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Sumnnry

A number ofpossible mechanisms have recently been proposed for driving
the motions of the lithospheric plates, such as pushing from mid-ocean
ridges, pulling by downgoing slabs, suction toward trenches, and coupling
of the plates to flow in the mantle. We advance a nerv observational method
of testing these theories of the driving mechanism. Our basic approach
is to solve the inverse problem of determining the relative strength of the
plausible driving forces, given the observed motions and geometries of the
lithospheric plates. Since the inertia of the plates is negligible, each plate
must be in dynamic equilibrium, so that the sum of the torques acting on a
plate must be zero. Thus, our problem is to determine the relative sizes of
the forces that minimize the components ofnet torque on each plate. The
results indicate that the forces acting on the down-qoing slab control the
velocity of the oceanic plates and are an order of magnitude stronger thau
any other force. Namely, all the oceanic plates attached to substantial
amounts of downgoing slabs move with a ' terrninal velocity ' at rvhich
the gravitatiorral body force pulling the slabs downward is nearly balanced
with the resistance acting on the slab; regardless ofthe other features ofthe
trailing horizontal part of the plates. The drag on the bottom of the
plates rvhich resist motion is stronger under the continents than under
the oceans.

Inhoduction

In recent years, the kinematics of continental drift and sea-floor spreading have
been successfully described by the theory of plate tectonics. According to this theory,
the Earth's surface is covered by a small number of lithospheric plates, rvhose relative
motions are described in terms of the motions of rigid caps on a sphere (McKenzie
& Parker 1967; Morgan 1968; LePichon 1968). Much of the present and past
tectonic activity, such as the occurrenc€ ofearthquakes (Isacks, Oliver & Sykes 1968),
the formation of mid-oceanic ridges, ocean floors, trench-arc systems and mountain
belts, (McKenzie 1967; Dewey & Bird 1970) and the distribution of topography and
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heat flolv in world oceaus (Sclater & Francheteau 1970), has been shown to be a
consequence of plate motions. However, rather little is knou'n about the driving
mechanisms ofplate tectonics, although various types of forces have been suggested.

There are three observational means of testing any theory ofthe driving mechanisnr
of plate tectonics. First, does the proposed mechanisn supply sufficient energy to
account for the consumption of mechanical energy acconrpanying plate motions,
such as the elastic energy released in earthquakes taking into account the seisnric
efficiency, and the viscous dissipation of mantle drag? Second, does the mechanisrn
explain the observations of stress within the plates as rvell as at the plate boundaries ?

Third, can the mechanism produce the plate motions as detemrjned by sea-floor spread-
ing observations ? In this paper, using linear inverse theory, we attempt to derive a

system of forces acting on the lithospliere that is consistent with the notions of the
plates. Our basic approach is to solve the inverse probler,r of determining the relative
strength of various proposed forces from the observed relative motions and geo-
metries of the lithospheric plates. We will then show that this system satisfies the
energy condition and exaurine the recent results on intra-plate stresses (N{endiguren
1971 ; Forsyth I 973; Sykes & Sbar 1973).

Forces acting on plates

The forces acting on plates can be classified into t$o categories: the forces acting
at the bottom surface ofplates and those acting at plate boundaries. In plate tectonics.
plate boundaries are of three major types: the diverging, converging (colliding), and
shearing boundaries, corresponding to the oceanic ridge and continental rift sl,stems.
the trench-arc and mounlain belt systems, and the transform firult systenrs. In the
following, we first list the plausible forces acting on the plates as illustrated in Fig. 1,

and then discuss qualitatively the physical nature of these forces. Tlre force acting at
the bottom surface of plates is due to the viscous coupling bet*een plates and under-
lying asthenosphere. It will be called the mantle dra-{ force and dcnoted FDF in the
follorving. Ifthere is an active fforv in the asthenosphere, such as thermal convection,
Fo. will act as a driving force (e.g. Runcorn 1962; Morgan 1972; Turcotte & Oxburgh
1972). If, on the other hand, the asthenosphere is passive u'ith regard to the plate
motion, FDr. rvill be resistive force as in the case of Fig. 1. Because of the possible
diference in the rheological properties of the asthenosphere under oceanic and con-
tinental plates, the drag force acting on continental plates may be djfferent from that
acting on oceanic plates. Therefore, an additional drag force is considered for
continental plates, the continental drag, F.o, The drag acting on contineutal plate
is thus erpressed as .FDF + FcD

At the diverging boundary, plates are pushed apart by way of gravitational sliding
(Orowan 1964; Lliboutry I969; Hales 1969; Jacoby 1970; Artyushkov 1973). This
force is called here the ridge push and denoted FRp. At the transform fault boundary.
there should be some resistive force, which we call transform fault resistance, .Fr..

Tlie situation at converging or colliding boundaries is probably someuhat rnorc
complicated. First, there is a negative buoyancy force acting on the dorvngoing slab
part of the subducted oceanic plate. This body force rvill pull the whole oceanic plate
toward the trench and is called slab-pull, -F5p. Since the slab is plunging into the
mesosphere, where the viscous resistance may be nruch higher than in the astheno-
sphere, the descending slab may meet significant resistance, the slab resistance, FsR
(see Fig. l). At the point of inieraction of the two plates, their relative motion is
resisted by a frictional force. This force, the colliding resistance, F.* is opposite in
direction but identical in nragnitude for the two plates because of the principle of
action and reaction. For the continental or overtltrust plate, another force, called
suction, that pulls the plate torvard the trench \\,As proposed by Elsasscr (1971).
We denote it Fru.
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166 D. Forsyth and S. Uyeda

we neglect forces ofplate-plate interaction which act perpendicular to the direction
of relative motion, such as normal forces across transform faults. The sisn of these
forces cannot be predicted without complete knowledge of the other stre-sses acting
on the plates and it is unlikely that large normal forces would exist without causinq a
re-adjustment of the apparent relative motion.

As has been introduced above, rve have a set of eight possible forces, Foo, F6p,
Fnp, Frr, Fs", Fr*, F.* and Fsu. At this stage, however, the relative importance of
the forces is not clear. It seems to be possible to refute, on observational grounds, an
argument that any one of the above driving forces is the sole driving force of plate
motions. For instance, if the ridge push, .F*r, is the only driving force, why does the
Philippine Sea plate, which has no ridge on its boundary, move and. why do the
intermediate earthquakes in the Benioff-Wad,ati zone often have tensional axis
parallel to the dip of the slab (Isacks & Molnar 1969)? Similarly, the slab pull, Frr,
cannot be the sole driving force because the plates on both sides of the mid-Atlaniic
Ridge are moving apart without being attached to any significant downgoing slab.
Apparently, some combined effect of these forces is responsible for maintaining the
plate morions and it is the inlent ofthe p.esent paper todecipher the relative imipor-
tance of these possible forces.

Qualitative discussion of the nature of the forces

Mantle dragforce Foo, Fro:
when the possible driving mechanism of continental drift was questioned decades

ago, Holmes (1928) put fonvard the liypothesis that mantle convection drives the
continents as passive rafts. Runcorn (1962) proposed, using a theoretical result of
Chandrasekhar (1953), that the change in the flow pattern of mantle-wide convection
due to growth of the core gave rise to tlle latest episode of continental drift. Holmes'
hypothesis was revived in the form of the sea-floor spreading by Hess (1962) and,
Dietz (1961). Theoretical as well as laboratoly investigations ofthe mantle convection
have been advanced to obtain more realistic models than the simple Rayleigh-B6nard
type model. For instance, the effects of high Rayleigh nurnber-finite amplitude flow,
internal heating due both to dispersed sources and localized phase changes, variable
viscosity, and horizontal temperature gradients have been considered extensively
(e.g. Tolrance & Turcotte 1971 ; Turcotte & Oxburgh 1972; Richter 1973a; McKenziä
& Weiss 1974).

Since the aspect ratio of the Rayleigh-Bdnard type cell is always nearly one, the
cells expected to exist in the asthenosphere must have horizontal scale muöh smaller
than that of typical plates. Although rakeuchi & Sakata (1970) have shown that
horizontally extended cells 

'ray 
be possible at the critical Rayleigh number for a

mantle with viscosity variable with depth, Foster (1969) showed thit the horizontal
scale of cells becomes even smaller in the high Rayleigh number range which describes
convection in the Earth. small cells can exert only a periodic stress on the base ofthe
plate, which has little net contribution when integrated over the entire area ofthe plate.
These small cells, which may exist as a mechanism for controlling the heat flärv in
99.T bu.rjl:-uyay from ridges, are incapable of driving the platei (Richter 1973b).
Richter (1973a) suggested that the convection currentJ generated üy a horizontal
temperature gradient may exert a stress effective in the original breakup of large
continental masses, but are not capable of driving the broken-up plates ior a loirg
distance.

The advent of plate tectonics made the classical mantle convection hvuothesis
even more untenable. For instance, the supposition that mid-oceanic ridees are the
site of upwelling and trenches are that of sinking of the large scale conväctive flow
cannot be valid, because it is now established that actively spreading, oceanic ridgesmigrate and often collide with trenches (Atwater 1970; iarson a Chase tqz"O).
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The driving forces of plate mction ro/

Although Morgan (1972) postulated that the resultant stresses caused by mantle

flows alsociateä with , hot-spots ' or , plumes ' rvould be an important driving
mechanism, Artyushkov (1973) argued that the viscosity of the asthenosphere is

generally vaStly overestimated, in particular under oceans,. and that conYection currents

In the mantle, even if they exist, cännot produce any significant stresses on the base of
DIates.

clearly, when a large plate noves, there must be a net nlass flux in the astheno-

sphere from trench to ridgä, balancing the mass transport in the moving plate. There-

före, we must treat the plates as an iltegral part of the circulation. Richter (1973a)

found that in a model composed of lithosphere and asthenosphere, the major dliving
force is the pull from the downgoing slab, .F5p, and the asthenosphere exerts viscous

resistive fories on the plates and slab. If the flow is Newtonian, these resistive forces

are not affected by tlie superposition of small convection cells on the large scale

mantle flow.
The mantle drag, Foo, on a plate should be proportional to the area and to the

velocity of the plaie relitive to the asthenosphere. For the continental part of a

plate, än additional resistive term, also proportional to the velocity but rvith a different

äoemcient of proportionality, pco, is considered. This continental drag term allows

for the possibility of greater viscosity under the continents than under the oceans, as

suggested by suriace wave studies of the low velocity zone (Knopoff 1972; Alexander

tgZ). Wträttrer Foo and FcD act as driving forces or resistive forces is determined

by the relative veloCity betu'een the plate and the asthenosphere. In our m_odel, the

aÄthenosphere is passive and plays only the role of providing the return flow:.the
velocity ;sed is the velocity relative to the deep nrantle or the 'absolute velocity'
and Fo, and FcD resict nlate motion.

