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THE linear magnetic anomalies’* which paralle] all active
ridges can only be produced by reversals of the Earth’s
magnetic field! if the oceanic orust is formed close to the
ridge axis®. Models* have sh
cannot be observed in the North Atlantic unless raost
dyke intrusion, and hence erustal production, oceurs
within 5 km of the ridge axis. The sp: ing sea floor?
then carries these anomalies fop great horizontal distances
with little if any deformation. The epicentres of earth-
quakee also accurately follow the axis and are offset with
it by transform faults®e, The strueture of island ares is
less clear, though the narrow band of shallow earthgquales
uggests that crust is consumed along a linear feature,

Individual aseismic areas move as rigid
sphere, Application of the Mercator dprajecnion to slip vectors shows
that the paving stone theory of worl

to about a quarter of the Earth's surface,

an Example of Tectonics on a Sphere

Plates on the surface of o

tectonics is correct and applies

These observations are explained if the sea floor spready
as & rigid plate, and interactg with other plates in sojs.
mically active regions which also show recent tectonly
aetivity, For the Purposes of this article, ridges ang
trenches are respectively defined as lines i

fore, to the relative velooity vector between two Platos—p
most useful property. We have tested this paving stong
theory of world tectonies in the North Pacific, where it
works well. Less detailed studies of other regions alu,
support the theory. :
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The circuit and its vector dlagram show how a ridge and o
treneh can meet to form » transform fault.

i L.

‘e movement of blocks on the surface of a sphere is
vasicst to understand in terms of rotations. Any plate
v clearly be moved to a given position and orientation
wn w sphere by two successive rotations, one of which
varvies one point to its final position, a second about an
wain through this point then produces the required orienta-
iinn. These two rotations are equivalent to a single rota-
i about a different axis, and therefore any relative

“juntion of two plates on the surface of a sphere is & rotation
filwut some axis. This is Euler’s theorem, and has been
el to fit together the continents surrounding the
“Aflnntie’. If one of two plates is taken to be fixed, the
sivvement of the other corresponde to a rotation about
e pole, and all relative velocity vectors
littween the two plates must lie along
Cinind] cireles or latitudes with respect to
ot pole. If these small circles cross the
--'-.ﬂ_!nu of contact between the two plates,
Zthy line must be either a ridge or a
fionch depending on the sense of rotation.
Nuither of these structures conserves
#iust., If the line of contact is itself a
#ihnll circle, then it is a transform fault.
{iis property of transform faults is very
ul in finding the pole position and is &
Jimsequence of the eonservation of crust
diross them. There is no geometric
Jonson why ridges or trenches should lie
long longitudes with respeet to the
tational pole and in gemeral they do
ot do so. The pole position itsslf bas
- significance, it is merely a construc-
“flon point. These remarks extend Wil-
n's* concept of tramsform faults to
“iiotions on a sphere, the essential addi-
#lonal hypothesis being that individual
igmic areas move as rigid plates on the
urface of & sphere. 7 :
There are several points on the surface
{ the Earth where three plates meet.
i such points the relative motion of
o plates is not completely arbitrary,
Jincause, given any two velocity vectors,
v third can be determined. The
fisthod is easier to understand on a plane
wn on a sphere, and ean be derived
{rom the plane circuit in Fig. 1. Starting
pm & point © on 4 and moving clock-
ise, the relative velocity of B, ,v, is in
lip direction 4B in the wector diagram.
imilarly the relative velocities zv, and
ity are represented by BC and C4. The
saypotor disgram must elose beeanse the
Jtlronit returns to @, Thuas: ;

Flg. 2.

