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The simple geometric ideas of plate theory are extended to include
some forms of plate evolution. The most important of these occurs
where three plates meet.

Such triple junctions are divided into

and two groups, stable and unstable, according to whether or not they
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A rricisE version of the hypothesis of sea floor spreading?:2
has recently been suggested. This new formulation?-®
requires that all aseismic areas of the Earth’s surface move
as rigid spherical caps_ and for this reason it is often called
“plate tectonics”. The instantaneous relative motion of
any two plates on the surface of a sphere can be repre-
sented by a rotation about an axis, and so problems of
present day tectonics reduce to determining the plate
oundaries and relative rotation vectors of all plates on the
Earth’s surface. There are various methods of obtaining
such information. If two plates are separating and new
oceanic crust is being generated, the rate can be obtained
from the magnetic lineations” 8, which can also be used to
map the plate boundaries?”. Where the ridge axis is offset
by transform faults the relative motion vector must be
parallel to the strike of the faults®. The most general
method of mapping plate boundaries, however, is by their
setsmicity® 1%, and earthquakes can also be used to measure
the direction® %11 and magnitude!? of the relative velocity
between the two plates involved. The agreement between
these methods is striking, especially in oceanic areas®, and
demonstrates that aseismic regions are indeed rigid. Tt
is now clear that the principal features of ridges, trenches
and transform faults are a direct consequence of the
relative motion of rigid plates.

There are two main reasons why plate tectonies does
not yet provide a complete theory of global tectonics.
The first is that the mechanismm by which the motions
are maintained is still unknown, though it now seems that
some form of thermal convection can provide sufficient
energy'®. This problem will not be discussed further. The
other is that the original ideas only apply to motions at

can retain their geometry as the plates move. These ideas suggest
an explanation for some of the major changes which have occurred
in the North Pacific during the Tertiary.

present taking place, and are not concerned with either
the slow evolution of plate boundaries or with changes
in their relative motion through geological time. For
oxample, the break-up of Gondwanaland was presumably
caused by stresses within the original plate, and cannot
be understood using geomotry alone. Two causes of plate
evolution, however, are the geometric consequences of
the motion of rigid plates, and it is with these that this
article is concerned.

The simplest example of such evolution is that of the
trench shown in plan view in Fig. la, and occurs because
a trench consumes lithosphere on only one side. The upper
part of the trench ab consumes the plate Y, whereas the
lower part be in the figure consumes X. The arrows show
the relative motion vector between X and Y, and are on
the plate which is being consumed. As the motions
continue in the directions of the arrows, Y is consumed
between a and b, but not between b and ¢. be must therefore
be steadily offset from ab to form two trenches joined
by a transform fault (Fig. 1b) the length of which in-
creascs at the consumption rate. The Alpine fault in New
Zealand is an example of such a transform fault joining
two trenches which eonsume different plates®1t (Fig. le).
To the north of North Island the Kermadec trench con-
sumes the Pacific plate, whereas the shallow and inter-
mediate earthquakes beneath South Island and Macquarie
ridge demonstrate that the Tasman Sea is being consumed
in this region. This example is particularly simple because
the slip vector does not change anywhere on the boundary
between X and Y. More complicated effects can occur
when the point at which three plates meet moves along
plate boundaries. Ewvolution of such triple junctions can
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produce many of the changes which would otherwise
appear to have been caused by a change in the direction or
magnitude of the relative motion between plates. In
particular, sudden changes in tectonic style are more
likely to be caused by the movement of such junctions
than by a change in relative velocity. It is especially
difficult to alter the motion of large plates in a short time
(~1 million years) because of the long thermal timo
constant (~ 50 million years or more) of any mantle con-
vection driving the plates!s.

a T Trench
Ridge
X b Y Transform Fault

c (a)

(b) (c)

Fig. 1.

vector and are on the plates being consumed.

between a and b, X between b and ¢.

trenches joined by a transform fault.

showing that the Alpine fault is a trench—trench transform fault of the
type in (b).