Ritlge push, _F*p. Mid-oceanic ridges are approximately in isostatic equilibriuni,
as inaiöatäd ty tü"ir essentially zero free-air gravity anornaly (Talrvani, Worzel &
Erving 1965). ihe elevated crust is compensated at depth by anonalously hot, low-

densily rnantle. The ridges rnay originally have formed as a passive consequence of
the plätes moving apart, or the uplift and injection of hot mantle material may have

actively helped to push the plates;part (Wilson & Burke i973). The elevation_ of the
ridge ian be explained entiiely by a passive, thermal expansion model in rvhich hot

11u-trtl. ,nut..iof enters the crack Ieft when two lithospheric plates are pulled apart

(IfcKenzie 1967; Sleep 1969). However, once the elevated topography is prodrced,

it hur.*""r, potential energy, so tl.rat the ridge tries to spread out to obtain a lower

energy state. The resulting force, F^", acts perpendicular to the strike of the ridge,

and häs been shown to be on the ordei ofthe excess load which attains several hundred

bars (Orowan 1964; Hales 1969; Lliboutry 1969; Jacoby 1970; Artyushkov 1973)'

On thi other hand, irormal faulting and normal-fault type earthquakes are observed

at the crest of ridges (Sykes 1967), indicating the crest is an extensional boundary

locally resisting ttii spieäaing. In addition, sor''e energy is expended in_overcoming

viscous dissipaiion in the rising rnantle material (Lachenbuch 1973). We believe these

resisting fories are relatively minor, confined primarily to the upper few kilometres

of crusi and that the net effect is a driving force. Because the elevation of the ridge

is independent of spreading rate (Anderson, McKenzie & sclater 1973), in our model,

F*o is inclependeni of velocity. As the elevation of the ridge is maintained by the

cöntinual advection of l.reat in the rising mantle material, motions of the plates

generated by the ridge forcc may ultimately be considered to be driven by the forces

of thermal convectiott.

Slab pull. F3y ancl slab resistance, F5x. The cold downgoing slab unde-r trenches

has a density göater than that of the surrounding mantle (McKenzie, 1969; N{inear

and ToksOz i 970) and, therefore, experiences a body force due to its negative buoyancy.

Elsasser (1969) pointed out that thi lithosphere may be considered as a stress guide
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and that the downward pull ofthe sinking slab, F5o, can be transmitted to the horizontal
part of the lithosphere to drive its motion. Various authors assessed the intensity of
this force (e.g. McKenzie 1969; Lliboutry 1969; Jacoby 1970; Artyushkov 1973).
Presumably, the derrsity contrast betweett the slab and the surrounding mantle,
enhanced by the elevation within the slab ofthe depth ofphase transitions, is a functior.t
of various factors, such as dip, length, age and rate of subduction of the slab and the
material properties of the surrounding mantle (McKenzie 1969; Minear & Toksöz
1970). Based on a model of the thermal regin.re of a downgoing slab, Turcotte &
Schubert (1971) suggested that Fsp would be of the order of several kbars.

We model the forces acting on the slab as the sum of two terms, one velocity-
independent and the other directly proportional to rate of descent of the slab into the
rnantle. Although Ft. is expected to depend on several factors, we identify the slab
pull as the velocity-independent term and simply assume that it is directed normal to
the strike of the trench and identical in magr.ritude for all the subducting slabs. Some
justification of this assumption follows. As long as the downgoing velocity of the
slab is high, say greater than 5 cm/yr, the heating of the slab from the surroundings
is expected to be small down to several hundred kilometres depth (McKenzie 1969;
Minear & Toksöz 1970). Therefore, to a first approximation, the density contrast,
Äp, can be taken to be velocity independent above the depth rvhere siguificant heating
occurs. Toksö2, Sleep & Smith (1973) suggest that rapid heating ofthe slab may occur
below about 600km. If the slab's leading edge reaches to some constant depth,
where it loses its integrity by stronger heating or is deflected at the 'hard' bottorn
of the asthenosphere (Fig. 2), then F o is expected to be independent of velocity and
dip of the slab. The force directed along the length of the slab sltould be expressed
as F5" : Ap ,g ' sin 0 ' r'olume of slab, rvhereas the volume is proportional to l/sin d.
Depending on the themodynarnical parameters, the post-spinel transition of olivine
(Ahrens & Syono 1967; Kumazarva et al. 197 4) may also tend to limit the depth to
rvhich the slab can reach.

When a plate sinks, the density contrast is small at shallow depth because of the
small temperature difference between the slab and the surrounding nantle. 

^p 
will

increase with depth until the heating of the slab becornes significant and rvill be
enhanced greatly at a depth of about 200-300 km rvhere the olivine-spinel transition
takes place in the slab. Turcotte & Schubert (1971) estimate that ] to ?1 of the total

l/// hord royer

FIc. 2. Geometry of the clorvngoing slab. The slab desc-ends until it loses its identity
due to rapid heating, or uotil it is deflecied at a 'hard' layer, rvhich cannot bc
penetrated casily due to cithcr greatly increased viscosity or a chemical contrast or
phase change rvhich inhibits convection. Rapid heating may be due 10 increased
viscous dissipalion in the mesosphere or strongly ten]perature dependent

thermal coDducti\,ity.
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The driving forccs of plate motion

body force nray be due to the elevation of the phase boundary. This contribution to
slab pull would uot significantly increase if the rate of descent of the slab were in-
creased above the threshold ofperhaps 5 cm/yr. From these considerations, it may be
inferred that tl'le rcentre of gravity' of the negative buoyancy force, Frr, is at a
depth of about 200-300 km.

In our model, v;e identify the veloci ty-dependent force acting on the slab as the
resistance to the downgoing motion, F5x, which is due primarily to the viscous drag.
Here, rve assume it to be proportional to the viscosity of the surrounding nantle arrd
to the velocity of underthrusting. Since the viscosity of the mantle is relatively small
in the astl.renosphere and nay become orders of magnitude greater in the mesosphere
(e.g. Gordon 1965), FsR rvould be largely concentrated at the lorver portion of the
slab. In addition, Smith & Toksöz (1972) have sliown that the force resisting motior]
on the leading edge of the slab should be three to five times as important as the
viscous traction applied to the surfaces of the descending plate. Consequently, in our
idealized model, resistance is concentrated at the leading edge. F." is directed per-
pendicular to the strike ofthe trench, opposing the advance ofthe plate into the n.rantle.
Any viscous drag due to the motion ofthe subducted plate parallel to the strike ofthe
trench is neglected.

Pulling from the trenches, like pushing at the ridges, is ultirnately a form of thermal
convection in which tl:e driving forces are supplied by gravity acting on the density
contrasts induced by the cooling of the upper mantle. In order to make a global
model fcasible, \\'e n.lust assun're that all descending plates behave in a similar manner.
We do not intend to imply that the forces discussed here completely describe every
trench, but rve have chosen the sirnplest physical model describing a systen in which
the resisting forces increase faster than the driving forces above some threshold rate
of rnotion.

Colliding resistance, FcR. Resistance to the relative motion between plates is
apparently the direct cause of most shallorv earthquakes. We rr,odel tlris resistance
as a stick-slip process (Brace & Byerlee 1966). As the plates try to ntove past one
another, strain energy gradually accumulates at the Iocked plate boundaly. When the
stress reaches a certain level, slip on the lault occurs, releasing strain energy in an
earthquake. A higher strain rate does not increase the stress; it merely reduces the
length of tinre required to reach the level of stress required to cause slipping. Thus,
the average stress over a period of time is independent of the rate of relative motion
at the plate boundary, It is possible that some of the displacement can occur in
continuous, aseisniic creep, in rvhich the stress is dependent on velocity. Horvever,
the observation that the rate of relatjve motion in most major fault zones can be
predicted by summing the seisrnic monrent ofearthquakes occurring in thezone (Brune
1968; Davies & Brune 1970), supports our assumption that slip during earthquakes
and not aseismic creep is the predominant mechanism for accommodating the relative
rnotions ofthe plates. Studies ofthe rupture zones oflarge, shallow earthquakes show
that nearly the entire length of the Aleutian arc (Sykes 1971), the Pacific coast of
Japan (Mogi 1968), and the west coast of South America (Kelleher 1972) have broken
in series of large events, suggesting that the stick-slip rnodel nray be an adequate
representation of plate-plate interaction in trenches. The recurrence time of great
earthquakes can be as little as 30 years (Sykes 1971) or as much as several hundred
years (Plafker & Rubin 1967). The recurrence time may vary on different portions
of the same plate boundary, such as the Nazca-South American boundary (Kelleher
1971). We nrake the simplifying assunptions that all trenches behave identically
and that the resisting force is independent of velocity and parallel to the relative
motion betn,een the plates. As this resisting force is due to interaction betrveen the
plates, it acts with equal strength on both plates. For exanple, resistance in the Peru-
Chile trench opposes the s,estlvard movement of the South American plate irith the

169
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same strength that it opposes the eastward movement of the Nazca plate. We make
no distinction between the resisting force at trenches and the resisting force at moun-
tain fold-belts, including them both under one term, FcR, describing convergent plate
boundaries.

Transform fault resistonce, Fro. The relative motion of neighbouring plates is

resisted at transform faults, as evidenced by their seismic activity. The resistive forces
directly oppose the nTotion of each plate and thus act parallel to the strike of most
transform faults. As long as the stick-slip model is assumed for earthquakes, the
strength of the resistive force can be considered independent of the relative velocity
of the neighbouring plates. As in the case of ridge crests, seisnic activity along
transform faults is confined to a very shalloiv depth (Tsai 1969; Weidner & Aki 1973).

Aseismic relative motion at greater depth is considered to be due to creep, for which
the stress may be velocity dependent. Horvever, since creep is also a temperature de-
pendent process, the heating due to viscous dissipation in a narrorv shear zone will
tend to lower the stress at high strain rates. This effect may be sufficient to cause an
inverse relationship betu'een velocity and effective stress (Schubert & Turcotte 1972),
rather than the direct relation expected in a simple viscous model. For simplicity, we
assume that the total resisiive force, F1p, has the same form as the stick-slip model
of the earthquake resistance, and thus is independent of velocity.

Although we have suggested that viscous heating may play an important role in
reducing the stress in the narrow shear zones of transform faults, rve neglect its effect
on the stresses acting on the bottom of the plates and on the descending slab because

the shearing in these cases is not confined to a narrowzone. An earlier study (Schubert
& Turcotte 1972), u'hich concluded that viscous heating may control the drag on the
bottom of the plate, required an asthenosphere rvith a viscosity 2 to 3 orders of
magnitude greater than that deduced from glacial rebouttd studies.

