
^go'jtems atc

I to con-
The San
he trans'

', erse Ranges rvhile the Basin-Range deforma-
tion extended across southern California. Both
s)stems passinto the borderland and southeast-
rvard along the coast. The trends of these
extensiol)s are such that movement in the San
r\ndrcas direction rvill cause them to open

obliquely. In Figure l6C, this is schematically
drarvn as a rift-transfonn fault system, but i
more realistic description rvoulcl be a zone of
northwest-sourheast stretching of  the crust ,
manifestecl bl the formatioir of numerous
basins and rifts. The timing of subsidence of the

ll

,a'"'',5

.;'h ":czi2)

( Figure 16, Reconstruction of plate evolut ion and deformation related to late Cenozoic interaction of the North

|fi lt.:t."t, "ld 
Pacific plates. Initials are cities listed.in Figure 17 and symbols and arrorvs follorv Figure 2 cxcept

that North America is now arbitreri ly held 6xed and large-arro*s sho* motion rehrive to i t .  Diagraris in G sholw
' the derivation of various vectors. Captions give time in millions of years before present and amount of offset r.r'hich

rlust subsequently occur to bring the Paciiic and inner North Amcrican plates back to their prescnt rclative posi-
.lions. Pacifrc-North America motion (Pe) is assumed constant at 6 cmf yr in a horizontal direciion (map proieition
1s in Figurcs 14 and 4). Fir the last 2b m.y., 4 cm/yr is assumed to be taken up on 

"."r-.""r. 
f""iir,-t fi i;';;iyt

accommodated by inland faults (gray region). Thus, California rvas moving northwest ar 2 cm/yr (Ca). City
and coordinate lines are deformed accordingly. Prior ro 20 m.y. ago, all motion is presumed to be takco

at the coast. Black regions are unacceptable overlaps of oceaoic and conrinental crust, showing that the direction
Pacific-North American motion probably suffered at least a minor changc somctime benvecn 20 aod 4 m.y. ago.

28 rV Y 1700 (|'1
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Figure 17. Location of pl i l te boundcry regimes sith- respcct to points in Nestern North America' assumi[g

t l l . , i :" ,  
"" i  

a.f .r*"r io,, ,  di . . . i t"a fo, ni. ,r"" ie .  r . ,una . i , i"s are raised above the l ine. They have been proiected

to the coast vert ical ly in t f t .  p'o1ttt io" oi?' lgure 16' roughly paral lcl  to the direct ion of Faral lon-North American

underthrusting. Fine l incs ,.*.  at. ' , t  i f ' rr ! ' i " ." , ionr i f , t t .  ci t ies as the continent deforms. Gray arcas shorv

,irn.. 
""a 

pf".i, rvhcre tectonic 
"ta 

igttrr"J""i"ity relaled-to subduction are predicted White areas show times

and places where North a*"ri." *"r"i.r-*".i trli,rt ,r'. Pacific platc 1or *iih the Kula platc, to be discussed

below). Tbe probablc near-coast t"" i f l"o' io" '  of these interactions are stated' The doned l ine encloses the t imc

;;;;;;.; il.i;il ,,, ,r-,. i"j""i i.r",-"iio., ,.on. of r.ig,,,. 16. Although it is parr of thc North American-Paci6c

t""rfi;;; ,;ir-;;". .".a"0, ,r" r"'ii""-o*inf nai' l" thar efrects oi the z.iegim.' mav bc supe rimposed'.For

cxamplc, around Car.o., ci,y, 
".,a",i,J"Jtt-;t- 

lt ftJit"a tfttough the middle Tcrtiary unli l l l  m'y ago' while

r,rl i .. l t i i" 
""J 

u"J,t-rn.,g" . ' i i  ing i, pttJittta tu have started 20 m y' ago' lasting to the present day'