The evolution of a trench. The arrows show the relative motion
Thus Y is consumed
The trench evolves to form two
(¢) is a sketch of New Zealand,

The discussion which follows is easier to follow if
trenches, ridges and transform faults are defined in terms
of destruction and creation of plates, rather than in terimns
of topographic features. Trenches are therefore defined
as structures which consume the lithosphere from only
one side, and ridges as structures which both produce
lithosphere symmetrically and lie at right angles to the
relative veloeity vector between two separating plates.
Transform faults are defined as active faults parallel to
the relative slip vector. It is easy to modify the argu-
ments which follow to take account of the complications
of the real Earth where these definitions are not exactly
truc?®1, This is not done in general because the basic
principles would then become obscure.

For the purposes of plate tectonics, the surface of the
Earth is completely covered by a mosaic of interlocking
plates in rolative motion. There are many points where
three plates moet, but, oxcept instantaneously, nonc
where four or more boundaries meet. The relations between
the relative velocities of the plates at triple junctions have
been discussed previously®; they are a consequence of
the rigidity of the plates and do not impose any restrictions
on the orientation of plate boundaries or on the relative
velocity vectors. If, however, the triple junction is required
to look the same at some later time, there are important
restrictions on the possible orientations of the three plate
boundaries. Unless these conditions are satisfied the
junection ean exist for an instant only, and for this reason
is defined as unstable. If evolution is possible without a
change in geometry, then the vertex is defined as a stable
junction. The distinction between the two types 1is
important because movement of stable junctions alone
permits continuous plate evolution.
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An exampie of a triple junction is the point at which
three trenches meet (Fig. 2a). The arrows are on the plates
which are being consumed, and show the relative velocity
vector between plates. These vectors are not in general
perpendicular to the boundaries. Consider the evolution
of this junction relative to A4 which is taken as fixed.
The positions of the plates B and € at some later time arc
shown in Fig. 2b. The dashed boundaries show where the
plates would have extended if thoy had not been consumed
by the trenches AC and AB. The trench BC, however,
has migrated up the boundary, consuming B during tho
process, to rcach the position shown. A point such as x
on the boundary A8 will show a sudden change in motion
direction as the triple junction passes. This apparent
change in spreading direction of the plates is easily dis-
tinguished from a real change in motion of one of the plates
hecause it takes place at differont times at different places
along the plate boundary. Fig. 2 also shows how an
unstable junction may become a stable one. The original
orientation in Fig. 2¢ is unstable unless the shp vector
AVe is parallel to the boundary BC. This condition is
satisfied if BC does not move relative to 4, and does not
require any of the trenches to turn into transform faults.
The slip vector 4ve in Fig. 20 does not satisfy this condi-
tion, and therefore the trench BC does not remain on the
apex of 4 but moves upward. Once the geometry in Kig.
9b oceurs, the junction is stable and further evolution
causes no change in geometry as BC moves along A
with a velocity with respect to A given by vo. If therefore
the triple junction is watched by an observer moving with
no rotation and with velocity vy with respect to A, the
triple junction will be stationary in his frame of reference.
If all the boundaries are straight, the angles between them
will not change. In the first example of a stable junction
of three trenches the geometry remained unchanged in a
frame fixed to 4. In the second example all plates move
in the frame fixed to the junction.

Tt is not casy to discover the general stability eonditions
for all possible junctions by the method used in construet-
ing Fig. 2. Perhaps the simplest example of the gencral

Fig. 2. The junction of three trenches. () shows {he geonetry belore

evolution, with the arrows as in Fig. L. The arrows on B point in two

directions because the relative motion between B and C is different from

that between 4 and B. At some later time (b), the positions B and ¢

would have reached if they had not been consumed are shown as dashed

lines. The trench between B and ¢ must move with ', and therefore
moves away from the apex of 4.
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method is the triple junection between three ridges, which
we shall call an RER junction (Fig. 3). An example of
such a junction 1s the meeting of the east Pacific rise and
the Galapagos rift zone in the equatorial cast Pacifict? 18,
The Great Magnetic Bight in the north Pacific was
probably formed by another such junction which has now
ceased to exist!®20, In this and all other examples the
relative velocity vectors at the junetion arc required to
satisfy? (Fig. 3):

ave + BVe 4+ ova = 0 (H

This equation must be satisfied if the plates are rigid.