Suction Fru. Elsasser (1971) suggested that the American and Eurasian plates
may be drawn torvards the trenches surrounding the Pacific by a form of suction.
The plates surrounding the Atlantic are moving apart, overthrusting the plates in the
Pacific. Since the radius of the Earth most likely remains constant, the Pacific rrust
be grorving smaller and the trenches must be migrating seaward. However, we do not
have a clear understanding of the physical nature of the suction force. Elsasser
(1971) visualizes this force as due to a continual dorvnwarping of the oceanic plates
at trenches, creating an empty space rvhich is continually filled by the seaward
movement of the continental plate (Fig. 3(a)). Suction in a fashion to fill the void,
however, appears to be incompatible rvith the notion that a trench is a colliding
boundary across which plates are pushing each other. If the seaward movenent of
continental plates is due merely to the push translnitted from the other side of the
plate, the force is already taken care ofby Fop and introduction of Fru is unnecessary.
However, there may be some mechanism to generate Fsu on the continent side of a
trench. McKenzie (1969) and Sleep & Toksöz (1971) postulate that a secondary
hydrodynamic flow is induced in the upper mantle above a sinking slab and this flow
would generate tensile stress behind island arcs (Fig. 3(b)). The driving force for the
Atlantic type plate derived by Richter (1973a) is of a similar nature. Various other
processes postulated to explain the opening of marginal seas (Hasebe, Fujii &
Uyeda 1970; Karig 1971; Matsuda & Uyeda 1971; Sclater et al. 1972; Barker i972;
Uyeda & Miyashiro 1974) would also generate the tensile stress behind island arcs
(Fig. 3(c)). Horvever, once the opening of a tnarginal sea starts, the oceanward
migration of trench-arc system becomes an inemcient rneans of generating suction
on the continental plate behind the narginal sea (Fig. 3(d)). Inview ofthe uncertainty
of the nature of Frg, in the present paper we modelled it to be velocity independent
and perpendicular to the trench, although F5u caused by the secondary flow may be
proportional to the desceltt rate of the slab.
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FIc. 3. Possibie sources of the ' suction ' force. (a) Trench migrates seaward,

creating gap. (b) Dorvngoing slab induces secondary convection cell behind islard
arc. (c) Üpward migration and injection of hot mantle material may cause tensile

stress.at ihe surface. (d) Once active spreading begins in the marginal sea, the
continental nlate is decoupled from the trench system.

Observed plate motions

Of the forces considered above, the boundary forces acting on a plate should be

proportional to the length of ridge, trench or transform fault, and the mantle drag

rnoota U" proportional to the area of the plate. Three forces, Fp., Ico uld frl
depend on ihe-velocity of the plates relative to the mantle, and F6* and F.p depend^

on the direction of relative motion at boundaries. consequently, an examination of
the observed rates of plate motions in relation to the geometries of the plates should
reveal the relative importance of the proposed forces. The following qualitative

discussion is intended to give physical insight into the expected results of the more
quantitative inversion technique.

An analysis of the driving forces based on plate motions must necessarily depend

on the number of plates and the plate boundaries. Morgan (1968) and LePichon
(1968) considered 2Ö and 6 plates, respectively, in their analyses of sea-floor spreading
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The driving forces of platc motion

and continental drift, whereas Minster e/ a/. (1974), in their attenlpt to invert informa-
tion on relative notions at plate boundaries to relative plate motions, considered ten
plates, including LePichon's six plates and Cocos, Nazca, Arabia plates and North
and South America plates separated. We include, in the present study, the l2 plates
as shown in Fig. 4, neglecting any small plates in the Middle America and Mediterran-
ean regions as rvell as the plates rvhose boundaries and motions are ill-defined, such
as the China and Somali plates of Morgarr (1973). \\/e treat South Arnerica and
North Amerjca as separate plates, because much evidence suggests to us that they
have moved independently throughout much of the history of the opening of the
Atlantic (Phillips & Forsyth 1972; LePichon & Fox 1972; LePichon & Ha),es 1972'
Minster et al. 1974). The boundary between the North American plate and the
Eurasian plate is uncertain within the Asian contjnent due to the small relative motion
between the plates in that region. Our boundary is roughly the same as that suggested
by Churkin (1972). We used the poles and angular velocities of relative motions
between plates given by Morgan (1973). Although more up-to-date information on
relative motions is now available (Minster et al. \974), we feel Morgan's relative
motions are substantially correct and subsequent refinements will not significantly
affect our analysis.

We computed the avera_qe velocity of each plate relative to the deep mantle by
integrating the velocity of each point relative to the mantle over the area of the plate,
then dividing by the area ofthe plate. To obtajn the velocity relative to the nantle,
we assumed that the north, mid-Atlantic ridge is fixed with respect to tlie deep mantle.
This is the same as taking the fixed hotspot co-ordinate systen of Morgan (1973).
We realize that this is a controversial assumption, but both the determination of
absolute plate nrotions by Solonon & Sleep (197,1) and an observaticn discussed
Iater in this paper, which is entirely independent of island chains or aseismic ridges,
suggest that it may be approximately correct. In our analysis, u e included the possible
uniforrn rotation of the global lithosphere relative to our initial co-ordinate system
and determined its magnitude. The result, seen in a later section, showed that its
magnitude is sn,all. The average velocity ofeach plate thus computed is plotted versus
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various characteristics of each plate, listed in Table 1, i.e. the total area (Fig' 5),

continental area (Fig. 6), length of ridge boundary (Fig' 7), length of trench boundary
with subducted slab (Fig. 8) and length of transform fault boundary (Fig. 9). In
the cases of the length of boundary, plots are made for the total length and the

effective length as a fiaction ofthe total circumference. The effective length is defined

as the length of the boundary vrhich is capable of exerting a net driving or resisting

force. For example, two mid-ocean ridges on opposite sides of a plate exert no net

force on the plate because their effects cancel. The effective ridge length is much

reduced from total length for such plates as Africa and Antarctica, because they are

nearly surrounded bY ridges.
Ai seen in Fig. 5, there is no obvious relation betlveen velocity and area. Morgan

(i971) and McKenzie (1972) cited the lack of correlation between velocity and area

ur 
"uid.o.. 

against ridge push or slab pull being the primary driving force and in
favour of soÄe form of coupling to mantle convection as the mechanism. The

Nazca, Cocos and Pacific plates are moving about the same velocity. All these plates

are entirely oceanic rvith approximately the same ratios of length-of-ridge to length-

of-trench to length-of-transform fault. The only major difference in the three is
area. The Pacific plate has roughly 50 times the area of the Cocos plate and 10

times the Nazca plate. If the boundary forces are the major driving force and the

mantle resists motion, the drag on the bottorn of the Pacific plate as it moves ovel the

mantle should therefore be about 50 and 10 times the drag on the cocos and Nazca

plates, respectively. Since the amount of ridge and trench for Pacific plate is only about

7 and 3 times as great as for Nazca and Cocos, McKenzie and Morgan argued that

Frc. 10. Plate boundary geometry relstive to a torque axis. All integrations are
performed clockwise around the boundary. B is the colatitud-e -of-position, rR is

ihe distance to the axis, and .( is the angle between the strike of the boundary and
the azimuth to the pole of the torque axis.
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the Pacific plate would move much more slowly than the other two plates. However,
there are trvo possible explanations of the Iack of dependencc on area. First, as
McKerrzie and Morgan favoured, the plates may be strongly coupled to tlte convection
currents in the mantle. Then, the velocity ofplates would deperid oniy on the velocity
of florv in the mantle beneath thern, and the ridges and trenches rvould be merely
secondary features rvith unillportant influence on the novements of plates. The
other possible explanation is that the coupling between plates and mantle beneath
them is u'eak, so that the drag by the mantle hc.s little effect on the velocity of oceanic
plates. In this case, the velocity of the oceanic plates are prinarily determined by the
drivirrg and resistive plate boundary forces. Transform faults are cousidered to
resist relative motion of neighbouring plates. Horvever, Fig. 9 shorvs no explicit
relation between velocity and Iength-of-transform iault, indicating that resistance at
transform faults is not strong enough to be the primary control of plate motions.
Ridges rray be pushing the plates, but agair, , Fig. 7 does not jndicate ar.ry distinct
correlation betrveen velocity and length-of-ridge. Fig. 6, essentially the same as
Fig. l0 of Mirlster er al. 1974, does indicate that the plates rvith greater continental
area have smaller velocity. This correlation may be explained either by assuutiug
strong coupling bet$'een plates and nrantle tvith slo*'er mantle florv under continents,
or by assuming tliat mantle drag is ueak under oceanic plates but strong under
contjllents. Considering the pronounced difference in tlre lorv velocity zone under
oceans and continents, Knopoff (1972) and Minster er al. (197 4) favoured the latler
expianation.

The most striking correlation is found betwecn velocity and leugth of trench rvith
subducted slab as shorm in Fig. 8. The plates scparate into t\\o distinct _eroups:
plates rvhich are being subducted at trenches ovcr a si-snificant portion of their cir.curn-
ference, and those rvhich are uot. The Pacific, Nazca, Cocos, Indiair and Philippine
plates are all connected to dorvngoing slabs, and are ali moving at 6-9 cm/yr relative
to the mantle. The other plates are not connected to dorvngoing slebs and are noving
at 0 to 4cmlyr. Another more limited observation, but one not dependent on any
absolute co-ordinate system, is that the plate pairs Pacific-Cocos and Pacific-Nazca
are nioving apart at rates of 12 18 cnr/yr. (Herron 1972; Larson & Chase 1970),
while the plate pairs, North A rrerica-Eurasia, North America-Africa and Africa-
South America are Inoving apart at rates of only 2 6 cnr/yr. There must be some
fundamental difierence in the forces acting on these two sets of plates. The sr.rggestion
mentioned abor,e that continents are ntore strongly anchored to the deep mantle
may be a partjal explanation, but rve feel that the dominating factor is the presence
or absence of a dol'ngoing slab. Strong continental drag could explain the slower
motions of the continental plates, but it does not provide an explanation for the
narrow range of velocities of the oceanic plates.

The observations outlined above su,egest the following model of the driving
nrechanjsm of plate motions. First, the body force associated with the mass excess in
the dorvngoing slab, -Fsp, is very large. F* pr-rlls the plate attacl.led to it aud the rate
of slab descent juto the mautle increases until this force is nearly balanced by the
vrscous resistive forces acting on the dorvngoing slab, .Fr*. The observed fairly
unifornr rate of descent o{ 6-9 cmiyear represents the point of balance rvhich is
effectively the terrninal velocity of the dense slab falling in a viscor.rs nredium. Thus,
the velocity of plates attached to dorvngoing slabs is primarily controlled by the
balancc of forces acting on the desceirding slab, Fsp * F5p and is independent of the
surface- geome try. The inrportance of Frp and a similar rnoclel rvas proposed previously
by Richter (197-la). After attairling the termiiral velocity, the neicontribufion of thi
dorvngoing slab to the forces acting on the whole plate is probably small, due to tlre
near balance of the body and viscous forces.

. . Since plates having no dorvngoing slabs are also moviug, *,e require pushing fronr
ridges, F*", and possibly suction to\\'ard trenches, Fru to be other driving fo-rce or
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forces. These forces, plus any net pull from the dorvngoing slabs, are balanced by
resistive forces, such as the mantle drag Fo., FcD, the colliding resistance, F.* and
the transform fault resistance, Fro. All these forces, except possibly the mantle
drag under continents, are probably quite srnall. In the follotving, we intend to test
the above model more quantitatively. As indicated in the preceding discussion,
strong coupling to active flow in the asthenospliere is an alternative explanation for
the motions of the plates rvhich cannot be eliminated. Horvever, a uumber of recent
theoretical rnodels of convection in tl.re interior of the mantle, briefly summarized
in the earlier section on mantle drag, suggest that such a mechanism is unlikely.
This mechanism can be tested only if the rate of mantle florv can be measured.
Therefore, we disregard the active-flow model in the remainder of the paper and,
instead, examine the possibility that the system of boundary forces outlined above
can satisfy the existing geophysical constraints.