Los Angeles basin (Yerlies and others, 1965)

fits thishodel rvell.
The configuration shorvn in l6C lasted until

about 5 m.1iago, rvhen the.margin aPparenl l ) '

became stronger than an ln lSnd zone \ \ 'n lcn

broke to take- r ' rp the mot ion -( l6B),  
opening

the Gulf  o[  Cal i fornie.  In southern Cahlornra'

the San Andreas had to break its rvay inland to

connect into the nerv Baja California boundarl '
ih. b.nd rvas in such a direction that oblique

compression began in the Transverse- Ranges

(Criwell, 1968)' The two-stage. developm^ent

) i  th.  Srn Anir ."s syst"m rv i rh mot ion f i rst

i^k.n up outbof,rd ohd rhtn inborrd of the

S"1" p.iintut^ hrs becn suggested by Crowell
(D;c.  1969, persottal  commun')  and develoPed

by Suppe (1970b), although tlie suggested

timing is diflerent.

AN EXTRAPOLATION INTO THE

EARLY CENOZOIC

\\-hen r l re model of  constrnt  mot ions ls

.* , .nd.d into the ear l ;  Cenozoic,  yel  another

triole iunction is seen to have migrated along

thi coast of North America' This is the iunc-
tion betrveen the Farallon, North American'

and Kul : r  p latcs (Fig.  l8) .
The late N{esozoic existence of the Kula

olri. (Grotu and Anvater, 1970) has been

oostulaied to account for the formation of tlt€

:'""r",;;;*;.J;; 
-^gn. 

ti. anomalies rvhich

lie south of the Al.utian trench (Pitman and
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60r l  i6001$1

Figure 18. plate relat ionships derived from extra_
ntron ot Pacif ic-North Ame;ican and paci6c_Kula

through the Ccnozoic. Conventions and as-
are as in Figure 16.

conf igurat ion o[  the th i rd r idge and i ts t rans-
rorm laulrs cannoI be de tcrmined, for  the
anomalies crea.red b;. irs spreading l"y in ;i ;
Nlr ta and . t 'aral lon plates rr  h ic l r  hrr  e both sub-
sequent l )  been destrol .ed.

. If-rve take the Kuia-pacific motion of the
late tr,lesozoic and the North American_pacific
nror ion of  rhe lasr 4 m.1. .  and exrr lpoiate them
both throughout the Ccnozoic.  a, id i f  ,ue as_
srrme rhar rhe rhird ridge had no rr"nrfo.rn
raur ls,  

Lel  the hrsror) .  shor|n in Figure Ig
resul t r  t  hrs e\ t rdpolat ;on is \ .er) ,  tenuous. The
r lu la- l .acthc motron since 60 m.y,  ago is un_
known and no compel l ing reasons-e_r ist  to
suggesr thar lt \\.as constant. The North
American-Pacific morion amounted to a large
offset in. the presenl direcfion (fro- p"l.o-r?-
netrc evrdence).  brr t  i t  is  a lmosr ccrt ; in that ; t
suf iered at  leasr minor changes in direcr ion and
r:lte atong-_rhe *ay. The crustal overlaps in
l.'rgures l6E and l6F seem ro require sich a
change berleen 20 and 4 m.y. ago. The
Farallon-Pacific motion is knorvn to halve had a
minor chan^ge abour 58 m.).. ago (r\ Ienard and
Atn,alcr ,  1968: Arrvarer and \ lenard,  1970).
In Figure IE, this rr.as assumed to ,efl.ct i
chrr lge only in rhe Faral lon plare morion, bur
ther- t ,acrhc,pl i r te mot ion ma).  have clranged as
welt. -t-urrhermore. j\Iclienzje and lriorgan
(t1.69. p.  l3 l )  shurr  that  3 plares cannor al l
mnrntaln constant reht ive mot ion in Ihe sense
that i r , is  used here (rotar ion abour a pole rvhich
rs hxed $ rth re)pect to I he plates \!.hoie motions
rt  descrrbes);  conslant minor readjustment is
required.

_. Another problem rvith the reconstruction in
Figure l8 is thrr  the pole f"r-  Kula_paci f i f
retalne mot ion is di f f icul t  ro establ ish s ince
anomalies and fracture zones concerning it
o{cup), such a small area. For the extr"polaion,
the pole is.asumed to be far rruny ro ihot -rut.and direction of motion is unifJrm 

";.; 
;h;

,.1,i*^5"11 plate.. This uncerrain ry *"k., rh.
r \uta-t \or th Ameflcan Vector,  Ke, prr t icular lv
unreliable. Yer another problem ii that othei
oceanrc ptrtes ma;. have once existed north and
easr ot rhe Kula and.Farallon plates. This could
orastrcal ly.change the predicted Nort l r  Amer-
rcan boundary regimes.