In Fig. 3 the lengths AB, BC and CA are proportional
to and parallel to the velocities 4vg, pve and ¢v4 respec-
tively. The triangle is therefore in velocity space, and
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represents the eondition imposed by equation 1. Because
ridges spread symmetrically at right angles to their strike,
a point on the axis of the ridge AB will move with a
velocity 4vp2 relative to A. This velocity corresponds
to the mid point of AB in Fig. 3. Consider a reference
frame moving with a velocity corresponding to some point
on the perpendicular bisector ab of AB. ab is parallel to
the ridge AB, so in this frame the ridge will move along
itself and will have no veloeity at right angles to A8. The
same is true of the plate boundaries BC and €4 when
observed from reforence frames whose velocities lie on
be and ac respectively. The perpendicular biscctors of the
sides of any triangle meet at a point called the centroid,
and this point J in velocity space gives the velocity with
which the triple junction moves. It is thereforc always

Type Geometry Velocity trlangle Stability Examples Type Geometry Velocity triangle Stability Examples
Ic Stable if the
All orientations Kast Pacific TTR{c) A || B e ‘1;)13%9%1‘6‘;‘”9;;‘
stable Rise and Gala- D g @0 and ac, 0OC,
RRR A || B pagos Rift © respectively,
Tone!T18 c . are cqual, or if
¢ (‘}T"gft Magnetic A e BN ae, be formoa
Big'fl‘tls.‘zu,ez,zs straight line
\\ P
abj 3&-79¢ Stable if ae, be  Intersection of
~.C “ﬂb Stable if ab, @c  Coentral i /:/// “be Iﬁ‘;rm a sftrgi;fht the gerlkd(?lgle
N stable 1 ao, 2 ] ine, or i ies  trench and the
TTT@ A {7 s b form a straight  Japan®® TTF@) A, ] 8 on ab West Chile
i S line, or if be is Ridge'®
B I~ parallel to the c
c Pty slip vector C4 A:
ol
ac 1
C_~ac
lab e s
S Stable if the i 2 ?Ot%l: 1;11.,;&%1{
- ~be complicated A 8 e ¢ a strai
TTTb) 8 jae ~ general  condi- TTF(b) BI" A e line, or if ‘ac
‘ tion for ab, be ~ goes through B
B} 4e and ac to meet
[ i A oc at a point is ¢ Al
o satisfied |
tab_7° Stable if ab, ac
s form a straight
TTFE) A Ut B 85y be line, or if ab,
Unstable S be do so
c A “ac
I
lab Stable if C lies Owen {racture
ab must go \: e on ab, or i zone and the
through cent- FFR A B e e ac, be form a Uarlsberg
roid of ABC straight line Ridge** >
22 \a West Chile
e D Ridge and the
A : B e %&sﬂ}bl?z’amnc
11
act lob g : Q
“ 8 i Tustable A B o jab A.ge Stable if ab, be  San  Andreas
RRF A = -A . B_ avolves to FFR FFT ~J form a straight fault and Men-
“ o peCobe P B line, or if ac, be  docino fracture
I ZA ! do so zone?*
[ o} | Lo Obe
d
|
Stable if h((l]b P
goes throug ~-ac s NS .
TTR(a) A | B or if . S~ G- Stable if @b goes  Mouth of the
fir%lrtl.gfé}?f {':)rgn RTF(a) A B /\ :ub through ¢, or Gull' _gt_ Cali-
e oo ’ “ ¢ if ae, be form a  fornia®*
¢ ¢ = A 8 straight line
1 be
I
Stable if com- A 8 ~.C
TTR(b) A || B plicated general | cge ) .
conditiong  arc q Stable if we, ab
satisficd RTF(b) BN B cross on be
c ac. c A —
Tig. 3. The geometry and stability of all possible triple junctions. Representation of structures is the same us in Iig. 1. Dashed lines ab,

be and ac in the veloeity triangles join points the vector velocities of which leave the geometry of 4B, BC and AC,respectively, unchanged. The
relevant junctions are stable only if ab, b¢ and ac meet at 2 point. This condition is always satisfied by RER; in other cases the general
velocity triangles are drawn to demonstrate instability, Several of the examples are speculative.