The nodel

Tlie basic assurrrption in our approach is that every plate is in dynamical equili-
brium, i.e. the inertia or acceleration term is negligible, so that the sum of the torques
acting on a plate nlust be zero. Since the plates are constrained to move on the
surface of the Earth, their instantaneous motions are described as a rotetion about an
axis passing through the centre ofthe Earth. In customary plate tectonic terminology,
the pole of rotation marks tlie intersection of the rotation axis with the Earth's
surface. If a plate is not undergoing acceleration, the sum of the torques about any
axis must be zero. This condition is satisfied if the torques about each of three
orthogonal axes, such as 90"N, 0'; 0" N; 0" E; and 0" N, 90'E used in this study, are
balanced. A vector representing a torque can be resolved into three conrponents iu
this Cartesian co-ordinate system. Tl.tus, our problem is to deteruine tl.re relative sizes

of the forces that minin.rize the componeuts of the net torque on each plate. Since the
torques about three axes must vanish, the equilibrium condition gives three equations
for each plate in the form that

7i:: oiixi:0 (t:1,2,3)

rvhere n is the number of forces under consideration, .r, is the coefhcient representing
the specific intensity of thejth force, and a,, includes the geouretrical and dynamical
factors concerned, such as the length of arm frour the axis of rotation, the area, the
effective length of trenches, ridges, and transforu faults of plates, and the relative
velocity betiveen plates or that relative to the niantle, depending rvhich type of forces
is to be computed. The expressions for the torque on a plate caused by each type of
force are as follows: (suffixes RP, SP etc. have the same meaning as in F*., F5p, etc.;

(1)

4, np : 4ir x, : $RF*rdl = x1 JRcosdr/lR
Tb sp : ai2x2 : $Rfsp.7/ : -x2 JR cos ddlr

4, su : oiz x3 : $RF'sudl = -.yrJRcoscd/r
Ti, gy : aiqx4: $ RF.R d/ : :r4JRcos(a+d)d/c

Ti, rp : a;sx. : $ RFr.dl : .xs JRcos(s*d)d/rr
Ti, sR : oi6 x6: $ RFSR,Jl : -Y6 J RI4!r cos 1dlr

4, or : oit xt -- JiRFDFd'4 -- x, Vtl ! n sin B dA

(2)

(3)

(4)

(s)

(6)

(7)

(8)

I.,co: r'isxs: JJRFcDrf.4 : xsztlIRsinpdAc (9)

rvhere d1, dA, dl., dlr, dlc, dlru and dA, are the increnents of the plate boundary,
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182 D. Forsyth and S. UJeda

FIc. 11. Geometry of rhe motion of plate C relative to plate B. VPER and VPAR
describe the motio[ of plate C relative to the sirike of rhe boundary. VPER is
positive for convergent motion, VPAR for right lateral motion. d js measured

blockwise from the posjtive VPER direction.

area, ridge, trench, colliding boundary, transfcrm fault, and continental area. R, d, d,
and B are geometrical quantities illustrated in Figs 10 and 11. R is the length of the
arm around the ith axis and expressed as

R: R"sirrf (10)
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where R. is the average radius of tlie Earth. Since R. enters into every torque in the
same way, in practice we express R as a fraction of R". B is the coJatitude of the
position of the elernent. Forces tending to cause clockrvise rotation of the plate about
the axis are taken positive and all integrations along the circumfereuce I of a plate
are performed in a clockrvise manner when viewed from outside tl.re Earth. In praötice.
the integration is performed by numerical surnmation to cornpute a,, for eaih plate
as listed in Table 2. Those torques due to the forces acting perpendicular to the
boundary, i.e. T*0, 4", and ?su include cos a ,where a is the angle between the strike
of the boundary and the azimuth to the pole of the torque axis (see Fig. l0), and
forces acting outward have minus signs. F5p and _Fsu are both directed iorvard the
trench, so expressions (3) and (a) have the same form, but they act on different plates
along a_common boundary. For exarnple, in integrating clockwise about the boundary
ofthe South Arnerican plate, the suction force along the peru-chile trench is summed
from south to north giving rise to a positive torque about the North pole axis.
However, in integrating clockwise about the boundary of the Nazca plate, the slab
pull force along the Peru-Chile trench is summed from north to south, changing
the value of a by z and yielding a negative torque about the North pole axis.

_ In evaluating colliding resistance, T.*, and resistance at transform faults, ?i.,
the direction ofrelative motion of the plates must be considered. Ifplates B and'C
meet at a boundary, the forces F.* and .Fro applied to plate B are in the direction of
motion of plate C relative to plate B. To compute th; direction and to aid in the
identification of the nature of each boundary, u:e have resolved the relative motion
along each boundary into components perpendicular, VPER, and parallel, VpAR,
to the strike of the boundary as shown in Fig. tt. vpER is defined as positive at a
convergent.plate boundary, i.e. rvhen plate c is moving torvard the inteiior of plate
B. VPAR is positive for rightJateral, ltrike-slip rnotioi. With the angle d (Fig. l l)
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d: IAN-1(VPAR/VPER),

183

(11)

the torque generated by resistance in the form of shallow earthquakes at convergent
plate boundaries, lncR, and the torques generated at transform faults, 7io, are expressed
as (5) and (6). At some boundaries rvhere convergent motion of trvo plates occurs,
such as the rvestern Aleutian and the Puerto Rican trenches, a large proportion of
strike slip motion is also involved. We have arbitrarily chosen d:60'(VPAR:
2 ' VPER) as the dividing point bet$een classifying a boundary segment as a conver-
gent boundary, /., or as a transform fault, 1r..

The viscous resistance to the descent of the slab, Fr*, and the mantle drag on the
base of the plates, Foo, F.o, depend on the motion of the plate relative to the deep
mantle. Following the nature of forces given earlier, we take K{ as the contponent of
motion ofthe plate relative to the rnantle which is directed perper.rdicular to the strike
ofthe trench and express the torque 4R as (7).

A simple way to integrate o\rer the area of the plate to find the effect of drag,
T6e and {r., is to resolve the angular rotation vector describing the motion of the
plate relative to the mantle into its three contponents, @i, in the direction of the
three, mutually perpendicular, torque axes. Then, if lve set /i : @; R., the torques
acting on a plate are given by (8) and (9). Integration of (9) is performed over the
continental part only.

Since there are l2 plates and the net torque on each of them is computed about
tliree perpendicular axes, u,e have a set of 36 balance equations of the form of (l),
rvith eight unknorvn parameters.rr. In a matrix form the equations are expressed as

Äx:0 (r2)

of which elenents dii are listed in Table 2. x is a vector or column matrix containing
the coefficients descr'ibing the relative size of the forces. Three of the forces, Fr*, Foo
and F.o require knoivledge of the lxotion of the plates relative to the deep mantle.
As discussed previously, the hot spot co-ordinate systern which describes this n-Lotion
may be in error, causing the elements ofA involving FsR, FDF, and F.o to be incorrectly
computed. Because the three torque axes are ortl.rogonal, when a correction describing
the true rotation of the mantle as a whole relative to our original hotspot co-ordinate
system is added to the rotation about one of the axes, there is no effect on the terns of
Ä which involve rotation about the other axes. Table 3 lists tlie col'rections to the
tern.ls ai6, ai1 and ai8 in Table 2 which rvould result from a change in our 'fixed
mantle' co-ordinate systenr. In a later section, rve describe a search for the mantle
co-ordinate frame in rvhich the equilibriunr condition (equation (12)) comes closest
to being exactly satisfied.

The condition that the torques on the plates must be balanced has been applied
previously by Tullis & Chapple (1973) and Solomon & Sleep (1974) in studies ofthe
driving forces. Tullis and Chapple found, as u'e do, that pulling from the sinking slab
plays a doninant role in controlling plate rnotions. Solomon and Sleep concluded
that the absolute velocities of the plates cannot serve to discriminate among models
for the forces driving plates cannot serve to discriminate among models for the forces
driving plates. Horvever, the approach of Solon.ron and Sleep differs frorn ours in
that they considered only the net global torque balance rather than the balance on
each individual plate. Consequently, they could say nothing about symmetric forces
such as ridge push, colliding resistance, and transform fault resistance, which are
involved in the balance on individual plates but exert no net torque on the lithosphere
as a whole. In addition, the global balance contains very Iittle information about the
asymmetric forces at trenches, due to the nearly symnretric arrangement of trenches
surrounding the Pacific. These limitations do not affect the plate-by-plate balance
technique.
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Method of inversion

The equilibriurn condition yields an overdetermined system, in our case, 36

simultaneous equations in eight unknowns, which vre wish to solve in the least-
squares sense. Ifthe system is described in the form,

Äx: b, (13)

the matrix A gives the partial derivatives of the model, b is the data, and x are the
coefficients or vector rvhich $'e wish to deterrnine. The first step to'l'ards solution is
to normalize each colutnn vector of A by a scalar, muitiplicative factor rlhich gives

the vector unit length. The classic, least-squares solution to the problem is then found
by a series of matrix operatiolrs. Multiplying each side of (13) by Är, the transposed
matrix of A givet 

ArA x : A, b (14)

where ArA is a square matrix which can be recognized as the correlation matrix of
the variables. The diagonal elements of ÄrA, or the autocorrelation coefficient of
each variable, are 1.0 because the colunn vectors of A rvere normalized. Equation
(14) would give us eight equations in eight unknorvns, which can be solved to give x:

x:1ara)-1Ärb. (15)

Hou,ever, our problem differs from the classic, least-squares problem in trvo
significant ways. First, it is usually assumed that the dependent i'ariables, i.e. the
elements of Ä, are perfectly known and that all errors and noise are concentrated in
the data, b. In our case, b is perfectly known and there may be errors in A. Secondly,

in the equilibrium condition, b is identically zero, so that

ÄrAx:0. (16)

This system of equations has a non-trivial solution only if lÄr Al : 0 or, in other
words, only if there is a zero eigenvalue of Ar A. If there is one and oltly one zeto
eigenvalue, then the eigenvector for that eigenvalue will be the desired solution for x.

There wilt be azero eigenvalue only if there is an exact relatiot.t perfectly describing
the system, i.e. if the forces acting on every plate are perfectly described by the co-
efficients l'e have measured and listed in Table 2. It is realistic to assune there is some

error in our values of A: the plate boundaries are imperfectly knorvn; there is un-
certainty in determining the relative motions of the plates; and it is an obvious over-
simplification to assume that every ridge or trench pushes or pulls in exactly the same

way. Even if our model is correct, the errors in A rvill lead to uon-zero eigenvalues.