Despite thise irany uncertainrres, the sross
geometry ol Figure l8 is probably correct."Ir is
clear that ar least 3 ridges existed in late Mes-
ozorc and early Cenozoic times, and that their
trple Juncrion lay farther south rltan the ores_
ent locarion of the magnetic bighr. Uirless
otner small plates intervened, the rhjrd ridee
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le :nd,,direction of spreading of ,f,J fui"
u rarallon ptates away lrom the pacific plarerarauon ptates away irom the pacific plare

be determinrd. from anomely spacing and
ure,zone trends.near the migni t ic  Eighr.
J. plares rvere all diverging sJthat a tf,irde 3. plates rvere all divergins ,"'t[;;";f;;;;

3e lay berrveen the Kula and Farallon plates
tman and Hayes, 1968). The direcion and
e of,spreading of _rhe' third r idge can be
]r:..d 

1:l the period from75 to 6im.y. ago,: the Aleutian trench has d"stroyed dita'nrng more recent motions of the Kula
and spreading of the third ridee. The

romalies

cc. iv ;H i, {fE

" ,, \".^\q{il;s "r c.,.f,
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North Ameriian vector is poorly knoivn, it

Tertiary

North Amerlcan vector ls poorly Known, It

appears to have had a significant comPonent
oi'riqht lateral strike slip. A Iate trlesozoic-
earlri Cenozoic era of liula-North American
inte'raction is indicated off the rvestern United

States. This suSges-ts a possible earll epi'ode"oI
s l io on t  he San Andreas whlch cot l ld account lor

rhi pre-lar e-Oligocene offset of Ilesozoic
terrains discussed aboue. A l:rte \lesozoic
episode of San Andreas slip is also suggested by

We ntrvorth (1968) to explain cont rast ing sotrrce
r reas and troughl i le deposi t  iona] character ist icsareas and troughllke dePosltlonal cnaracterlstlcs

for the Gualala basin. The ge onetr)' also shorvs

that the mid-Tertiary trench discussed near

the beginning of_t his p.rper.c:rn.begin.only after

the passage north$rrd ol  the thrrd.rrdge trrPle
junci ion.-  Dat ing of  . igneorts rocks srrggests
i l re existence of  a short- l ived mid-Tert iarythe existence o

3532 T. ATWATE R-IMPLIC.\TIO'\'-S OF

intersected North America, and this triple
junction moved up the- coast,- the Farallcn-

rrth American trench developing south of it.

This geometry suggests possible relationshrps
North Ame r ica'r  t  r inch develoPi

This eeometry suggests possible relationships
to some"geologii ptJEl..t. Althotrgh, the Kula-

PLATE TECTONICS, N. AN,ItrRICA

ridge-r idge.tr ip le jLrnct  ion,  represented b;  thc
magneLic bight ;ntersected the Suncyor and

-\ le-ndocino fr^. tur .  ton. t  about I00 and l . I j
m.\ ' .  ago (aborrr  1300 and 1950 km sott t l t ruc5l
of  anom"ly 3l) .  Considerat ion of  r idge-r idgc-
r idge tr ip le j t :nct ions shorrs t l tat  the o[ Isets ot '
f racture zones ml lst  come inro existence at  og
after this intersection time (Atrvater and i\'[en-
ard, 1970). Thus, the huge offset of the Nlen-
docino fractLtre zone indicates some maior
change betrveen ll5 and 77 m.y. ago. The var-
iable-spacing and trend of anomalies 32 to 3l
south of the Aleutian trench (Hayes and
Heirtzler, 1968; Grim and Erickson, 1969)
may be an indication that until about 72 m.;'.
ago, the Iiula-Pacific ridge rvas stil l getting
alj', 'sted to a large change or to its original
formation.

