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Abstract. A simple convective model th
ARy of a viscous upper mantle of uniform density overlain by
denser rigid plates. In the absence of density differences within the upper
mantle the viscous stresses exerted by the flow are easily obtained and
demonst'rate that t_he l:')UO_\"'dﬂC'_\-' forces associated with piate creation and
destruction can‘ maintain plate motions. A model having a uniform viscosity
upper mantle is, however, unsatisfactory because it predicts gravity and
residual depth anomalies two orders of magnitude larger than those ob-
served. This problem can be overcome by introducing a thin low viscosity
layer beneath the plates. The resuiting model is then similar to that proposed
by Forsyth and Uyeda and by Chapple and Tullis despite a very different
approach. This agreement suggests that the energetics of plate motion are
now understood in outline. The model cannot, however, account for the
existence of the longwavelength gravity anomalies which are not associated
with plate motions.

al can maintain observed plate
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L. Introduction

Though the kinetic description of the earth’s surface motion has been generally
accepted, there is much less agreement about how the motions are maintained.
The dynamic problem consists of two separate but related questions: How does
the mantle convert heat into mechanical work to maintain the pbserved plate
- Motions, and why is the large-scale flow of which the plate motions form plart
- Sable to smaller scale motions? The first of these two questions 1s ]:hehsmflprce;;
and it is with it that this paper will be principally concerned. All t es 2 e
Which we will consider arise from thermal convection: Heat ‘lsdga;al.)terial.
Ward by hot, less dense, material rising to replace densely co

| ﬁ@ Weve mble Rayleigh-Benard con-

1, the form the motion takes does not res¢
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vection. The dimensions and relative velocities of the plate
observation, and simple models for the thermal structure.
slabs account for a considerable variety of g_eophysica.l observatio
buoyaney forces are ignored it is straightforward to use this inforr
calculate the work supplied by the rigid plate motions themselves,
simple model we consider below. Though it is likely that the buoyancy f
near ridges and trenches provide an important part of the energy requirec
maintain the flow. exactly how important a part is not yet clear. I
unlikely that the only buoyancy forces in the mantle are those which result from
the temperature contrast between the sinking slabs and the surrounding mﬁ@
and the corresponding forces at ridges. For a variety of reasons (Richter, 1973b;
McKenzie et al. 1974: McKenzie and Weiss, 1975; Richter and Parsons, 1975)
some form of flow in the mantle with a length scale of 700km or less seems
difficult to avoid, though as yet we have no observations about the form such ‘i'ﬁlﬂh
flow takes. But if it occurs it must be driven by buoyancy forces which are not
the direct result of plate production or destruction. Here we will assume that the

only effect of the small scale on the large occurs through the mean temperature In the a
gradient. The small-scale flow must maintain a temperature gradient close 10 incompr¢
the adiabatic in most parts of the mantle and hence a reasonable approximation ’ g
is to ignore all buoyancy effects outside the plates when considering the 177y
energetics of the large-scale flow. This approximation enormously simplifies the V-u
discussion because the equations governing the flow of material beneath the ‘ _

plates no longer explicitly involve the convection of heat. Whether such an 'Whﬂeﬂj
approximation is justified is uncertain. Both scales of convection are strongly Potentig)

non-linear and can interact, but until more knowledge is forthcoming from mlam
laboratory or numerical experiments it seems sensible to ignore such possible Il lermg of
complications.

Perhaps a more important difficulty is the probable existence of larg‘e'-scﬁl‘v' [ i@
vertical motions unrelated to that associated with ridges and trenches. That such .

flows exist is strongly suggested by the long wavelength gravity anomalies | ¢
determined from satellite motions. Many major anomalies are not obviously andﬁ;e_cl
related to any present day plate boundaries, and the implied mantle flow may | o
well be partly responsible for maintaining plate motions (see Section 3)- P4¢E
We wil_l assume that the deformation of mantle materials can be described by 31,!‘.jﬂ
a Newtomgn viscosity. and allow the viscosity to be only a function of posi-tion- ﬂonvg
The equations are then linear and easily solved numerically. Such an approac” P2
is still basicglly kinematic, since the mantle motions are dt:iven by motions ¢ _,"f-' (s
the boundaries. It does. however, allow a discussion of the forces which =% fﬁzwﬁl

