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The linear magnetic anomalies (Vine and
Matthews, 1963; Vine, 1966) which parallel
all active ridges can only be produced by re-
versals of the Earth’s magnetic field (Vine and
Matthews, 1963) if the oceanic crust is formed
close to the ridge axis (Hess, 1962). Models
(Matthews and Bath, 1967) have shown that
the anomalies cannot be observed in the North
Atlantic unless most dyke intrusion, and hence
crustal production, occurs within 5 km of the
ridge axis. The spreading sea floor (Hess,
1962) then carries these anomalies for great
horizontal distances with little if any deforma-
tion. The epicentres of earthquakes also ac-
curately follow the axis and are offset with it
by transform faults (Sykes, 1963; 1967). The
structure of island arcs is less clear, though the
narrow band of shallow earthquakes suggests
that crust is consumed along a linear feature.
These observations are explained if the sea
fioor spreads as a rigid plate, and interacts with
other plates in seismically active regions which
also show recent tectonic activity. For the pur-
poses of this article, ridges and trenches are
respectively defined as lines along which crust
is produced and destroyed. They need not also
be topographic features. Transform faults con-
serve crust and are lines of pure slip. They are
always parallel, therefore, to the relative veloc-
ity vector between two plates—a most useful
property. We have tested this paving stone
theory of world tectonics in the North Pacific,
where it works well. Less detailed studies of
other regions also support the theory.

The movement of blocks on the surface of a
sphere is easiest to understand in terms of re;
tations. Any plate can clearly be moved to a
given position and orientation on a sphere by
two successive rotations, one of which carries
one point to its final position, a second about
an axis through this point then produces the
required orientation. These two rotations are
equivalent to a single rotation about a different
axis, and therefore any relative motion of two
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Figure 7-1

The circuit and its vector diagram show how a ridge and a trench can

meet 1o form a transform fault

plates on the surface of a sphere is a rotation
about some axis. This is Euler's theorem. and
has been used to fit together the continents
surrounding the Atlantic (Bullard et al., 1965).
If one of two plates is taken to be fixed, the
movement of the other corresponds to a rota-
tion about some pole, and all relative velocity
vectors between the two plates must lie along
small circles or latitudes with respect to that
pole. If these small circles cross the line of
contact between the two plates, the line must
be either a ridge or a trench depending on the
sense of rotation. Neither of these structures
conserves crust. If the line of contact is itself a
small circle, then it is a transform fault. This
property of transform faults is very useful in
finding the pole position and is a consequence
of the conservation of crust across them.
There is no geometric reason why ridges or
trenches should lie along longitudes with re-
spect to the rotational pole and in general they
do not do so. The pole position itself has no
significance, it is merely a construction point.
These remarks extend Wilson's (1965¢) con-
cept of transform faults to motions on a sphere,
the essential additional hypothesis being that
individual aseismic areas move as rigid plates
on the surface of a sphere.

There are several points on the surface of
the Earth where three plates meet. At such
points the relative motion of the plates is not

completely arbitrary, because, given any two
velocity vectors, the third can be determined.
The method is easier to understand on a plane
than on a sphere, and can be derived from the
plane circuit in Fig. 7-1. Starting from a point
x on A and moving clockwise, the relative
velocity of B, ,vg is in the direction AB in the
vector diagram. Similarly the relative veloc-
ities pve and (v, are represented by BC and
CA. The vector diagram must close because
the circuit returns to x. Thus:

avatavetva =0 M

The usual rules for the construction of such
traingles require three parameters to be
known, of which at least one must be the
length of a side, or spreading rate. Transform
faults on both ridges and trenches are easy to
recognize, and they determine the direction,
but not the magnitude, of the relative veloc-
ities. The magnetic lineations are one method
of obtaining yv¢, though this value must be
corrected for orientation unless the spreading
is at right angles to the ridge. Then the triangle
in Fig. 7-1 determines both 4vg and ¢v,. This
method is probably most useful to determine
the rate of crustal consumption by trenches.
Equation (1) must be used with care, because
it only applies rigorously to an infinitesimal
circuit round a point where three (or more)
plates meet. If the circuit is finite. the rotation
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of the plates also contributes 1o their relative
velocity. and therefore these simple rules no
longer apply.