. ana-rk
Mot At + oW = 0 {1} - 1984,

fraction gquadrants are shaded.
with & double srrow. (a) June 28, 1966, Parkfield', strike slip. (&) Se
Alagka'*, overthrust. u%
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The usual rules for the construetion of suaeh iriangles
ruiuire throe parameters Lo be known, of which al least
one must be the length of a side, or spreading rato. Trans-
form faults on both ridges and trenches are easy to rocog-
nize, and they determine the direction, but wob the
magnitude, of the relative wvelocities. The mognetic
lincations are one method of obtaining v, though this
valne must be corrected for orientation unless the sproad-
ing is ut right angles to the ridge. Then the triangle in
Fig. 1 detormines both ey and @, This mtleed s
probably most useful to determine the rate of crustal
consumption by trenches. Equation (1) moual bo nsed
with carc, boeause it only applies rigorously to an in-
finitesimal ecircuit round & point where threo (or maore)
plates meet. If the cireuit is finite, the rotation of the
plates also contributes to their relative welocity, snd
therefore these simple rules no longer apply.

FEoquation (1) is easily extended to the correspunding
problem on a spherical surface because angular velocitics
behave like veetors*:

Aty ytag g0, = 0 [E}

The sign convention takes a rotation which is clockwise
when looked at from the centre of the sphere to be a
positive wector which is pointing outward along the
rotation axis. By adding more terms, equation (2) ean
be extended to circuits crossing more than three plates
and applies to all possible eircuits on the surface. © dia-
grams for three plates are no more difficult to construct
than those for v, because the third vector must lie in the
plans containing the other two. This result does not apply

Mechanism dlagrams pacific earthquakes, The lower half of
the foeal sphere i jected ste ically on to & hdrizontal purface, and £l -
sphere is projec rﬁw ) e FATE

for four circmm-

on of the sllp vector in 1
mber
.. Near and Aleutian Islands™, strike
Islands??, overthrost,

(e} June 14, 1
alip. (d) October 20, 1368, Kl
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to diagrams for four or more plates, which are three
dimensional and therefore less easy to draw.

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

The North Pacific was chosen for several reasons. The
B rate from the East Pacific rise is the most
rapid yet measured?, and should therefore dominate any
slight movements within the plate containing North
America and Kamchatka!®, The belt of earthquake epi-
centres which extends from the Gulf of California to
Central Japan withoul any major branches' sugpgests
that the ares contains only two principal plates. Also,
the belt of seismic activity between them is one of the
miost active in the world and many fanlt plane solutions

" are available®11-17, It is an advantage that the trend of

the belt which joins the two plates varies rapidly over
ghort distances, because this illustrates the large variety
of earthquake mechanisms which ean result from a simple
rotation (Fig. 2). It is also helpful that the putlines of the
geology and topography of the sea floor are kmown.
Fault plane solutions which were obtained from the
records of the world-wide network of standardized
stations now give excellent and consistent results®®, The
directions of principal stress axes, however, which were
determined from first mootions,
distances (Fig.
The eoncept of
horizontal projection of the slip vector is more important
than that of any of the stress axes, and Fig. 2 shows that
thig is indeed the case, The example
are stereographic-projections of the
lower hemisphere,on to a horizontal plane!®. The direction
of the projeetion of the slip vector in plane one is ebtained
by adding or subtracting 90° from the strike of plane two

2) and are therefore difficult to use directly.

that containing North Amerios
i with
s boundaries of other

vary widely over short
spreading of the sea floor suggests that the -

& which are illustrated .
radiation field in'the _
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if the plancs ono and two we orthogoneal.
The slip directions whicly arc shown
| give the mouion of the peoanic  plate
relative Lo the plate containing North

America  and  Kamchatka. For each
caso in Fig. 2 thern are two poss: ble slij
directions, but, whereas ono changes in