plate motion in terms of a possible fluid mechanical model, and in this respect
superior to the models used by Forsyth and Uyeda (1975)’ and by Chaﬂﬂwﬁd
Tullis (1977). They attempted to use the observed plate motions to de:emﬁﬂﬁm&
force b_alance on the major plates but did not explicitly consider the M
dyna_mwal forces resulting from the surface motions iy .
A most important feature of our model is that ihe motions are
the upper 700 km of the earth’s mantle. Recentl o th rs
1977; Davies, 1977a and b) have argued that cor{vﬁons -t cigtﬁd 2
motions extends throughout the mantle. However ﬁhayogar:aisiot Pm:::f

s
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4 model to account for R o
o of stress indicated by the focal mech. R0 “”?hln sinking slabs (Fig. 11)

*"*hil'-];;'-%t te
T e SV~ : Chanism : :
'-II Qu:;f e i ﬂgblhty of the slabs to penetrate deeper t;;S m7OSl casily exp]ained by
LT . fiﬁ.-"’an:isms have always been and sti]] are most d'nff' 00km. The observed
S s th met sction throughout the mantle, and nope of the ; ltcﬁllt to account for by
i’_ fgree:_ nﬁ « have QOni s?l. No c;orlrt_:spondx_ng difficulty arises withoilieWhodfivor R
Ireq i Mot Section t e model is required to satisfy four Observat'mo el used hF:re.
 Seep - atare not in dispute. Three of these provide upper limits g’nal constraints
e frq 1-"we-r l-im[t on th_c mz_mt]e viscosity. These limits do not 23&12“3 fprowdes a
mant]e caying umfo_rm viscosity, bu.t It appears possible to construct a PlfOr models
1973,° . jno'dt"l in which the mantle viscosity increases with depth RO
Iy 19755 5
7 sy he Model
hat ¢
e
*rature In the absgnce of- buoyancy fO_FCCS the equations governing the motion of an
ose tq incompresmble fluid may be written:
natmn 2
=—pVU+V

l‘is the V- ll=0 (2)
th the : ;
ich an where 1 is the viscosity, p the density, a the fluid velocity, U the gravitational

otential and p the pressure. Both the density and the viscosity ate taken to be

rongly ; : _ :
constant. If the flow is two-dimensional in the x. z plane, u can be written in

i from :
yssible terms of a stream function

d i
>-scale “=(5'£’ 0, _gk) (3)
t such & %
{Ilahes and the curl of (1) becomes
iously
/ may V4 =0. (4)
ed by | It is convenient to rewrite (4) as
sition. | par_ (5)
roach | | (=0 ;
s 0 =t (
» ble for solving

fast subroutines are available |
; hough conversion of (1) and (2]. into (3) an‘d
ving Stokes flow problems, it somewhat
shows that the flow 1 driven by th‘e
e forces. In many fluid mechani-
essure, and @ solution to (5)

' ﬁhere { is the vorticity, becaus

Poisson’s and Laplace’s equations. T
15 a convenient method of solving
the nature of the driving force. (1)
between the gravitational and pl:eSSl:;e :
lt :l_m'.: x}ecfessafy 1_:0 detcrﬁgebecafsc we need to know the work
:nt. This is not the casé ne absence of flow (1)

boundaries moving int0 the fluid. In t



and (1) becomes
nViu=—pVU,+Vp,

The term —p VU, describes the influence of the gravity p
ing from the flow on the fluid motions themselves, and is somev
to evaluate, Provided p¥U, <¥p, we may neglect the contrib
u, even though we later need to obtain PU, for comparison wit
vations. The resulting error may be estimated from the expressions
McKenzie (1968, Appendix D) and by Pekeris (1935) for the surface
and gravity field produced by low Rayleigh number thermal ¢

uniform viscous sphere, These expressions show that, when the
the circulation is 10*km, the gravity anomaly is underestimated by
if pPU, is neglected in (9), and the surface deformation by at
decreasing to 15% and 5%, respectively, when the wavelength is
we are only concerned with the order of magnitude of these two ue
may therefore neglect p FU, in (9). which may be then written as

5C aC - épl -apl 58
iy (52’ % 6x) T( o bz |
and hence p, is easily obtained. Since only ¥p, enters (9), any arbitrary

may be added to p,. This indeterminancy allows us to choose an arbl

for py.