The difficulty is overcome by using an approximate inverse technique'
We assume that the noise in our model is uncorrelated from one variable to another,

so that only the diagonal elements of ArA are affected' With the furtirer assumption
that the noise level is the same for each variable, Ar -4 can be expressed in the form

ArÄ: (A*r A* + €2 i) (17)

I is the identity matrix, A*r A* is a matrix with a zero eigenvalue, and e2 is a measure

of the amount of noise in the model. We set ez equal to the value of the smallest
eigenvalue of Ar Ä. Ä+r A+ is the best available approximation to the correlation
matrix of the variables in the absence of noise. The eigenvector for the snallest
eigenvalue of Ar A is also the eigenvector for the zero eigenvalue of Atr A+ and gives

us the desired coefficients describing the relative sizes of the driving forces.

It should be pointed out that a particular solution for x could be otrtained by
arbitrarily identifying one of the variables as the dependent variable b and proceeding
as in (15). However, this procedure incorrectly inplies the otirer variables are noise

free and yields a different solution if a different variable is chosen to be the dependent
variable. In the analogous problern rvith tlvo variables, .,r- and y, we are attemptlng



186 D. Forsyth and S. U]€da

to minimize the sum of the square of distances of each point from the regression line,
rather than the sum of the squares of the x or y deviations from the line. Lanczos
(1961, p. 158) has shown that the srnallest possible value of the ratio lAxl2/lxl'? is
given by the eigenvector for the absolutely snallest eigenvalue of Ar A. Our problem
has been normalized to give x unit length, so picking the smallest eigenvalue does
give the least-squares soiution to equation (12). In the two-variable case, this solution
is the maximum likelihood solution rvhen the errois in each variable are of the same
order (Madansky 1959).

When several variables are considered, there may be several snall members among
the set of k eigenvalues, l"o, each yielding a vector giving an approximate solution to
(12). Picking only the smallest L may result in neglecting some of the information
about the system contained in tire other eigenvectors, and, because the noise in A
also leads to uncertainty in the exact size of each l-*, we may choose the wrong x&.

One rvay of avoiding these problems is to generate a composite solution which is the
weighted sum of several eigenvectors. Each eigenvector is tveighted according to the
estimate of the noise, 2*, so that tlre eigenvector rvith the smallest eigenvalue is given
the most rveisht. The comoosite vector is

X" : | 2*-1xu (18)

where the summation is over the p positive eigenvectors rvhose signal-to-noise ratio,
2-1, is greater than 1.0. Because the sign of an individual eigenvector is arbitrary,
we define the sign of each eigenvector so tltat the sun-r of its terms is positive, i.e.
acting in the direction expected from our earlier physical discussions of the form of
the forces. In any individual eigenvector, there nay be both positive and negative
terms.

We regard the composite soiution X" as the most probable solution. The inclusion
of several eigenvectors gives information on the non-uniqueness associated with the
inverse solution. If there are two small eigenvalues, each eigenvector rvill yield an
equally valid solution to the equilibrium condition, and any linear con.rbination of
the t\\'o vectors rvill also be a good solution. Thus, the composite solutiolr defined by
equation (18) ivould be one particular member of a family of possible solutions. If
one eigenvalue is only sli.ghtly smaller tl.ran another, rve certainly cannot reject the
second eigenvector as beir]g a possibie solution. Rather than nick any arbitrary
cut-off point at whicli we reject the second eigenvector, we include jt with less weight
in our particular solution. The degree of non-uniqueness associated rvith the particular
solution can then be estirnated by exarnining the relative size of the eigenvalues asso-
ciated rvith the vectors included in X-.

At present, no rigorous methoa is known for estimating the uncertainty in the
solution- We can make only a crude estimate based on the size of l. or s2 for each
eigenvector. From repeated experiments using only subsets of the complete data set,
it appears that erlJ (nt* n) is a reasonable estimate of the uncertainty in the individual
terms of each eigenvector, where rrr is the number of equations and n the number of
unknowns. Thus, in X", the contribution from eigenvectors with larger eigenvectors
is assigned greater error in addition to being given less weight.

Results and discussion

The correlation matrix, ArA, of the geometrical factors related to the various
forces is shorvn in Table 4. In this table, it is irnmediatelv noticed that the correlation
between the factor describing Fro (essentially the lenglh of active trencl.r) and the
factor describing F.o (product of trench length and the rate of descent of the slab) is
much greater than any other correlations. This high correlation (0.9867) dictates
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Table 4

Correlation ntatrix Ar A.

187

fn" F.*

1.0
-0.8i7 I .0

-0.793 0.807
0.663 *0. 638
0.405 -o.s29

- 0.635 0'609
-0.662 0.s97
- 0. 708 0. 691

1.0
-0.621 1.0
-0-571 - 0.033
0.604 - 0.987
0.526 - 0'367
0'696 -0. 856

Ft, Fr"

r.t
0.407

F"*
F,,

Ftu
F"*
Fco
Fop

t;
0 304
0.852

t.0
0. 049

-0.222
-0.127 1.o

the whole system. The close correspondence between these two factors is illustrated
in Fig. 12. This high correlation coemcient results from the fact that all the plates
attached to a significant amount of downgoing slab are moving at roughly the same
velocity. Jt means that, given the geometry of the trench system ofa plate, the direction
and rate of motion of the plate can be predicted, irrespective of any other geometrical
factor describing the plate.

This seens to support our view stated earlier that there is a definite terminal velocity
for descent of the slab into the mantle and the motion of the rvhole plate attached to
the slab is controlled by this terminal velocity. For such a situation to take place,
the forces acting on tl,e slab must be much larger than the forces acting on the rest of
the plate.

oi?lFsp) A PHIL

D COC
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.NA
X AF

dt6 (FsR )

Frc. 12. Relationship between the t\\'o geonetrical factors describing the down-
going slab.4r2 is proportional to trench length and ar6 is proportional to the
product of the trench length and tlre rate of motion of the subducted slab relative
to the manlle. The three points foi'each plate correspond to the three independent

toroue axes.
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This conclusion is supported by the great number of intermediate and deep focus
earthquakes occurring rvithin the descencling slabs compared with the nurirber of
intra-piate events occurring rvithin the suriace plate.

We have tnodelled the forces actjng on the slab as a gravitational boCy force
which is i:.rdependent of velocity and a resistance to penetration into the nantle rvhich
is proporticnal to velocity. This is the sinrplest nathematical represcntation of forces
that can result in terninal velocity. Hor',,ever, because of the limited range of velocities
of descending plate, there is little observaticnal control over the exact velocitv delen-
dence of the forces. The form cf the actual forces should certainl], not be a.s siÄple
as q'e have assumed, yet even complex theoretical models involving both the thermal
contractiolr of the col,ler slab and the elevation cf phase boundaries in a plate des-
cending into a mantle rvith realistic rheology suggest there is a fine balance between
the gravitational body forces and tl-re rrantle lesistance or s'.rpport (Smith & Toksö2,
1972,Toksöz et ol. 197 3\.

The high correlation coefücient betv,een .Fsp and Fr* indicates a close linear
relation between the tr';o variables rvhich is reflected in the eigenvector for the smallest
eigenvalue. Othei than the large iernts for slab pull and slab resistance, only drag on
the base of the continents is above the noise le'el in x, (Table 5). Because I, is
sigi.rificantly siaaller than the other eigenvalues, r"e could cut off the mocel hire,
identifying x, as the uniquc solution to the equilibriunr conditio'. However, thii
solution is physically unsatisfying for trvo reasons. First, taking only the smallest
eigen_value and eigen'ectoi yielcls a description of the forces acti'g only on the plates
atlached to a significant anrount of siab and proi,ides no explanation for the motion
of the continental plates. Second, since both F* anC Fro ait on the sinking portion
of the irläte, x, gives litile information about the net balance of forces on thi iurface
plates. By adding the other four eigenvectors u ith small eigerrvalues to the solution in
obtaining \ (equation 18), the total imbalance of forces, Axlr/lxlr, is slightly
increased over that achie'ed using x, alo'e, but the net balance of forces acting on
the surface plates is improved. This method provides a nori-unique, but reasonäble
system of forces rvhich contains a description of forces acting on the slorver-moving
plates.

The value of e 
2, the smallest eigenvalne of Ar A, is 0.01 l. The arnplitude of the

noise in the elemcnts of a is of the order of e, or about l0 per cent of tire size of the
geometrical factors. There is Do confusion in picking the sirallest eigenvalue, as
the next snrallest eigenvalue is more than 10 times laiger, rvith a vahie of 0.120.
Table 5 gives the eigenvectors for tire smallest eigenvalues, and tJ.re solution X".
Because the vectors of geometrical factoi's describing each force have been normalizeä
to unit leirgth, tl.re relative size of the ten:rs of x" gives the relative importance or net
contribution of each force in achievir,g the balance of torques. A summary of the
forces_ and the interpretation of X" in terms of relative strength per unit löngth of
boundary or per unit area is given in Table 6. Those forces rvhich äre proportiorral to
velocity are expressed per unit velocitl,. To iilustrate the difference betncen relative
importance and relati',,e strength, consider tire riclge push and suction terms. Even
tho.gh F*o is not quite as strong per unit length as I'su;it is more important because of
the. greater. total length of ridge bour:dary compared 1o trerch and be.uur" FRp acts
on bcth neigbbculing plates, insteai. ofjust the overriding plate.

The final nrcdel, X", shows tirat slab pull and slab resistance are an order of
magnitude more inrportant than the other forces. Ilorvever, the net pull ofciorvngoing
slabs on the surface plates, F., * Fr*, is of the sane order as the reit of the ter;s.

In the.equilibrium state, Fsp is roughly barancecl by F.* with the terminal velocity
computed jo l!e 7.0cnr/yr (: 5.65/0.82). This vahie is iöughly coincident with the
a'eragc 

'elocity of oceanic piates attached to a slab. Drag under the coutinents,
rco * t or: rs approxim,rtcly eight tirnes as strong as the r.'antle drag under the oceanicporrlon ot the piates. Because the effective area is less and the absolute velocjty is
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Table 6

Force

Frt

F.o

D. Forsyth and S. Uyeda

Table 6

Suntmary of tlte forces
RelatiYe

Importance,X" sirength UncertaintyForm Direction

adl -L strike
d dl opp. rel. motion
zdl opp. rel. motiou
adl -L strike
edl I strike
a Zrvrr d1I strike
a. Vel dA opp. abs. motion
d, VMdA opp. abs. motion

Units

0'10 km-r
0'09 km- r
0. 13 km-l
0. 19 km- r
0'25 km-r
0'03 km-rcm-1yr
2'22 10-5 km-2 cm-r yr
0 30 l0-5 km-2 cm-r yr

0.075
0.040
0.063
0.745
0. 04,1

0.652
0.056
0.061

0.36
0. 16
0.36
6.43
0. 50
0. 89
5.65
0.82

+
x
+
+
+
l:
+
+

slower under the continents, the net importance of FcD is about the same as FDF,
even though continental drag is the primary regulator of the velocity of plates not
attached to downgoing slabs. The magnitude of uncertainty in the terms prevents
any detailed analysis of the relative strength of the smaller terrns.