direction slowly and systematically be

fween Bajn California aod Japan, 14
other shows 1o COnSIRELEY  evoen e
earthgquakes in the samoe area. Th
| ambiguity is therofore unimportant 1
| this case. If all the earthruakes betwess
the Gulf of California and Japan are
produced by a rotation of the Pacifie
plate relative to the continendal one, any
pair of widely spaced slip directions cin
he used to determina the pole of relative
rotation. The two which are used herv
are the strike of the San Andreas betwoun
Parkfield and San Francisco, and the
average slip vector of all the aftershocka
in the Kodiak Island region'® of the
1964 Alaskan earthquake. A pole posi-
tion of 50° N., 85° W. was obtained by
construction on a sphere. If the paving
stone theory applies, sll slip vectors muab
be parallel to the latitudes which can be
drawn with respect to this pole. Though
this prediction could be tested by tabulat-
ing the dizagreement with the obgervas
tions, & simpler and more cbvious tesf
is to plot the slip vectors on a map of the
world in Mercator projection, taking the
projection pole to be the rotation axis (Fig. 8). The
Mercator projection has two advantages; it is conformal,
which means that angles are locally proserved and slip
vectors can be plotted directly, and aiso all emall circles
centred on the projection pole are parallel. Becanse the
upper and lower boundsries of Fig. 3 are themselves small
circles, the theory requires all shp vectors to be paraliel
both to each other and to the top and bottorn.  Thin
prediction was tested on gighty published® 1117 fauli -
plane solutions for shallow earthquakes during snd after
1957. Of these, about B0 per cent had slip vectors with tha

S W

W. The arrows
each other

s 4. An orthonormal projection of
Mereator Pols, Slip vectors E: tanﬁia to concentrt circlez about
centoe.

Figs the Worth Paclfic centrad on te
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iar, . Both the Mendocine and Sam Andreas faults can be strile slip
if there i5 & trench to the north or enst.

- siroet sense of motion and within +20° of the direction
“ popuired by Fig. 3. Most of the fault plane solutions for
~inrbhguakes before this date also agreed with the sense
wml direction of motion. Representative slip vectors in
“it. 8 show the motion of the Pacific plate relative to the
smbinental one, which is taken to be fixed. The rotation
‘ntor is therefore negative and points inward at 50° N,
%_,. A" W. The agreement with theory is remarkable over the
“ vitire region. It shows that the paving stone theory is
o rdrontially correct and applies to about a guarter of the
" Jonirth’s surface.
' 'he disadvantage of the Mercator projection is the
ilisbortion it introduces around the poles. It is therefore
ililfloult to use Fig. 3 to estimate spreading velocities.
we this purpose an orthonormal projection is more useful
‘|Vig. 4), for the spreading rate is then proportional to
lstance from the centre if this is taken at the pole of
iintion. In this projection, which is simply a vertical
ijeation on to a plane at right angles to the rotation
“Hxis, rigid rotations of the two plates on a sphere become
yigld body rotations on the plane, and all slip vectors
list be tangents to concentric cireles about the centre of
rojection (Fig. 4). This projection is useful if spreading
iles, rather than angles, are known. There are as yet
w such measurements in the North Facifie.
"~ The large active tectonic areas of the North Pacific are
fiow clear from Fig. 3. The fault systems of the San
ndreas, Queen Charlotte Islands and Fairweather form
i fdpxtral transform faiilt joining the BEast Pacific rise to
i Aleutian trench. The strike slip nature of these

e
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normal faulting, ®)

)

Fig. 6. - Mechanlsm diagrams drayn el ¥ig. 2 for three esrthquakes in the Kurile Islands. {g) September 15, 1062 (ref. 1
ovembar 16, 1 (ref. 17}, extension byrnal._'mﬂ{s;ﬂtlng. {e) May 2B, 1963 {ref. 17}, island arc
- Wﬂc B
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faults is elear from field observations'®*-** and from the
fault plane solutions {for cxample, Fig. 2a). Lu Alaska the
epicentral belt of earthquakes changes direction® {IMig. )
and follows the Aleutian are. The fault solutions also
change frum strike slip to overthrust! (for exwemply,
Fig. 2b), and require that the islands and A sl should
override the Pacific on low angle [~7") faults. Though
the direction of slip remains the same along the entite
Aleutian arc, the change in strike changes thie Tanlé plane
colutions from overthrusting in the east to <irvike lip n
the west (Iig. 2c). A sharp bond oceurs Tl Lhe
Aleutians and Kamchatka (Fig. 3). Here the fault plane
solutions change back to ovevthrust (Fig. 2d). This
motion continues as far as Central Japan, whore tho aclive
belt divides (Fig. 3) and the present study slops. Thus Lhe
North Pacific contains the two types of transform faults
which require trenches?, and clearly shows the dependeneo
of the fault plane solutions on the trend of the fault
eoncerned.