In all cases we will consider, the motion will be driven by a ri dp
thickness t ;noving with a velocity ¥ and the layer in which tf
occurring will have a depth d (Fig. 1). It is therefore convenient to- Vi

v
u="Vu'. C=?C’ x=dx’'

)i :
p,.=%p1, W=Vdy', z=dz

F=—{pdx, =—nV|pidx

where the primed quantities are dimensionless, and F i
(10) then reduces to nsionless, and F is |

e o OFN (0P o Ang)



Models of Mantle Convection

445

INTERIOR

Wf.r?’/?

=2

|

|
e
X
-

1, Typical model for the large-scale flow, driven ; :
t?“ﬂ ies. Bth components ‘of the velocity vanish on EY 'dlanSloniess velocities imposed h
© L the ;angential component is set to —1 on d, e, f. , Jy and k. The normal combone on the
n ) .h' . and the tangential stress vanish. On h It!hal’ld 8- On b and i the normal cgm ;1; ooy
| n res'lll , wmﬂ poneﬁi is. —1. On ¢ the normal velocity is given be (I-E;lggem!al velocity is zero andp 1h:n:12£;,h?i
G e o7 20, Ths ol impoes efeion ety
fppy ) | o in Figure 7 were obfained From a model with a Inorccrl::aalre 'ihc forces in Figures 4-6, and 8.
the Oblseo istic boundary condition on the left
Maingq br-
. 10
Ctl{)n : - - 3
n 3 [ is clear from the dimensionless forms of (5 ;
. i35 and :
:length of depend 0N V. Similarly the dimensionless (\H'Eziues é?)t;hatf the splu‘t}ons do not
out 309, independent of V. and the true forces F can be obtain Z gy lcngth =
PRI by gV, This simplicity and generality is ¢ ained simply by multiplying
k L y apieIty generality is a consequence of th
1}1: Since puoyancy forces 1n the fluid, and the assumption that 5 is const SAUSERELIR
tities, we It is convenient to divide the circulation into th i .
¥oice 12 Th - ; X three regions shown in
Figure 1: The trench, the interior. and the ridge. This division resembles th
made by Schubert and Turcotte (1972), who were concerned with the ﬂov:: E;nt tl'?;
(10) {Hterlor region. Sufficiently far from both ridge and trench regions, the stream
ines must be horizontal ¢ S g e e s P Aot - :
analytically ntal and expressions for ¥/, ', and dp)/dx' may be obtained
constant
try origin .'. ;
J V=(3r'+1) 722t +1)z"?
Slaoo IR {3 +1) 320 +1) )
qotion is | A e (13)
b x‘dm t'=t/d is the dimensionless plate thickness, the surface velocity is unity.
and the total mass flux across any vertical plane is zero. The principal test we

m the ridge and trench regions before
of dp)/dx' on z' in the interior. The
ndary condition on the dashed line of

: he ridge or the trench region (Fig. 1). For { and p’ given by (13) to apply

¢ boundary, dp)/dx’ and hence p, must be found to be indepepde.:nt of z';

cases are given in Figure 4. and show that the greatest variation of p}
is less than 1%,

I also need the correspondin

1 the upper surface of the viscous layer:

| e 0 discover how far we need to be fro
| applies depends on the independence
“solution for v/ is imposed as a bou

g expressions when the shear stress
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: _' m;-,_

r=31(1-7)
%= —3t (see also Appendix).

Since the lateral extent of large plates is much grea:ﬁ‘
the horizontal variation in pj cannot be maintained by
plate but must be compensated isostatically. Therefore the
ary condition to apply at the surface is that the normal stress
dp,/dx' is maintained by a surface slope de'/dx' where €'d
elevation above a level surface due to the flow.