© 1969 Nature Publishing Group



128

NATURE VOL. 224 OCTOBER 11 1969

’5L

S S R RO IO YOS S S AT SR T

160° 135° 150° 145° 140°

Fig. 4.

possible to choose a reference frame in which the triple
junction does not change with time. From the velocity
triangle the relative velocity v of all plates relative to the
triple junction is:

|Vl leval \ AVal
V = —— = = e (2)
2 sin « 2 sin f3 2 sin vy

Also the angle between A3 and 4.7 is 90-y. Such a junc-
tion between three ridges is therefore stable for all ridge
orientations and spreading rates. If the ridges spread
syinmetrically, but not at right angles to the relative ship
vectors, the lines ab, be and ac must still be drawn through
the mid points of the sides, but not at right angles to the
velocity vectors. Certain simple geometric conditions
must then be satisfied if the triple junction is to be stable
in these conditions.

A more complicated junction is that of three trenches,
TTT(a) in Fig. 3, which has already been discussed. An
example of such a junction occurs in the north-west
Pacifie?:2!, where the Japan trench branches to form the
Ryukyu and Bonin arcs (Fig. 9). The arrows are on the

135° 130° 125° 120° 15 10o®

Fracture zones and magnetic anomalics in the north-eastern Pacific (from Mcenard and Atwater').

plates being consumed and show the relative vector
velocitios between plates. The velocity triangle is formed
as before, but points in velocity space corresponding to
reference frames in which the position of the plate bound-
arles is fixed no longer lie on the perpendicular bisectors
of the sides of the triangle. Consider, for cxample, the
trench between plates 4 and B. Because 4 is not con-
sumed, the trench does not move relative to A. Clearly
this condition is also satisfied by any reference [rame with
a velocity parallel to the plate boundary AB. Such
velocities correspond to points on ab, a line through A
parallel to the trench AB. The lines bc and ac are con-
structed in the same way. Unlike the triple junction of
three ridges, ab, ac and be do not intersect at a point unless
certain conditions are satisfied. The wvelocity triangle
shows that if be goes through A, and therefore the plate
boundary BC is parallel to 4ve, the junction is stable and
fixed to plate 4. Another possible stable arrangement
occurs if ab and ac are the same line. This requires the
boundaries 413 and AC to form one straight line. Thus a
triple junetion between three trenches can be stable. These
stability conditions have already been ohtained (TFig. 2),
but it was difficult to prove that these were the only possible

© 1969 Nature Publishing Group



NATURE VOL. 224 OCTOBER 11 1969

stable junctions by using the previous method. There is
another possible junction between three trenches, T'1'1'(b),
which has a rather complicated general condition for
stability.

The junction between three transform faults is unstable
in all circumstances (Fig. 3) because ab, bec and ac can never
meet at a point. Though an unstable junction can occur,
it immediately changes into one or more stable junctions
and is thercfore not useful in understanding plate evolu-
tion.

A collection of all sixtcen posgible triple junctions
(Fig. 3) shows that all except two are stable in certain
conditions which can easily be obtained from the vector
velocity diagrams. The most important of these stable
junctions are those with two boundaries in a straight line,
bounding a plate which is ncither being generated nor
consumed. Such junctions are easy to form, and do not
depend for their stability on the exact values of the
relative velocitics. The only important exception to this
rule is RRR.

There are at least four examples of triple junctions
active at present in the north Pacific. Three of these were
discassed by D. P. McK. and Parker? before the importance
of stability was understood, and as a result two of the
junctions they describe arc unstable. The two junetions
concerncd are probably both stable at present. Three of
the active junctions occur along the west coast of North
America, and their evolution demonstrates how com-
plicated the interaction of three plates can be even without
any changes in their relative motion. Fig. 4 is taken from
Menard and Atwater?s, and shows diagrammatically the
magnetic lineations in the north-east Pacific. They point
out that there are two striking changes in the trend of
both transform faults and of magnetic lineations. The
first is between anomalies 23 and 21 throughout the
north-east Pacific north of the Pioncer fracture zone, and
is best explained by a change in the motion direction of one
of the plates. Most probably the plate between the Main
Pacific plate and the American plate was the one involved.
This plate is called the Farallon plate throughout the rest
of this discussion, after the Farallon Islands off the coast
of central California. The second change in trend occurs at
anomaly 10 near San Francisco, but not until after ano-
maly 5 north of the Mendocino. It is thus not possible
to produce this change by a change in the motion of any
of the plates at a given time. Such apparent changes in
spreading direction are, however, easily explained by the
evolution of the triple junctions formed at the time of
anomaly 10.