Testing the model. The model summarized in Table 6 does explain the motions
of the plates. As formulated in this paper, this test is met if the torques acting on a
plate are balanced. The degree to which the dynamic equilibrium condition is satisfied
is illustrated in Fig. 13. There is a close balance betu,een driving and resisting forces
with noise about 10 per cent of the amplitude of the signal. This figure is dominated

Frc. 13, Balance of the torques acting on plates. There are three points for each of
the twelve plates; one for each torque axis. Positive torques tend to rotate the plate
clockwise about the axis. The driving torques arc the sum of the slab pull, ridge
push, and suction. Resisting torques are the sum of drag or the base of plates,
resistance to relative motion at lransform faults and convergent p)ate boundaries,
and the resistance to the advance of the slab into the mantle. Scale is arbitrary.
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The dril'ing forces of platc nlotion

Frc. 14. Balance of the nct torques acting on the surface platcs, Sanrc as Fig. 13

ercept that slab prill and sjab resislaDce are combinccl into one tcrm included as a
dri!ing torque. As thcle is uncertainty in both thc resisting and driving tern]s, the
best cstimatc of thc error is thc perpendicular distance to the balance iine. The

scale units are thc samc as in Fie, 13.

by the balance of slab pull and slab resistance. If only the surface portions of the
plates are considered, conbining F., and Fsx into one term, a reasonable balance is
still attained (Fig. 14), with noise about 40 per cent of the amplitude of the signal.
Taking into account the number of sinplifying assumptions about the form of the
forces, we feel that the equilibrium test is adequately fulfilled.

For a model to be reasonable, it lnust also be consistent with other geophysical
observations, such as the energy expended in earthquakes and the state of stress
within the lithosphe|e. Most of u,hat js kno$'n about intra-plate stress colrles from
seismicity and source meclianisnrs ofearthquakes. Since seismicity and source mechan-
isms of earthquakes occurring at plate boundaries are now well explained by the
kinematics of plate tectonics (e.g. Isacks et al. 1968; Kanamori l97l) we confine
ourselves to intra-plate events. There are two categories of intra-plate earthquakes:
first, the intermediate and deep earthquakes occurring in the downgoing slabs, and
second, the events occurring in the horizontal part of plates. The first thing to note
is that as pointed out previously, the much higher activity within the descending
plate shorvs that the slab is under greater stress than the surface plate.

The source mechanisms of earthquakes within the slab delicately depends on the
velocity of the slab (Smith & Toksöz 1972; Toksöz el al. 1973) In our nodel, the
nature of the intermediate events is controlled by rvhether the velocity of descent
exceeds the terminal velocity or not (Fi-e. 15). As we explained earlier, F., is strongest
at a depth of 200-300 km, and -F.* is concentrated at the lower end of the slab. If the
slab velocity is less than the tenninal velocity, it is expected that F.o is smaller than
F." and a tensile force Fsp-Fr* acts at a felatively shalloiv depth to cause dorvn-dip
tensional earthquakes (Fi-e. l5(a)). On the contrary, if the slab velocity exceeds the
tenninal velocity, it rvill result in Fr, < F5p, and give rise to a compressive stress

191
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lC I \iore liD- lairn ncl veloc 1y

Averaite Plore

Fla, l5, Stale of stress in the slab as a functjo[ of rate of desceDt of the plate into
the mantle. Hcayy arrows represctt forces aciiDg on the lithosphere, small alrows
represcnt stale of stress. Double arro\\'s pointing out represent extension; pointing

rn, comprcssiol.

field througliout the slab (Fig. l5(c)). When exactly at the terminal velocity (Fig.
l5(b)), there will still be dorvn-dip compression in the lou,er part of the slab because
the body forces are shallou,er than most of the resistance to penetration.

In the actual plate motion, wc have seen tliat all the plates having significant
amount of slab are moving at close to the terminal velocity (the precise lerminal
velocity for each individual slab may vary somewhat, due to factors such as varia-
tions in the thickness of the plate). Overall, the slabs exert a small net pull (Table 6)
which may help to overcome the plate-plate interaction, F6.*, located at shallow
depths in the trenches. T'hus, in tlie equilibrium state of a plate as a whole, the average
slab should be characterized by down-dip extension in the upper part, then passing
through a zone of very lorv stress, possibly aseismic, to dorvn-dip compression in the
lorver part (Fig. 15(d)). Fron studies of the focal mechanisms of earthquakes, it
appears that the stresses in the inclined seismiczones under Kermadec, Peru, Northern
Chile, and the Solomons, and also possibly under the Kuriles, Mindanao and the
Aleutians, show this complete equilibrium pattern (Isacks & Molnar i97l). In some
cases, it is not clear rvhether the aseismic zone represents a break in the plate or just a
gap in the seismicity due to low stress.

Our assumption of balance of torque and the concept of terminal velocity applies
to the entile plate. Therefore, if a plate is very large, slab at some part of its circum-
ference may be going down with velocity in excess of the terminal velocity and at
other parts with velocity less than terminal velocity, depending on the distance from
the pole of rotation of that plate. The Pacific plate is the only plate large enough
for this effect to be significant: the slabs under the Japan (Honshu), Izu-Bonin and
Tonga trenches, rvhich are all far from the pole of rotation (Morgan 1973; Minster el
al. 1974), shorv down-dip, compressive earthquakes thr.oughout the slab. Closer to
the pole, the Kerrnadec slab shows dorvt-dip extension and the interniediate earth-
quakes under the Kurile trench are a mixture of compression and extension. This
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model predicts that the Aleutian seisnric zone should reflect the features of a relatively
slow-moving slab and be under extension. One of the only two mechanism solutions
known for the area shou's down-dip compression, but the other event, which is
extensional, is shallower than the inconsistent ntechanism (Isacks & Molnar 1969).
We do lrot claim that our model explaius the nature of every intermediate or deep
eartbquake, but it is consistent with the general pattern of stresses r",ithin the des-
cending plates.

It is rvorth repeating that even though the forces acting on downgoing slabs
control the velocity of the oceanic plates, in the equilibrium state, the net force from
the slab is small. Consequently, the horizontal part of the plate should be under a
weak, compressive stress due to the push from the ridges rvhich is balanced by
resistance at trenches and transforur faults and by weak drag on the base of tlte plate.
This is consistent with the predorninance of horizontal, compressive stress reported
for the rare, oceanic, intra-plate events (MenCiguren 1971; Forsyth 1973; Sykes &
Sbar 1973). Plates such as South America, rvhich experience a push from the ridge
on one side, and suction alld Flate-plate collision on the other side, should be under
con:pression in the oceanic portion, but rnay show little stress in the interior of the
continent. The least understood part of our n.rodel is tire nature of this suction force.
Again, our simple model is not capable of explaining all intra-plate stresses, but ii is
not inconsistent with the limited nurrber of observations norv available.

The n.ragnitu<le of tlre stresses involved is ahvays dimcult to estinlate. A number of
irr Ji/ stress measurenrents suggest tl'lat the deviatoric stresses in surface plates nay
reach a few lTundred bars (Sbar' & Sykes 1973), lvltich is consistent rvith the scaling
of forces suggested below. However, Hanks (1971) and Watts & Talwani (1974) have
suggested that tlre topographic rises seaNard of sonte trench axcs may be due to
horizontal conpressive stresses of kilobars. lf their simple, elastic flexure model of
the formation of these rises is correct, the stresses involved are too large to have been
generated by boundary forces. However, the horizontal conrpressive stresses needed
may have been grossly overesti;'nated (Watts & Tahvani 1974) cJue to the neglect of
possible effects such as plastic fforv u'ithin the lithospltere, bending moments applied
at the trench, and uplift of the oceanic plate due to upward returu flow of astheno-
spheric material.

To test whether the rnodel can nreet the energy requirentents, the relative strength
of the forces must be converted to an absolute scale. We feel that ridge push is the
best understood force, so we conlpute its strength in order to calibrate the entire
systern. McKenzie 0972) showed that the rnean excess pressure ÄP exerted on the
lithosphere due to the elevation of the ridges above the surrounding sea floor is
approximately

LP : *g(po- Pi e (le)

where e is the elevation of the ridge above the deep sea floor and po and pt" are the
densities of lithosphere and sea water, respectively, This yields an average"stress across
the lithosphere of the order of 300 bars. Artyushkov (1973), using a more complex
model, arrived at an average value of 230 bars. The total work lll*. done by this
force in a year is

lYpp:2V LPIL (20)

where 2V is the mearr separation rate of all the $orld's extensional boundaries of
total length L and / is the thickness of the lithosphere, Substituting

Po = 3.3 g cm- t c:3knr
/ : 80 km L : 50,000 knt

and V : 2.8 cm/yr (Anderson el c/. 1973) gites

I4lRp:8x1025ergiyr.
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In our model, the push from the ridge has about the sarrre importance as resistance
at collisional boundaries and transform faults. Thus, the annual elastic energy release
should be ofthe same order as the work input at the ridges. The mean annual seismic
energy release is about 6x l02a erg/yr. Taking into account the seismic eficiency
(Wyss 1970),the total elastic energy release is roughly 6 x 102s erg/yr, in excellent
agreenrent rvith l/*p. It must be eniphasized that both figures are only order of
nragnitude estimates. The additional energy dissipated under the plates by drag can
be supplied by the work done by suction and by the net pull of rhe slabs. Thus, the
ntodel presented here of boundary driving forces does neet the energy requirements.

We have argued that one possible explanation for the Iack ofcorrelation ofvelocity
with area (Fig. 5) is rveak-coupling betrveen the lithosphere and the deeper mantle.
Horv lorv does the viscosity ofthe asthenosphere have to be to achieve this decoupling
and produce the srnall drag force computed in the model ? We convert Fo. to absolute
units using the absolute size of -F*r derived in the previous paragraph and the relative
strength of the forces given in Table 6. Fo. is directly proportional to absolute
velocity, witli drag at 8 cm7'yr roughly 5 bars. (All estimates in this section are order
of magnitude estimates only, due to the uncertainty in the relative sizes of the terms.)
If the return flow is confined betueen the base of an 80 km thick lithosphere and a
depth of 300 km, the viscosity of this 220 km thick, asthenospheric layer must be
about 5 x 101 

e poises to produce the computed drag force. If the botton of the layer
is raised to 200 km, the viscosity nrust be reduced by a factor of 3 to maintain FDF at
the same level. With the same assumplions, the viscosity under the continents is about
eight times larger, or frorn I - 4 x J02 0 poises. These estinrates are very reasonable.
Recent studies of isostatic rebound under Fennoscandia, Canada, West Siberia and
Lake Bonneville (Takeuchi & Hasegarva i967; McConnell 1965, 1968a, b; Walcott
1970; Artyushkov l97l; Lliboutry 1971) indicate that asthenospherjc viscosity under
continents is on the order of 10:0 to 1021 poises. In addition, the increase in viscosity
to 1022 to 102r poises belorv the soft asthenosphere ivould provide the added strength
needed to resist the plunge of the downgoing slab into the deeper mantle.