R e Y
dx (pm_—pw]g dx (pm_pw)dzg dx’
die

where p,, is the density of the mantle, p,, that of sea water. The grad:
gravity anomaly corresponding to the surface slope is

‘-j—A—-g ~0.42 ﬂ- di"-
dx gd?® dx'
when Ag is measured in mms ™. Since p is affected by the thermal stru
the plate, whereas the long wavelength components of Ag are ! |
generally a more useful result than (15). This argument assumes that
boundary of the convecting region near 700 km is not deformed b
tal variation in p). If deformation is possible (15) remains unch
long wavelength components of the gravity field are removed by ¢
(McKenzie, 1977). Under these conditions (15) is more useful. An
complication occurs if the lower boundary results from a phase change.
then be shown (McKenzie, in preparation) that (16) underestimat the
dAg/dx. Since it is not yet clear what is the nature of the boundér-y-at
700 km. we use both (15) and (16) to estimate #. ] .
The interior flow produces a viscous stress on the base of the pﬁﬂi
surface tilting causes a sliding force to act in the same direction. B
forces therefore oppose the motion. The first of these gives = forcalitl

5 1
f = d C e
whereas the sliding force/unit length f,

Ry
b=—"a"ax

In the trench region the boundary conditios .
captions to Figures 1 and zm%mGM?lmk
discover whether a rapily sinking slab could drag the s
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fhe corner region at the trench. Because the velocit

£ In - Tig < infinite. This region was excluded from the foree yb:lr::?ézm ils singular at the corner the
oS x, and Zu, where x; =0.125, z, =0.185. The force F on the D‘ﬁFUIallons by neglecting the
f[‘:;f bg;th the finite difference calculation and from a (singular) similariltc:«u:o?;?::: b

3. Sketch to illustrate how the biharmonic equation was solved in the region beneath the slab
rﬂdient ip. The equation Was et §qlvcd in b with ' ={"=0 on the dotted boundary, then this solution used
Of the fo provide boundary conditions on the dashed boundary of a, and the process repeated by b Tt

ferative method converged rapidly SS repeated by b. Lns

irench. The least realistic of the boundary conditions is that imposed on i. This
soundary is only stress free if the flow has reflection symmetry about the left
edge of the figure. and clearly this is a poor approxiamtion: Real trenches are

1OL (16) jg onel metric. We therefore also carri c '
13t the ok stwfl-g‘}' asymmetric. efore also carried out calculations on a more
the horizop. realistic asymmetrlg model. | e
aged but the The b.‘:lSlC qumcrlca_l' method u«lge.d to ri-:).|'\"f.’ IS ) and (6) in the presence of rigid
ompensatio boundaries was desc;nbed by Richter (1973a). All the calculations described
it [ below used 32 vertical mesh points and square elements. However, certain
n additional difficulties arise in applying finite difference shemes to the trench region. Because
AngE. h_ may — © {he position of the boundary A in Figure 1 is arbitrary, the value of L, should
s the size of fot affect the solution. If, however, (13) is imposed as @ boundary condition on
at a depth of Aand L, is small, the flow will be strongly affected by the value chosen, whereas
~if L, is made large, computer time will be wasted since a large part of the
late, and ¢ | olution will be indistinguishable from (13). It is undesirable to increase the
Both thest - mesh spacing since in places the vorticity varies rapidly. A convenient test was
init length the constancy of p; on A. Since the pressure in the interior flow should only be a

fnction of x', too small a value of L, produced some variation with z". This and
other simple tests showed that a value of 1.5 was a good compromise.
- The most obvious objection to the boundary conditions 1mgo_sed‘ in Figure 1
In the trench region is that they require a singularity in the vorticity in the uppeT
thand corner, The singularity occurs because the v?.lomty is not continuous.
it is not obvious that the numerical scheme will rr'lodel. this region ac-
. Furthermore, the similarity solution for the flow m_thls corne:; (H.et\fng
1975) shows that the shear forces acting on the horizontal and vertic

s are infinite. The mathematical cause of t:ll . Sitégular:]?; igsr;gia:n?::f
R v <tress. which depends on s
10 mﬂnuouﬁ a,nd hence the gtress. nly a_!'is'e il]. ﬂuid mechan.lcs

infinite. Such singularities commo




when the equations used to descr
no longer do so. In this example the relations
ceases to be linear when the stress exceeds a par
the non-linear equations are obtained we must excl
the calculations of force balance. We did this by cutting of
oblique surface at an angle ¢ to the horizontal (Fig. 2). and ul
F which the flow exerted on this surface. When ¢ =mn/4, the value (
obtained from the similarity solution:

F'=21/§/(1+E)$1.10

..