The variation of trend also controls the distribution of
trenches, active andesite voleanoes, intermed iate and deop
foous earthquakes'®.  All these phenomena occur in
Mexico, Aleska, the Eastern Aleutians, and from Kam-
chatka to Japan, but are absent where the faults are of &
strike slip transform nature. This correlation is par-
tieularly obvious along the Aleutian are, where all these
foatures become steadily less important as Kamchatka is
approached!?, then suddenly reappear when the trend of
the earthquake belt ehanges. Though it is clear from these
remarks that the paving stone theory applies to the North
Pacific region as & whole, there are some small areas which
at first sight are exceptions.

The most obvious of these is the complicated region of
the ocean floor off the coast between northern California
and the Canadian border®. The difficulties begin where
the San Andreas fault turns into the Mendocino fault.
Fig. 5 shows that the change in trend of the epicertres
is possible only if crust is consumed between € and A4
{or created in B, which is unlikely). The earthquakes
along the coast of Oregon®** and the presenee of the
voleanoes of the Caseade range, one of which has recently
been active and all of which contain andesites, support
the idea that crust is destroyed in this ares. In the same
ares two remarkable seismic station corrections which
possess & large azimuthal variation® also suggest that

there is a high veloeity region extending deep into the
mansle similar to that in the Tonga—Kermadec® region.
These complications disappear when the ridge and trench
gtructures join agsin and become the Queen Charlotte
Iglands fault.

[ i &

. extension by
nust from the
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Another complicated area is in Alaska betwesn 147-57 W,
and the north end of the Fairweather fault!®. In this same
area the local uplift after the 19864 earthguake suggested
that several faults wers active'®, and therefore the tec-
tonies eannot be understood withoul more fault plane
solutions.

Tha third area iz in the Kurile Islands where two foult
plane solutions (Fig. 6z and b) require dip slip faulting
and erustal extungion. This motion is completely difforent
from most of the solutions in the area, which agreo wall
with the rest of the North Pacific. Both earthquales
ocourred beneath the steep wall of the Kurile freneh on
the island are side, and are consistent with gravity slides
down into the trench. The terraces which would result
from such slides are eommon features of the trenches of
both Japan and the Aleutians®**, There is also one fault
plane solution which requires that the Pacific should be
overthrusting the Kurile Islands {Fig. 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 veetor circuits. 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 California is the cirenit in Fig. 1, and shows
how the East Pacifie rize and the Middle America trench
combine to become the Ban Andreas transform fanlt.

The North Pacific shows the remarkable sucoess of the
paving stone theory over a quarter of the Earth's surface,
and it is thersfore expected to apply to the other three-
quarters. It is, however, only an instantaneous pheno-
menological theory, and also does not apply to inter-
mediate or deep foeus earthguakes. The evolution of the
plates as they are ereated and consurned on their boun-
daries is not properly understood at present, though it
should be possible to use the magnetic ancmalies for this
purpose. The other problem is the nature of the mechan-
iam driving the spreading. It is difficult to believe that
the convection 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’ and the main Pacific plate. The trans-
form fanlte in the South-East Pacific are east—west;
therefore the ocean floor between the rise and South
Amerios 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 S8an 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
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Chile ridge, then tho crust must be conswnod along the
Chile trench. The faulis involved must have boll over-
thrust and right-handed strike slip eomponents.  The
present motion on the San Andreas is not in eonflict with
the east-west transform faulis of tho North-Hastern
Pacific if thers was originally a plate of ocean floov
between North America and the main Pacific plato joined
to that which still exists to the west of Chile. This picce of
acean Hoor hes zinee been consurmed, and therofore the
dircetion of spreading in the Puacific appesrs to have
changed in the north but not in the south. This explana-
tion requires changes in the shape of the plates but not i
their relative motion, and therefore differs frome thos:
previously suggested®®. This study suggests that o beliel
in uniformity and the existence 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.
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