The main features of the north-eastern Pacific before
the time anomaly 10 was formed have now largely
vanished. Except near the Gorda and Juan da Tuca
ridges, and south of Baja California, only one half of the
anomaly pattern remains. Thus there must have been a
trench between the ridge and the coast of North America
which consumed the Farallon plate with its anomalics.
This trench must have existed as a continuous feature
up to about the time of anomaly 10, or the Middle Oligo-
cene. Fig. 5a shows the arrangement of plates at about
the time of anomaly 13. If we assume that all relative
plate motions remain constant from the time of anomaly
13 onwards we can deduce the motion of all the junctions
relative to any plate. In Fig. 5 all fracture zones except
the Mendocino and the Murray have been omitted. The
offsets in the ridge show that it will first meet the trench
just south of the Mendocino fracture zone to form two
triple junctions, FFT in the north and RTF(a) in the
south (Fig. 5b). Fig. 5c shows that the first of these is
stable if the transform fault between A4 and C and the
trench between A and D lie in a straight line. The triple
junction is then at rest relative to C, and therefore J
moves north-westward relative to 4, changing the trench
into a transform fault. Similarly the second junction is
stable if the trench and the transform fault are in a
straight line (Fig. 5d). Clearly this junction can move
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Tig. 5. (a) The geometry of the north-east Pacific at about the time
of anomaly 13, All fracturc zones except the Mendocino and the Murray
have been omitted for simplicity. (b) Stable triple junctions at about the
{ime of anomaly 9, formed when the east Pacific met the trench off
western North America. The double headed arrows show the motion
of the two junctions (1) and (2) relative to the American plate 4. (¢)is
a sketch of the vector velocity diagram for junction (1) and shows it
will move north-west with the Main Pacific plate. (d) is a similar
diagram for (2). If the relative plate motions have not changed since
at least the Middle Oligocene, the magnetic lineations and the present
motion on the S8an Andreas may be used to draw the velocity diagrams
to scale. (e) is such a drawing of (d), and shows that the triple junction
J will slowly move to the south-east relative to 4. The numbers are in
em/yr and the vector 4B shows the direction and rate of consumption
of the Farallon plate by the American.

north-west or south-east relative to A, depending on the
magnitude and direction of the relative velocities. Unless
be lies to the east of 4 in Fig. 5d, however, the ridge axis
will move away from the trench, and they could never
have met. Thus J lies to the south-east of A, and the
junction will move down the boundary of 4. This south-
ward migration stops when the junction RT F(a) reaches
the Murray fault (Fig. 6a) where it must change to FFT
and move rapidly north-westward relative to the American
plate, for it must then be fixed to € (Fig. 6b). The stability
condition is again that the trench and transform fault
between 4 and C form a straight line. The north-west
motion then regenerates the trench on the western margin.
During this period (¥ig. 6b) the trench along the west
coast continues to consume the two remaining pieces of
the Farallon plate except between the Mendocino and
the Murray faults. Thus whether or not the oceanic trans-
form faults possess continental extensions they can
influence the tectonies of the continental margin. The
geometry of the plate boundaries in Fig. 6b changes back
to Fig. 5b when the ridge south of the Murray migrates
east to meet the trench. The resulting triple junction
RTF(a) then continues the earlier slow movement to the
south-east relative to the American plate.

The stability of all the junctions on the west coast of
North America depends on the trench which was originally
on the west coast being parallel to the slip vector between
the American and the Main Pacific plates. Fig. 3 of
D. I’. McK. and Parker® clearly shows that this condition
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would have been satisfied by a trench along the continental
margin, and is still satisfied by the northern part of the
Central American trench. This curious and important
coincidence is not easily explained.

\
NG B ___bc
- ® ;;
. AN\
\\ b
ac, a
(b) \

Fig. 6.  When the southern junction (2) in Fig. 55 reaches the Murray,
the right lateral offset of the ridge must change it from RT F(a) to
FFT, and also cause the junction to move north-west, because it is
then fixed to plate ¢, (b) gives the velocity triangle for junction (2) in (a).