2

It must be independent of the position of the surface because there are no
scales in the similarity solution. The corresponding value from the nur
solution was 1.07 when the surface intersected 4 grid points from the
Such good agreement is somewhat surprising, and shows that the singular
the vorticity does not produce undesirable numerical effects. -

The last difficulty in the trench region results from the geometry of the
The numerical schemes we used can only solve the equations in rectang
regions. We overcame this problem by using two overlapping regions sho
Figure 3, and iterating between the two. The first step consisted in solving
and ' in region b with {'=y'=0 on the dotted part of the boundary.
resulting solution was then used as a boundary condition on the dashed |
the boundary of region a. This solution was in turn used for boun
conditions for region b. Ten such iterations were used, and the
difference in ¢/’ in the overlapping region was 1 part in 10*. The accuracy
numerical procedure was tested by carrying out a simple experiment, descrid
in detail elsewhere (Richter, 1977). A buoyant rectangular rod was al_l
rise through a layer of glycerine. Since the buoyancy force depends only on
cross sectional area of the rod and the density contrast between the rod md
glycerine, the driving force is known. The calculated and observed veloc
showed excellent agreement, and therefore confirm the accuracy of the
scheme.

The ridge region contains no features not present in the trench r
simpler model would not possess the boundary ¢, and d would continue
e i ek o s e

could flow out of the region. Both d

may be avoided by introducing a free boundary ¢ of width @ =da’ on
normal velocity is specified: ARIEN

/

3
U—.:='a-,7(x'—L2+a’).

Sufih : boundary seems reasonable beneath ‘
and the elevated temperature are likel d

S - Y to decouple the sur! ;
fron} thoss: oi_' the mantle below. Since 4 isa nec;ip;e %f&% i
a discontinuity in vorticity where they mee’fl Thetmsame e argu
apply to the choice of L,. which was taken to be 2.

a ridge, where the
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1 the model outlined above is obyjq

A us] ot
Jation problem it is nonetheless Y an approximation to the full

a self-consistent convective model

to emphasize that these forces
at exactly the same forces are
€ 1solates particular parts of the

| g not 2
- pund @
ystem-

artifacts of our particular model and th
. continuously deforming material if on

RRagorces
R esistive Forees

The results of the calculati(m_s using the model in Figure 1 are shown in
Figures 4-8. The ridge mo.delsl in Figure 4 have a variable width of boundary on
which the vertical velocity 1s NON-Zero and given by (20). Since the plate
thickness 18 small compared to the thickness of the layer, flow which is driven by

the mass flux across the boundary is weak compared with that driven by the

dary is given by (20).
for /' in (a) is

(b) Ex i o=
g ﬁpﬂ = 1'!1 T
i%v?::megf fr?oq::ll)s u\fnh alp:g:c 3053 J| I-t—:-'zdxug_gs zg*;gj / Ty, 0x'=8.88
- various values of a'. The width of the ;8;21 |gjr3-:l
fegion is twice the depth. [ 7}.dx’ is the () | = (e) e
nsionless force/unit width which APl — 0 /2 AP ————==
ts the motion of the plate. Ap} is g = L[ dx'=5.33
mensionless pressure difference 13.014 [Ty, dx' =755 %%g]l s
n ipb_int;_s_-.-at depths of }. 3. and 3 :gg:;l 8557
B /4
(ﬂ;r———-—f——'—_’:—‘_
corresponding interior ; APy —radr 884 |
velocity impose |
et 1368 lI
=10

-



Fig.5a-d. T mode
hand boundary, with &
cally with «, = —1 and the plate m
tally with «, = — 1. The region
1.5. The mass flux through the tip 0
through the right hand boundary is V1/2. |
(b) (¢) is the force/unit width resisting the pla )
excluding the part to the left of the d
within 9/64 of the corner singularity.
force/unit width acting on one side of th
dlab. excluding the part above the dotted
[ p dx’ is the force/unit width due to !