N on-unit1uetrcss. The sntallest eigenvalue is an order of magnitude snaller than any
other eigenvalue, so the features described in x, are well deternrined, i.e. Fro and "Fr*
must be nearly equal and at least an order of nragnitude larger than the other forces.
The oiher features of the model are non-unique. Thus, the tests described in the
preceding section based on the scaiing of the forces to FRp must be regarded as only
tests of one particular solution. These tests shorv that a model of boundary forces as
the driving urechanisnt is reasonable, but it cannot be stated with any confidence that,
for exanple, Fro is larger than FcR or that the ratio of Fr. to Fr* is rvell known. The
relative sizes of these terms cannot be clrar.rged arbitrarily without degrading tlie
balalrce illustrated iu Fig. 14, but, if the proper combination of forces is varied, the
balance conditions can be equally well satisfied. This non-uniqueness arises from the
existence of four eigenvectors with nearly the same eigenvalue or noise-level (Table 5).
If the amount of one of the eigenvectors used in obtaining X" is increased at the expense
of another eigenvector with the same noiselevel, the signal-to-noise ratio of the final
solution rvill be unaltered. Thus, rvith four eigenvectors rvith similar values of e2,
there are three degrees of freetlorn rvhich can be used to vary the relative sizes of the
smaller terms in X, in such a way as to satisfy pre-existing conditions on their relative
strength. If, for example, we think we knorv from observations ofthe energy released
in earthquakes that resistance to motion at boundaries where plates converge is
stronger than at transforrn faults, rve could satisfy -FcR > FrF with a proper com-
bination of eigenvectors x, through x5. The non-uniqueness associated with this
problem does not affect our prinrary conclusions that a set of boundary forces can
satisfy the existing observational constraints on the driving mechanism of plate tec-
tonics and that tl.re forces on the dorvngoing slabcontrol tlie motion ofthe oceanicplates.
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Additional experiments

Throughout the development of the model, we have assumed the hot spot co-
ordinate system of Morgan (1972) describes motions of the plates relative to the
mesosphere. However, our conclusiorrs are independent of any a priori co-ordinate
frame. The absolute reference frame can be treated as an unknorvn and be varied to
find the system of mantle forces, ,F.o, Fo6, and Fr*, u,hich minimizes the imbalance
of the torques. Because we have assuned Nervtonian viscosity, the principle of
superposition applies and we can find the best co-ordinate frame by adding to the
motions of all the plates an arbitrary component of rotation about each individual
torque axis. Using the corrections listed in Table 3, rve compute ar2 as a function of
the co-ordinate frame, using the hot spot systen as a starting point. The results
plotted in Fi-e. 16 indicate that the hot spot co-ordinate systern is very close to tlie
best co-ordinate system in terms of satisfying the equilibrium condition.

The observation that the hot spot co-ordinate frame is a physically rreaningful
system, i.e. satisfied the equilibriunr condition, rernoves the chiefreason for postulating
that plumes associated rvith hot spots are a prinary driving niechanism of plate
tectonics (see also Solomon & Sleep 1974). In our nrodel, they could be nerely
passive indicators of the nlotion relative to the nrantle. Hor',ever, rle have tried
experinents in rvhich tliey $'ere included as one ofthe driving forces. The plumes were
modelled as exerting a radial force outrvards, extending to 500 km from the source.
Due to the radial syntrnetry, Iiot spots in tlie interior of plates, such as Harvaii, exert
no net driving force. Because no hot spots are recognized near trenches, only hot
spots located on or near a ridge u,ill help drive the plates. Tlie results shorv that any
hot spot driving force, F,,., is no more important than any of the other small forces.
In fact, there is a high correlation betrveen .F,,, and F*, because the greater the length of
ridge boundary on a plate, the more likely the occurrence of liot spots. Consequently,
it is impossible to separate the effects ofpush from hot spots and push from ridges.
In our vierv, hot spots associated rvith ridges do help push the plates apart, but only
due to the added height of the islands above tlre elevation of nornral ridge. With the
lorv viscosity asthenosphere under oceans, it is unlikely that any florv associated with
plumes could help drive the plates.

Trvo other experimer.rts deal rvith alternate forrns ofthe folces. Since the tl.reoretical
form of the suction force is not knorvn, ue also tried models rvith F., proportional
to the rate ofdescent ofthe slab or propoitional to the rate ofrelalive motion between
the trvo colliding plates. As tliese velocities for most trenches fall in a fairly narrorv
range, there is little inforrnation about the velocity dependence and the results rvere
similar to the velocity-independent force used in previous sections. The second
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Frc. 16. Value of lhe snr.rllest eigenvalue as a function of corrections to thc
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experiment dealt rvith the forrn of slab resistance. We modelled resistance as chiefly
opposing the advance of the slab into the mantle, neglecting any resrstance to the
motion of the slab para,llel to the strike of the trench. If rve model the resistance as

viscous drag on the top and bottom snrfaces of the desccndin-e plate, so that resistance
directly opposes the motion instead of being perpendicular to the trench, e2 increases
by a factor of about 3. Thus, lve conclude that our original model is better, and that
resistance to the dorvngoing slab is concentrated at the leading edge.

In conclusion, we have derived a system offorces acting priniarily at the boundaries
of plates, rvith the asthenosphere playing a passive role, which can produce the
observed motions of lithospheric plates. The possibility cannot be elininated that
the surface features rnay be secondary and plate niotion is controlled by strong coupling
to convection currents in the mantle. Ho*,ever, this possibility can only be proven if
solne new observational method is developed rvhich is capable of measuring mantle
flow rates. The boundary force model can be further tested. The boundary n.rodel
can be eilployed to predict the motions of a set of plates not previously considered,
while the coupled convection model says nothing about any other geometry. In our'
model, as the geornetry of the plates gradually changes due to the subductio of
ridges, etc., the forces on the plates also evolve, inducing changes in the direction and
rate of sea-fiool spreading in a predictable manner. Tbus, the system of boundary
forces derived in this paper can be tested by e>:amining the history of plate n-rotions.

Acknurledgments

Tlris paper grew out of a seminar class held at lvllT in the spring of 1972. All
participants in the course and many other colleagues contributed to the development
of the ideas. We wisir to particularly acknowledge cliscussicns rvjtir Keiiti Aki, I{en
Anderson, Raymon Brown, Paul Kasaneyer and Al Smith. We thank Roger Ander-
son, IMarcus Langseth, Nlarc Sbar and N{anik Talwani for critically reviewing the
manusc pt.

This research rvas supported by the Office of Naval Research under contract
N00014-67 02004 0048 and by National Science Foundation grants GA-37093X
and DES73-00512-401. While at Lamoi.rt-Doherty Geological Observatory, S.

Uyeda r','as Vetlesen Visiting Professor of Geology.

Departnrcnt of Earth and Planetary Sciences, Laniotrt- Doherty Geological Obsertatory
Massacltusetts Institute of T echnology of Colunüia Uniuersity

Cambridge, Massachusetts 02139 Palisades, Nety York 10964

References

Ahlelrs, T. J. 8l S1,ono, Y., 1957. Calculated rlineral reaciions in tl.re Earth's mantle,
J. geoph;':. Äes., 72, 418 1-41 38.

Alexi,nCer, S. S., 1974. Compariscn of clust and marltle structure beneath shields and
tire influence of shields on the dynamics of plate motions, EOS, Trans. Anr.
ge o p h1.t. Un., 55, 3 58-359.

Andcrson, R. N., Mcl(enzie, D. P. & Sclater, J. G., 1913. Gravity, bathymetry and
corrveciio;r in the earth, Earth planet. Sci. Lett.,18, 391+07.

Aityushkov, E. V., 1971. ftheolcgical propcrties of the crust and upper mantle
accordirrg to data on isostatic movements, -l geophys. Res.,76,1376-1390.

Artyushkov, E. V., 197-1. Stresses in the lithosphere caused by crustal thickness
irrlromogeneities , J. geoplt|,5. Res., 78, '167 5-71A8.

F

AI

Ba

Br

ttl

C]

D

D

D

E]

E'

F,

U

H

n

rl

ts

F]



The tlriring fcrces of plate motion 197

Atwater, T., 1970. Implications of plate tecton:cs for the Cenozoic tectonic evolution
of western North America, ßull. geol. Soc. Am.,81,3513-3536.

Barker, P. F., 1972. A spreading center in the east Scotia Sea, Earth planet. Sci. Lett.,
'i.s,123-132.

Brace, W. F. & Byerlee, J. D., 1966. Stick-slip as a rnechanism of earthquakes, Science,
153,990-992.

Brune, J. N., 1968. Seismic moment, seismicity, and rate of slip along major fault
zones, "f. geophl s. Res.. ?3, 177-781.

Chandrasekhar, S., 1953. The onset of convection by thermal iirstability in spherical
shells, PÄll. Afag. Se r. 7, 44, 233-241.

Churkin, M., 1972. Western boundary of the North American continental plate in
Asia, Geo!. Soc. Am. Bull.,83,1027-1036.

Davies, G. F. & Brune, J. N., 1970. Regional and global fault slip rates from seismicity,
Science.229.10l-107.

Dewey, J. F. & Bird, J. Iv{., 1970. Mountain belts and
geop hy s. Re s., 7 5, 2625-2647.

Dietz. R. S.. 1961. Continent and ocean basin evolution

the new global tectonics, -/.

by spreading of the sea floor,
Natu'e, 190,85.t-857.

Elsasser, W. l'{., 1969. Convection and stress propagation in the upper rnantle, Tlle
application of rnodern pltl,sirt ,o the eartll and planetar.y itrlericrs, 223-246, ed,
S. K. Runcorn, Wiley-Interscience, Nerv York.

Elsasser, W. M., 1971. Sea-floor spreading as thern.ral convection, J , geophl s. Res.,76,
1t0l-l I12.

Forsytlr, D., 1973. Comprehensive stress between trvo mid-ocean ridges, Nature,243,
78-79.

Foster, T. D., 1969. Convection in a variable viscosity fluid heated from within, "L
geop h1's. Re s., 7 4, 685-693.

Gordon, R. 8., 1965. Diffusion creep in the earth's mantle, .L geophys. Res.,70,
2413-2418.

Hales, A. L.,1969. Gravitational sliding and continental drift, Eartlt planet. Sci.l.ett.,
6, 3l-34.

Hanks, T. C., 1971. The Kuril trench-Hokkaido rise system: large shallow earth-
quakes and simple models of deformation, Geophys. J. R. astr. Soc.,23, 173-189.

Hasebe, K., Fujii, N. & Uyeda, S., 1970. Thermal processes under island arcs, Tec-
tonop hy s i c s, 10, 335-355.

Herron, E. M., 1972. Sea-floor spreading and the Cenozoic history of the east-central
Pacifi,c, Geol. Soc. Atn. Bull.,83,1671-1692.

Fless, H. H., 1962. Flistory of ocean basins, Petrologic Studies-volunte in Honor of
A. F. Buddington, (eds. A. E. J. Engele, H. L. James and B. F. Leonard), 599-620,
Geol. Soc. Am., Boulder, Colorado.

Holrnes,4., 1928. Radioactivity and earth movenlents, Trans geol. Soc, Glasgow,
18,559-606.

Isacks, B. & Molnar, P., 1969. Mantle earthquake mechanisms and sinking of the
lithosphere, N atur e, 223, 1 121-1124.

Isacks, B. & Molnar, P., 1971. Distribution of stresses in the descending lithosphere
from a global survey of focal-mechanism solutions of mantle earthquakes, Äev.
G eophlsics., 9, 103-17 4.