Probably the most inportant contribution
ofFigure l8 is that  i t  emphasizes the inconstant
natuie of plate tectonic boundary effects' -I'he

f igr , r .  ,u is conslr tLcted assuming cot lsLant
riative motions o[ the plates, and 1'et, 3 dif-
ferent sr- tcces<ive botrndlry regimes l rc pte-
dicted at many points along the coast.

DISCUSSION

The conclusions in the 3 main sections of this
pxpcr represer l t  3 di f l i  rcr t t  levelsof  unccr lx inty '
, \ l i  , , t t , t - .  th:r t  t l re b:r , ic  pr inciplcs of  scr- f loor
spreeding and pht e tectonics arc : rppror i rnr tc ly
.orr .cr .  Gi .  . ' i  t l , is  rssrtrnpt ion,  I  l re cot tc lLr ions
in the lirst section-thxt a mid-Tertiary trench
lav ofl rvestern North America trld that the

S.rn - \ndreas faul t  bcg:rn act iv i ty in i rs ptcsent
role not earlier than 30 m.y. ago-arc ncarll '
inescarr:rble. The corrcltrsions itt tltc secottd sec-

rron dcpcnd rrpon r l l r ic l r  modcl  is  rsstrrrrcd lor

the history of motions of the North Atre rican
pl : r te * i t l t  respect to the occanic pletcs.  \ fost
bf  rhc discussions rod reconst r  Ltc t  ions (Fig ' .  5.

6,  16,  and 17) in th is sect ion assume thxt  the

mot io ls \vere appror imltely const ln l  dt l r ing
the Ietc Te rti.r ry.-Although this nrodcl rppears
to be the most prob.rble one, it cannoL be

defrni tc ly establ ished. The third secl ion Jeals
rr i t l r  an outrageotts extrapoht ion of  t l tc  con-

stant mot ion inodel .  l ts  value l ies mainly in

that it presents the most straightforrvard model

for early Tertiary plate motions, and thus may

,.rt. ni o starting 
-point for disctlssions of plate

reconstructions o[ that era.
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trench off California (lr'lcl(ee and others,

1970);  horvever,  i t  appears t ' )  h l \ 'e strr ted
in middle or late Eocene, sonrerthrt  l r ter

than predicted. Another irnplication of Figure
l8 (and Fie.  I7;  is  that  ihe F:rral lon platc
,r .u"t  a*t .nd.d f r r ther norrh than \-rn-

couver Island. Central British Colunbia and

sout l rerst  , \ laska are prescnt ly interrct ing r t i t l r

thc Paci f ic  phte.  The Krr le end other ut tknou n

nl f , tcs lxv of fshore i r r  e l r l ier  t inrcs.  No de6ni tc

oredictions can be nade concerning plate
interrct ions in th is regiorr .

A N,lesozoic trencli is often associated lith

Franciscan rocks (Dietz, 1963; Ernst, 1965,
1970; Hamilton' 1969a; and otlters) and s'ith

the enrplacement oI  r l rc 'Sicrr , r  Nevada b:r th-
ol i r l r  (b i l lu l r ' ,  1969; Hrmi l ton,  1969b).  I t

ooo"ori to hoi'. been active until about 80 m'y.

rso (Euernd.n and I( isr ler ,  1970; Suppe'
l '970ei .  Accordins to Figure 18, the Kul : r  or

some 6ther northe-rn plate-lay offrve sre rn North
America durins the ]vlesozoic. 'I 'he trench had

nothins to do *ith the Danvin rise nor rvith

the Pa;ific or Farallon plate' If the Tertiary
motion of the Kula plate rvis appro:imately
as shorvn, its relative motion must have changed
about 80 m,y. ago from a more compressional
motion to the nearly strike-slip one shorvn'
Alternatively, anotber unknown plate m:ry
hrve lain betrveen the Kule and American

olates. A maior change in motion seems likell '
i ince extraoolation 

-of 
Farallon-Kula'Pacific

motions ba&rvard in time shows that the ridge-
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:scntcd b)' the
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rt  100 and l15
km southq,est

of ridge-ridge-
t the offsets on
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. ater and trlen-
: t  of  the i r len-
s soffle maJor
. ago. The var-
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