The complex series of events described is the inescapable
consequence of the motion of rigid plates whose relative
velocity remains constant. The geological history of the
west coast of America and of the surrounding sea floor
since the Cretaceous is in general compatible with the
evolution of the plates and triple junctions outlined here.
The magnetic lineations off the west coast!%22:27-31 show
that the TFarallon plate remained intact until the ridge
first met the trench at the timeof anomaly 10 (Figs. 4 and 7)
orin the Middle Oligocene®*?*, As expected, the anomalies
to the north and south show no change in spreading
direction at this time. To the south the anomalies in
contact with the continental margin become progressively
vounger to the present active ridge axis at the mouth of
the Gulf of California, with probably a short interruption
in the steady progression at the Murray fracture zone. If
the motion of the Main Pacific and Amecrican plates has
remained unchanged since at least the Oligocene, it 1s
possible to determine the relative velocitios of all three
plates and their associated triple junctions. The relative
velocity between the main Pacific plate and the Farallon
may be obtained from magnetic lineations older than
anomaly 101%:32:33 and is 5-0 em/yr half rate. The fracture
zones show that the ridge was at right angles to the east—
west relative motion, shown to scale as BC in Fig. He.
The present motion between the Main Pacific and American
plates is close to 6 em/yrt 715, with the slip vector parallel
to the San Andreas. This vector is shown as AC in Fig. 5e.
The molion of the Farallon plate towards the American
plate is then found to be 7 em/yr. The motion vector is
almost at right angles to the trench ab, with a small left-
handed ecomponent of 1 ecm/yr. This consumption rate is
similar to that of the castern end of the Aleutian arec.

Fig. Ge also determines the relative motion of both triple
junctions with respect to all plates. The southern junction
(Fig. 5d) moves south-east with a velocity of 1-1 em/yr
relative to the American plate, whereas the northern
Junetion moves north-west with a velocity of 6 em/yr. The
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length of tne strike slip fault between these junctions
therefore increases at 7-1 em/yr, and if the junctions first,
formed in the Oligocene 32 million years ago, they should
now he 2,270 km apart. This estimate agrees remarkably
well with the observed separation of about 2,300 ki
between the triple junctions at Capc Mendocino and at
the mouth of the Gulf of California. This simple calcula-
tion is successful because the right handed offset on the
Murray fracture zone is almost the same as the left-
handed offset on the Molokai®!. Thus the effective
velocity of the southern junction has heen constant since
the time it was formed.

The success of this calculation supports the original
assumption that the relative velocities of the major plates
have remained unchanged during the Tertiary. It also
suggests that the point at which the ridge first met the
trench was at the southern end of Baja California, about
350 km north-west of where the southern triple junction
is now. It is difficult to understand how the right lateral
motion on the San Andreas and related faults can have
begun on a large scale before the Oligocene??, for the small
strike slip motion on the trench was left lateral. This
evolution of the west coast also suggests that a consider-
able part of the Franciscan may have been removed from
Baja California, where it exists only as isolated outcrops,
and added to that of the Coast Ranges.

Thesc observations agree well with the evolutionary
outline. In detail, however, the history is much more
complicated, principally because the Farallon plate did
not remain intact during the events described, nor did the
resulting pieces continue to move in the same directions,
for the Farallon plate was moving before the time of
anomaly 10. One such break is apparent in Fig. 7, which
shows the lineations off central California?®. If the
Murray was active only between ridge crests during the
period shown by Fig. 5b, then the spreading rate to the

RIDGE  AND
TROUGH  PROVINCE

N N
R
\\
~ \‘«\70
N \ N
THE NORTHEAST \ AN
PACIFIC N L
35 7R — 35
ZB 7 orcomcerion |
b "C
I 13
i
|
[
+ I 9 KOKM |
.
BAJA |
X SEAMOUNT
SEAMOUNT ~ PROVINCE ‘
a . X A L L . " =

Fig. 7. Magnetic lineations off central California®®, The identification
of anomalies followed by a guestion mark is somewhat in doubt.
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north must be the same as that to the south. The fracture.
zone must then offset each anomaly by the same distance.
This is true for anomalies 10 to 12 inclusive, but not for
those which are perhaps 8 and 9. Thus some fault to the
east beeame active as a left lateral ridge trench transform
fault (Fig. 8). This fault may well have been the eastward
extension of the Murray, though it is not possible to prove
this from the remaining magnetic anomalies. This activity
cast of the ridge started at the time of anomaly 10, or the
same time as the ridge first met the trench south of the
Pioneer. This behaviour is very similar to the present
activity in the mouth of the Gulf of California, where the
extension of the east Pacific risec is in the process of
changing strike?’, and in so doing has broken a small
plate containing Las Tres Marias islands from the Cocos
plate to the south!!. Because the spreading rate to the
north of the Murray was less than that to the south, the
offset decreased after anomaly 10 was formed, and may
have vanished by the time the ridge to the south reached
the trench. Thus the geometry in Fig. 6¢ may well never
have existed in this area.