Equation (1) s easily extended to the cor-
responding problem on a spherical surface

hu\cuuse angular velocities behave like vectors
(Goldstein. 1950):

awy T ogoe + cwy =0 . (2)

I'he sign convention takes a rotation which is
clockwise when looked at from the centre of
lht? .s‘phcrc o be a positive vector which is
polqlmg outward along the rotation axis. By
adding more terms, equation (2) can be ex-

] m-Pucific earthquakes. The lower
projected stereographically on 1o a horizontal
on quadrants are shaded. The horizontal

arked with a double arrow.
1966a), strike slip; (b) September
1966a), overthrust; (c) June 14,
er and Bollinger, 1964a), strike

ands (Stauder and Bollinger,

tended to circuits crossing more than three
plates and applies to all possible circuits on
the surface. o diagrams for three plates are no
more difficult to construct than those for v,
becauise the third vector must lie in the plane
containing the other two. This result does not
apply to diagrams for four or more plates,
which are three diminsional and therefore less
easy (o draw.

These geometrical ideas can now be applied
to the North Pacific. There are many fault
plane solutions for earthquakes in the area, and
Ihgse are used in a new way in order to deter-
mine the direction of the horizontal projection
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of the slip vector. Unlike the projection of the
principal stress axes. that of the slip vector
varies in a systematic manner over the entire
region. This is clearly a consequence of
spreading of the sea floor. which determines
the relative motion, not the stress field

The North Pacific was chosen for several
reasons. The spreading rate from the East Pa-
cific rise is the most rapid yet measured (Vine,
1966). and should therefore dominate any
slight movements within the plate containing
North America and Kamchatka (Gutenberg
and Richter, 1954). The belt of earthquake epi-
centres which extends from the Guif of Cali-
fornia to Central Japan without any major
branches (Gutenberg and Richter, 1954) sug-
gests that the area contains only two principal
plates. Also, the belt of seismic activity be-
tween them is one of the most active in the
world and many fault plane solutions are avail-
able (Sykes. 1967; Stauder, 1960: Stauder and
Udias, 1963; Udias and Stauder, 1964; Mc-
Evilly. 1966; Stauder and Bollinger, 1964a.
1966a: 1966b). 1t is an advantage that the
trend of the belt which joins the two plates
varies rapidly over short distances, because
this illustrates the large variety of earthquake
mechanisms which can result from a simple
rotation (Fig. 7-2). It is also helpful that the
outlines of the geology and topography of the
sea floor are known.

Fault plane solutions which were obtained
from the records of the world-wide network of
standardized stations now give excellent and
consistent results (Sykes, 1967; Stauder and
Bollinger, 1966a). The directions of principal
stress axes. however, which were determined
from first motions, vary widely over short dis-
tances (Fig. 7-2) and are therefore difficult to
use directly. The concept of spreading of the
sea floor suggests that the horizontal projec-
tion of the slip vector is more important than
that of any of the stress axes. and Fig. 7-2
shows that his is indeed the case. The ex-
amples which are illustrated are stereographic
projections of the radiation field in the lower
hemisphere on to a horizontal plane (Stauder
and Bollinger. 1966a). The direction of the pro-
jection of the slip vector in plane one is ob-
tained by adding or subtracting 90° from the
strike of plane two if the planes one and two
are orthogonal. The slip directions which are

shown give the motion of the oceanic plate rel-
ative to the plate containing North America
and Kamchatka. For each case in Fig. 7-2
there are two possible slip directions, but,
whereas one changes in direction slowly and
systematically between Baja California and
Japan, the other shows no consistency even
for earthquakes in the same area. The ambi-
guity is therefore unimportant in this case. If
all the earthquakes between the Gulf of Cali-
fornia and Japan are produced by a rotation of
the Pacific plate relative to the continental one,
any pair of widely spaced slip directions can be
used to determine the pole of relative rotation.
The two which are used here are the strike of
the San Andreas between Parkfield and San
Francisco, and the average slip vector of all
the aftershocks in the Kodiak Island region
(Stauder and Bollinger. 1966a) of the 1964
Alaskan earthquake. A pole position of S0°N.,
85° W. was obtained by construction on a
sphere. If the paving stone theory applies. all
slip vectors must be parallel to the latitudes
which can be drawn with respect to this pole.
Though this prediction could be tested by tab-
ulations, a simpler and more obvious test is to
plot the slip vectors on a map of the world in
Mercator projection, taking the projection pole
10 be the rotation axis (Fig. 7-3). The Mercu-
tor projection has two advantages; it is con-
formal, which means that angles are locally
preserved and slip vectors can be plotted di-
rectly, and also all small circles centred on the
projection pole are parallel. Because the upper
and lower boundaries of Fig. 7-3 are them-
selves small circles, the theory requires all ship
vectors to be parallel both to each otherand to
the top and bottom. This prediction was tested
on eighty published (Sykes., 1967; Stauder.
1960: Stauder and Udias, 1963; Udias and
Stauder. 1964; McEvilly, 1966; Stauder and
Bollinger. 1964a; 1966a; 1966b) fault planc
solutions for shallow earthquakes during and
after 1957. Of these, about 80 per cent had ship
vectors with the correct sense of motion and
within =20° of the direction required by Fig.
7_3. Most of the Fault plane solutions for earth-
quakes before this date also agreed with the
sense and direction of motion. Representative
stip vectors in Fig. 7-3 show the motion of the
Pacific plate relative to the continental one.
which is taken to be fixed. The rotation vector
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Figure 7-3