Isacks,8., Oliver, J. & Sykes, L. R., 1968. Seismology and the new global tectonics,
J. geoPhl'5. Res., 73, 5855-5899.

Jacoby, W. 8., 1970. Instability in the upper mantle and global plate movements,
J. geophl's. Res., 7 5, 5671-5680.

Kanamori, H., 1971. Great earthquakes at island arcs and the lithosphere, Tectono-
ph),sics,12, 187-198.



198 D. Fors1 Ih and S. Uyeda

Karig, D. E., 1971. Origin and development of marginal basins in the western
Pacific, -r. geophl's. Res., 76, 2542-2561.

Kelleher, J. 4., 1912. Rupture zones of, large South American earthquakes and
some prediction s, J. ge ophys. Re s., 7 7, 208'1 -2103.

Knopoff, L., 1972. Observation and inversion of surface-rvave dispersion, Tectotlo-
physics,13,497-519.

Kumazarva, M., Sarvanoto, H., Ohtani, E. & Masaki, K., 1974. Postspinel phase
of forsterite and evolution of the earlh's ffiantle, NatLLre,247,356-358.

Lachenbruch, A. H., l9'73. A simple model for oceanic spreading centers, J. geopltl,s.
Res." 78. 3395-3117.

Lanczos, C., 1961. Linear diferential operators,564 pp., D. Van Nostrand, London.
Larson, R. L. & Chase, C. G., 1970. Relative velocities of the Pacific, North

America and Cocos plates in the middle America region, Earth planet. Sci. Lett.,
7,425428.

Le Pichon, X., 1968. Sea-floor spreading and colitinental drift, J. geophys. Res.,73,
3661-3697.

Le Pichon, X. & Fox, P. J., 1972. Marginal offsets, lracture zones, and tl.re early
opening of the North Atlantic, J. geopltys. Res.,76, 6294-6308.

Le Pichon, X. & Ha1,es, D. E., 1972. Marginal offsets, fracture zones, and the early
oper.ring of the South Atlantic, J. geophys. Res.,76, 6283-6293.

Lliboutry, L., 1969. Sea-ffoor spreading, continental drift, and lithosphere sinking
with an asthenosphere at melting point, J. geopl4,s. Res.,74, 6525 6540.

Lliboutry, L., 1971. Rheolo-sical properties ofthe asthenosphere from Fennoscandian
data, J. geophl:s. Res.,76, 1433-1446.

Madansky, A., 1959. The fitting of straiglit lines uhen both variables are subject to
error, J. Arn. Stct. Ass.,51, 173-205.

Matsuda, T. & TJyeda. S., 1971. On the Pacific-type orogeny and its rnodel. Extension
of the paired boits concept and possible origin of margir.ral seas. Tectonophysics,
tt, 5-27 .

McConnell, R. K., 1965. Isostatic adjustments in a layered earth,.L geoplrys. Res.,
70, 5171-5188.

McConnell, R. K., 1968a. Viscosity of the mantle from relaxation time spectra of
isostatic adjustment, J. geoph1,s. Res., 13,7089-7105.

McConnell, R. K., 1968b. Viscosity of the earth's nantle. Proc. Cortf. History
Eartlt's Crttst, 1966, 45-57, edited by R. A. Phinney, Princeton University
Press, Nerv Jersey.

McKenzie, D. P., 1967. Some renarks on heat florv and gravity anomalies, .r.
geopltys. Res., 72, 6291*627 3.

McKenzie, D. P., 1969. Speculations on the consequences and causes of plate
motions, Geophys. J. R. astr. Soc., 18, 1-32.

McKenzie, D. P., 1972. Plate tectonics in Tlte Nature of the Solid Earth,323-360,
ed. E. C. Robertson, McGraw-Hill, New York.

McKenzie, D. P. & Parker, R. L.,1967. The North Pacific, an example of tectonics
on a sphere, NatLtre, 276, l27Gl2B0.

McKenzie, D. P. & Weiss, N., 1974. Convection in the earth's mantle: torvards a
numerical simulation, J. fuid Mech., 62, 465-538.

Mendiguren, J. A., 1971. Focal mechanisrn of a sl.rock in the middle of the Nazca
plate, -/. geopl4,s. Res., 76, 3861-3879.

Minear, J. W. & Toksö2, M. N., 1970. Thermal regine of a dorvngoing slab and new
global tectonics, J. geoplt|,s. Res.,75., 1397-1419.

Minster, J.8., Jordan, T. H., IVolnar, P. & Haines, E., 1974. Numerical modelling
ofinstantaneous plate tectonics, Geophl's. J. R. astr. Sac.,36, 541-576.

Mogi, I(., 1968. Sequential occurrence of recent great earthquakes, J. Phys. Earth
(Tokyo), 16,30-36.

Mc

Mo
Mo

Mo

Orc

Phi

Ru
Sb;

q.

Slt

Sn

Sy

Sy

Sy

li.

la

Tr



The driving forces of plate motion 199

Morgan, W. J., 1968. Rises, trenches, great faults and crustal blocks, -/. geophys.
Res..73. 1959-1982.

Morgan, W. J., 1971. Corwection plumes in the lorver mantle, Nature,230,4243.
Morgan, W. J., 1972. Deep mantle convection plumes and plate motions, Bull. Ant.

Pet. Geol., 56, 203-213.
Morgan, W. J., 1973. (late motions and deep mantle convection, Studies in Earth and

Space Science, Geol. Soc. Am. Memoir, 132,7-20.
Orowan, 8., 1964. Continental drift and the origin of mountains, Scienre, 146,

1003-1010.
Plafker, G. & Rubin, M., 1967. Vertical tectonic displacements in south-central

Alaska during and prior to the great 1964 earthquake, Osaka University, "/.
Geosci.. 10. 53-66.

Phillips, J. D. & Forsyth , D., 1972. Plate tectonics, paleomagnetism, and the opening
of the Atlantic, Geol. Soc. Ant. Bull.,83, 1579-1600,

Richter, F., 1973a. Dynamical models for sea-floor spreading, Reu. Geophys. Space
Ph1's., ll,223-287.

Riclrter, F., 1973b. Convection and large-scale circulation ofthe nantle, J. geoph1,s.

Res.,78, 8735-8745.
Runcorn, S. K., 1962. To'rvards a theory of continental drift, Nature,193, 313-314.
Sbar, M. L. & L. R. Sykes, 1973. Contemporary compressive stress and seisn.ricity

in eastern North America: an exanrple of intra-plate tectonics, Bull. geol. Soc.
Atn..84. 1861-1882.

Schubert, G. & Turcotte, D. L., 1972. One-dimensional model of shallou'-mantle
convection, J. geophl's. Res., 77, 945-951.

Sclater, J. G. & Francheteau, J., 1970. The implications of terrestrial heat florv
observations on current tectonic and geochemical models of the crust and upper
mantle of the earth, Geophls. J. R. astr. Soc.,2A, 493*509.

Sclater, J. G., Hawkins, J. W., Mammerickx, J. & Chase, C. G., 1972. Crustal exten-
sion betrveen the Tonga and Lau ridges; Petrologic and geophysical evidence,
Geol. Soc. Am. Bull.,83, 505-518.

Sleep, N. H., I969. Sensitivity of heat florv and gravity to mechauism of sea-ffoor
spreading, J. geophS,s. Res.,74, 542-549.

Sleep, N. H. & Toksö2, M. N., 1971. Evolution of malginal
548-550.

Smith, A. T. & Toksö2, M. N., 1972. Stress distribulion beneath
J. R. asrr. Soc.. 29. 289-318.

basins, ly'alure, 233,

island arcs, Geophys.

Solomon, S. C. & Sleep, N. H., 1974. Some simple physical models for absolute plate
motions, J. geophys. Res., 79, 2557-2567.

Sykes, L. R., 1967. Mechanism of earthquakes and nature of faulting on the mid-
oceanic ridges, J. geoph1,s. Res., 72, 2131-2153.

Sykes, L. R., 1971. .Aftershock zones of great earthquakes, seismicity -eaps, and
earthquake prediction for Alaska and Aleutians, J. geophys- Res.,76,8021*8061.

Sykes, L. R. & Sbar, M. L., 1973. Intraplate earthquakes, lithospheric stresses and
the driving mechanism of plate tectonics, Nature, 245, 298-302.

Takeuchi, H. & Hasegawa, Y., 1967. Viscosity distribution within the Earth,
Geophls. J. R. estr. Soc., 9, 503-508.

Takeuchi, H. & Sakata, M., 1970. Convection in the mantle with variable i.iscosity,
J. geophl's. Res., 75, 921-927.

Talwani, M., Worzel, J. L. & Es,ing, M., 1965. Crustal structule of mid-ocean
ridges, 2. Computed model from gravity and seismic refraction data, -/. geophl's.
Res.,70, 341-352.

Toksö2, M. N., Sleep, N. H. & Smith, A. T., 1973. Evolutiou of the dorvngoing
lithosplrere and the nrechanisms of deep forces earthquakes, Geopht's. J. R.
ost. Soc.. 35. 285-310.



200 D. Forslth anil S. Uyeda

Torrance, K. E. & Turcotte, D. L., 1971. Structure of convection cells in the mantle,
J. geophys. Res., 76, 1156-1161.

Tsai, Y. 8., 1969. Determination offocal depths of earthquakes in the nid-ocean ridges

fronr antplitude spectra of ntrface vates, PhD Thesis, 144 pp., Massachusetts
Institute of Technology, Cambridge, Mass.

Tullis, T. E. & Chapple, W. M., 1973. What makes the plates go,Trans. Äm. geophys.

Un., 54, 468 (abstract only).
Turcotte, D. L. & Oxburgh, E. R., 1972. Mantle convection and the nerv global

tectonics, Ann. Reu. fuid. trIech., 4,,33-68.
Turcotte, D. L. & Schubert, G., 1971. Structure of the olivine-spinel phase boundary

in the descending lithosphere, J. geophys. Res., 76, 7980-7987.
Uyeda, S. & Miyashiro, A., 1974. Plate tectonics and the Japanese islands: A syn-

thesis, Geol. Soc. Atn. Btll.,85, 1159-1170.
Walcott, R. I., 1970. Flexural rigidity, thickness and viscosity of the lithosphere,

J. geophys. Res., 75, 3941-3954.
Watts, A, B. & Talwani, M., 1974. Gravity anonalies seaward of deep-sea trenches

and their tectonic implications, Geophys. J. R. astr. Soc.,36,57-90.
Weidner, D. J. & Aki, K., 1973. Focal depth and mechanism of mid-ocean ridge

earthquakes, J. geophys. Res., 78., 1818-1831.
Wilson, J. T. & Burke, K., 1973. Plate tectonics and plume mechanics, EOS, Trans.

Am. geoph.,-s. Ur., 54, 238239.
Wyss, M., 1970. Stress estimates for South American shallow and deep earthquakes,

J. geophys. Res.,75, 1529-1544.

ol
of
ar
m.
isl
lo
(N

20
th,
(1,

p(
to
(r
Ec

co