AN American Plate
Main Pacific

Plate

Murray

———

i

Fig. 8. The geometry of the plates at about the time of anomaly 3.
The magnetic lineations in Fig. 7 show that the plate to the east of
the ridge axis broke into at least two parts, and the simplest explanation
is that the eastward continuation of the Murray fault became active.

The land geology is at least as complicated as that of

the ocean floor, but is less complete because the strati-
graphy and tectonics have to be painstakingly reconstruc-
ted from careful observations®-%¢, and cannot be ob-
tained simply by towing a magnetometer behind an
acroplane or ship. It is tempting to identify the transform
fault between plates 4 and C in Figs. 5 and 6 with the
San Andreas. There is, however, an important objection
to such a choice. If, as seems likely from palaeomagnetic
and other evidence, the motion of the American plate
relative to the Main Pacific plate has remained approxi-
mately unchanged at 6 em/yr since anomaly 10 time or
for the last 32 million years?®23%, then the total displace-
ment between the plates since their first contact must be
about 2,000 km. The largest postulated displacement on
the San Andreas since the Oligocene is about 350 km?®,
and therefore the remainder must have been taken up on
other faults. Some of these are offshore, and formed a
serios of transform faults joined by ridges south-west of
San Francisco. The youngest of the anomalies produced by
these ridges which is visible in Fig. 7 is probably between 6
and 7. Such movement ean therefore acecount for 500 km
and perhaps more, leaving about 1,200 km still unaccoun-
ted. Some of this remaining displacement may be on the
Nacimiento, and some on offshore faults. It is not,
however, possible to use some of this displacement to
create the Central Valley by moving the coast ranges away
from the Sierra Nevada. Though such movement after
the Oligoceno could account for a large part of the missing
displacement, and is not in conflict with the seismic®
and magnetic evidence3®® for an occanic basement
beneath the sediments, it is not consistent with the
presence of large thicknesses of Cretaceous sediment
found throughout the Valley*. Thus the evolution dis-
cussed here is no help in understanding how the Central
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Valley was formed, nor why it extends from the extension
of the Murray to that of the Mendocino. It is particularly
difficult to understand the relation of the Valley to the
occanic transform faults if the San Andreas in the coast
ranges has a displacement of at least 300 km. Thus the
evolution of the triple junctions in Figs. 5 and 6 provides
a simplified but probably useful guide to the evolution
of the ocean floor off California, but not as yet to that of
the land. Perhaps the geology of Baja California will be
more revealing.

A different type of triple junction evolution oceurs in
Japan where the Japan trench divides into the Ryukyu
and Bonin ares®?'. Fig. 9 is from Gutenberg and Richter?!
and demonstrates that the deep earthquakes do not
follow this division but occur beneath the Bonin arc
alone. Along this castern arc the deep earthquakes oceur
considerably closer to the trench and island arc than they
do farther north beneath the seas of Japan and Okhotsk*®.
This difference is even more marked if the recent more
accurate locations of earthquakes are used*?. These show
that the Benioff zone beneath the Bonin arc is not plane
but has a steeply inclined part at intcrmediate depths,
with less steeply inelined parts above and below. Farther
south bencath the Marianas islands the earthquake zone
becomes vertical. In contrast to this remarkable geometry
of the deep earthquake zone beneath the castern branch,
that of the western branch is planar and dips at 45°. This
difference between the two zones is probably caused by
the evolution of the triple junction in central Japan. If
the Ryukyu arc were inactive and the Bonin arc werc
about 200 km east of its prescnt position, the present
position of the deep earthquakes would lie on a plane
dipping at 45° into the mantle. The Philippine Sea would
have been joined to the plate containing America and
Kamchatka. Crustal consumption must then have started
along the Ryukyu are, perhaps about 3 million years ago,
to form a T77T(a) junction off northern Japan. Such a
junction must migrate southwards, carrying the Bonin
arc westwards towards its deep earthquake zone.