A Mercumf pro:iecxion of the Pacific with a pole at 50° N.. 85° W. The arrow:
show the dxrgcnon of motion of the Pacific plate relative l(; that c;)ntaining0 ’
Nurl'h- Amcngu and Kamchatka. If both plates are rigid all slip vectors must
tfe parallel \fvnh each other and with the upper and lower boundaries of th
figure. Possible boundaries of other plates are skeiched ¢

is therefore negative and points inward at 50°
N.. 85° W. The agreement with theory is re-
markable over the entire region. It shows that
the paving stone theory is essentially correct
and applies to about a quarter of the Earth’s
surface.

A The disadvantage of the Mercator projection
is the distortion it introduces around the poles.
It is therefore difticult to use Fig. 7-3 1o esti-
mate spreading velocities. For this purpose an
orthonormal projection is more useful (Fig.
7_-4), for the spreading rate is then propor-
tional to distance from the centre if this is
lukgn at the pole of rotation. In this projection,
which is simply a vertical projection on to a
plane at right angles 10 the rotation axis, rigid

body rotations on the plane, and all slip vectors

must be tangents to concentric circles about

the centre of projection (Fig. 7-4). This pro-

)ection is useful if spreading rates, rather than

angles, are known. There are as yet few such
measurements in the North Pacific.

The large active tectonic areas of the North
Pacific are now clear from Fig. 7-3. The fault
systems of the San Andreas. Queen Charlotte
Islands and Fairweather form a dextral trans-
form fault joining the East Pacific rise to the
Aleutian trench. The strike slip nature of these
faults is clear from field observations (Tocher,
1960; Hill and Dibblee, 1953; Allen, 1965)
and from the fault plane solutions (for example,
Fig. 7-2.,a). In Alaska the epicentral belt of
earthquakes changes direction (Gutenberg
and Richter, 1954) (Fig. 7-3) and follows the
Aleutian arc. The fault solutions also change
from strike slip to overthrust (Stauder and
Bollinger, 1966a) (for example, Fig. 7-2,b),
and require that the islands and Alaska should
override the Pacific on low angle (~7°) faults.

Though the direction of slip remains the same
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along the entire Aleutian arc. the change in
strike changes the fault plane solutions from
overthrusting in the east to strike slip in the
west (Fig. 7-2,¢). A sharp bend occurs be-
tween the Aleutians and Kamchatka (Fig.
7-3). Here the fault plane solutions change
back to overthrust (Fig. 7-2.d). This motion
continues as far as Central Japan, where the
active belt divides (Fig. 7-3) and the present
study stops. Thus the North Pacific contains
the two types of transform faults which require
trenches (Wilson, 1965¢), and clearly shows
the dependence of the fault plane solutions on
the trend of the fault concerned.

The variation of trend also controls the dis-
tribution of trenches. active andesite volca-
noes, intermediate and deep focus earthquakes
(Gutenberg and Richter, 1954). All these
phenomena occur in Mexico, Alaska, the East-
ern Aleutians, and from Kamchatka to Japan,
but are absent where the faults are of a strike
slip transform nature. This correlation is
particularly obvious along the Aleutian arc,
where all these features become steadily less
important as Kamchatka is approached (Gu-
tenberg and Richter, 1954), then suddenly
reappear when the trend of the earthquake belt
changes. Though it is clear from these remarks

Figure 7-4

An orthonormal projection of the
North Pacific centred on the Mercator
Pole. Slip vectors are tangents to
concentric circles about the centre.

that the paving stone theory applies to the
North Pacific region as a whole, there are
some small areas which at first sight are
exceptions.