Though both examples are from the north Pacific, there
seems no reason to believe that other regions are essen-
tially different, though they arc less well studied. Tt is
thercfore expected that stable triple junetions and their
evolution will provide an outline of the evolution of many
areas, especially oceanic oncs. Indeed, many of the
examples suggested in Fig. 3 show the effects expected.
though few of these have as yet been studied in detail.

Throughout our discussion, velocity, rather than angular
velocity triangles, werc used. This simplification is
justified® because the behaviour of a triple junction
depends only on the relative motion of the three plates at
the point where they meet. A quite different cause of
plate evolution does, however, depend on the relative
motions being rotations. This type of ovolution produces
real changes in the relative motion of three plates at a
triple junction, and depends on the observation that
finite rotations, unlike infinitesimal ones, do not add
vectorially.  Fig. 10z shows such a junction between
three plates 4, B and €, and the three axes of relative
rotations amp, poc and cws which satisfy:

ap + g + ¢wg =0 (3)

By definition the points a, b and ¢ where these axes intor-
sect the plates B and O are fixed with respect to 4 and B,
B and €, and € and 4 respcetively. If finite rotations of’
B and C relative to 4 take place about the axes awp and
w4 and at a rotation rate given by the values of the two
vectors, the orientation and magnitude of pwc will
remain constant and fixed relative to A, iwp and cw 4.
The original point at which gwc euts plate €, b, is not,
however, fixed to 4 but to €, which rotates about w4
relative to 4. Thus the final position of b after finite
rotations of B and C relative to .4 will not be at the inter-
section of gw¢ with € (Fig. 10b). Thus it is not possible
for all three plates to rotate through (inite angles ahout
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Tig. 9. The seismicity, vulcanism and water depth in the region of Japan*'.
not extend to the deep earthquakes, which follow the Bonin and not the Ryukyu arc.
and the arc is less in the region of the Bonin islands than it is in that of the Kuriles,
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The branching of all surface features in ceniral Japan does
The horizontal separation between the deep earthquakes
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(@)

Fig. 10.

(@) shows the angular velocity vectors of plates forming a triple junction.

A throughout the evolution, and their magnitudes also remain constant, then by (3) the direction and magnitude of are constant. Th
point & is fixed to C and is the point at which pwe initially intersects C. As B and C rotate through ﬁnit(gz angles wiﬁ?gespect to 4 the axii

of rotation gwe moves with respect to both B and C, and does not continue to pass through the point b on C.

finite rotations.

their instantaneous relative rotation axes. The only
special case occurs if all @ vectors lie along the same axis,
when finite rotations add as scalars and no changes necd
take place.

The geometry of plate boundaries suggests that there
will he wide variations in their resistance to changes in
spreading direction required by Fig. 10b. In gencral,
ridges offset by both right and left handed transform
faults can change their spreading direction only if one
or other of the plates breaks. Such structures will there-
fore strongly oppose any changes in spreading direction,
though not in spreading rate. Ridges with only left handed
faults only oppose clockwise changes in the motion
direction, because anticlockwise changes can change all
transform faults into ridges. The opposite is true of right
handed systems. Because the slip vector across trenches
is rarcly without a strike slip component, and because
there seems to be no particular preferred direction of the
slip vector relative to the strike of the trench, they
probably offer little resistance to a change in the direction
or magnitude of the slip vector. Thus the changes in
relative motion caused by finite rotations may often be
accommodated by the trenches and not by the ridges.
There is no obvious mecthod of separating the con-
secquences of finite rotations from the other causes of
velocity changes, so it is not known if it is this mechanism
which produced the change in relative motion between
the Main Pacific plate and the Farallon plate observed by
Menard and Atwater?s.

These extensions of plate tectonics are geometric results,
and are not concerned with the driving forces. The
examples illustrate how a complex series of events can be
produced by geometry alone, and also how sea floor
spreading and plate tectonics may be used to provide a
framework for the understanding of the tectonic evolution
of continents and oceans.
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