The most obvious of these is the compli-
cated region of the ocean floor off the coast
between northern California and the Canadian
border (Wilson, 1965b). The difficulties begin
where the San Andreas fault turns into the
Mendocino fault. Fig. 7-5 shows that the
change in trend of the epicentres is possible
only if crust is consumed between C and A (or
created in B, which is unlikely). The earth-
quakes along the coast of Oregon (Berg and
Baker, 1963) and the presence of the volca-
noes of the Cascade range, one of which has
recently been active and all of which contain
andesites, support the idea that crust is de-
stroyed in this area. In the same area two re-
markable seismic station corrections which
possess a large azimuthal variation (Bolt and
Nuttli, 1966) also suggest that there is a high
velocity region extending deep into the mantle
similar to that in the Tonga-Kermadec (Oliver
and Isacks, 1967) region. These complications
disappear when the ridge and trench structures
join again and become the Queen Charlotte
Islands fault.
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Another complicated area is in Alaska be-
tween 147.5° W. and the north end of the Fair-
weather fault (Stauder and Bollinger, 1966a).
In this same area the local uplift after the 1964
earthquake suggested that several faults were
active (Stauder and Bollinger, 1966a), and
therefore the tectonics cannot be understood
without more fault plane solutions.

The third area is in the Kurile Islands where

two fault plane solutions (Fig. 7-6.¢ and b)
require dip slip faulting and crustal extension.
This motion is completely different from most
of the solutions in the area, which agree well
with the rest of the North Pacific. Both earth-
quakes occurred beneath the steep wall of the
Kurile trench on the island arc side, and are
consistent with gravity slides down into the

.trench. The terraces which would result from

such slides are common features of the
trenches of both Japan and the Aleutians
('Ludwig et al,, 1966; Gates. 1956). There is
also one fault plane solution which requires
that the Pacific should be overthrusting the
Kurile Islands (Fig. 7-6,¢) though the crustal
shortening is consistent with the regional
pattern.

The two ends of the North Pacific belt may
also be discussed with the help of vector cir-
cuits. The end in Central Japan gives the trivial
result that two trenches can join to give a third.
The other end at the entrance to the Gulf of
Cualifornia is the circuit in Fig. 7-1, and shows
how the East Pacific rise and the Middle
America trench combine to become the San
Andreas transform fault.
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Figure 7-5

C Both the Mendocino and San
Andreas faults can be strike slip if
there is a trench 10 the north or east

A

The North Pacific shows the remarkable
success of the paving stone theory over a
quarter of the Earth’s surface, and it is there-
fore expected to apply to the other three-
quarters. It is, however, only an instantaneous
phenomenological theory, and also does not
apply to intermediate or deep focus earth-
quakes. The evolution of the plates as they are
created and consumed on their boundaries is
not properly understood at present, though it
should be possible to use the magnetic anom-
alies for this purpose. The other problem is
the nature of the mechanism driving the
spreading. It is difficult to believe that the con-
vection cells which drive the motion are
closely related to the boundaries of the plates.

One area where the evolution is apparent
lies between the plate containing the Western
Atlantic, North and South America (Guten-
berg and Richter, 1954) and the main Pacific
plate. The transform faults in the South-East
Pacific are east-west; therefore the ocean floor
between the rise and South America is moving
almost due east relative to the main Pacific
plate. The motion of the Atlantic plate relative
to the Pacific is given by the San Andreas, and
is towards the south-east. If the motion of the
Atlantic plate is less rapid than that of the
South-Eastern Pacific north of the Chile ridge,
then the crust must be consumed along the
Chile trench. The faults involved must have
both overthrust and right-handed strike slip
components. The present motion on the San
Andreas is not in conflict with the east-west
transform faults of the North-Eastern Pacific
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Figure 7-6
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Mechanism diagrams drawn as in Figure 7-2 for three earthquakes in the Kurile Islands. (a) September 15,
1962 (Stauder and Bollinger. 1964a), extension by normal faulting. (b) November 15, 1963 (Stauder
and Bollinger, 1966b). extension by normal faulting. (c) May 22, 1963 (Stauder and Bollinger, 1966b),

istand arc overthrust from the Pacific side

if there were originally a plate of ocean floor
between North America and the main Pacific
plate joined to that which still exists to the
west of Chile. This piece of ocean floor has
since been consumed, and therefore the direc-
tion of spreading in the Pacific appears to have
changed in the north but not in the south. This
explanation requires changes in the shape of

the plates but not in their relative motion, and
therefore differs from those previously sug-
gested (Vine, 1966; Sykes, 1967). This study
suggests that a belief in uniformity and the ex-
istence of magnetic anomalies will permit at
least the younger tectonic events in the Earth’s
history to be understood in terms of sea floor
spreading.