1

difference between the right hand edge
region and the tip of the slab. The fo
acting on the dotted line is 1.10 and is

T Tiadn'e5.23 | not a resistive, force, It is not included in th
{ T drres.48 '| balance calculations. The contour intervals for
vk : <tream lines in (1) is 0.022, and the slab ext
. a depth of 4 in (b), 3 in (c), and § in (d)

horizontal plate motion. Hence the major upwelling does not occur beneath
ridge axis but where the boundary condition changes to fixed horizo
velocity. The various models for a ridge in Figure 4 should be comp: red
the corresponding interior solution (Fig. 4f). Only those models ith
width of prescribed upwelling smaller than 4 have significantly greater ;
forces than those of the corresponding interior solution. There is at pres
information about the half width of the region below the ridge axis
viscosity is strongly reduced. It is not even known whether this region is |
to the ridge axis or extends beneath all plates and decouples their m -
that of the mantle below (see section 4). This ignorance suggests
present unnecessary to use anything more sophisticated than thﬂiﬁ
lutn:)TI;jl wlfwn calculating the resistive forces near ridges | .
e forces near trenches are considera S o -

model cc}msis}ts of a slab sinking vertically w?tlg :l; ﬁ)r;tcoimf?;?tgg?
force j.'cxz dx" which acts on the horizontal plate is mt? 'te‘--if egal
point in contact with the sinking slab. As explain ‘1;1 i the |
corner region was excluded from the cal‘culdtionlz‘ (F'e '- m’rh
slightly less than the corresponding interior soluti 1‘%’ 2) o 5
force acting on the dotted line in Fig-uré 5ic al d on Or pl
(1.10). It was not included in the force balances brxv}-;ig s
v\.iork, but results from the exclusion of the ce.s ) g4
side of the sinking slab . dz" also is .inﬁﬁ;smjﬁ;‘{l&ﬁy .
once again this region is excluded. Since | arl;: fﬁ;nww ol
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s with a totgl
reater resistive

at present no
1xis where the
gion is limited
+ motion from
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e interior 3

The sinp!
 The resit

© .o sinking slab approaches the |oyw
ol of this force depends strongly on th

’ ' L e 3 .
pogl Pgwst important force F acts on the ti; ;ﬁﬁth of the sinking slab.
r 2;urbed pressure p}. SERSAESIAN dd iakblis
, e
b - [ pi dx

'1?113"0{ in of P l'bwf:i) Ch_oé’sn i:[o bg the ridge axis. It is convenient to divide p}
* - three contrib’ 1ons: the lirst due to the flow in Figure 4, the second d
i@ = . . flow and the third due to the flow ne: e v ue.to
he intertor = e unre s Thihe ol W near the trench. Only the third
oﬂﬂﬂibunqn > flow must be cid d Cfp ate width is greater than 1.5, a term
Jue @ the mterlofr Fore fEtlh el el e repTeS§nts the‘ work that must be done
. (ransfer masS' rom th? k‘p 0 : es ab to the ridge axis. It is not present if the
dab and plate have no. Icf ness. ht is clle:'afr f[‘l)li‘l the numbers in Figure S that, even
without the contribution rom—:[ € interior, F 1s greater than the shear force on
yertical boundary of the bln%‘lﬂg slab. Within a convecting fluid the same
esult holds: the .pressure con51d§r21l?l)_f exceeds the shear stress (McKenzie.
1977). This result 18 only apparent if p; is calculated, which it rarely is.

Besides the fluid dynapllcal forces acting on the bases and edges of plates.
forces act on the faults whlch form plate boundaries. These forces can be divided
wo components, on¢ in the plane of the fault and one normal to it. The
frst component 1S involved‘ in the generation of earthquakes, and most of the
ipformation about its magmtude‘ ha:,-_ been obtained from detailed investigations
of the radiated seismic waves. Studies of a number of large earthquakes (Ka-
namori. 1970a, 1971: Wu and Kanamqri 1973; Fukao. 1973) have shown that
the difference between the initial and final stress is between 2x 10° and 5 x10°
gewtons m~ =, There 1s at present no evidence that either the stress or the stress
drop depend on the type of plate boundary inv oh*cq. Op ridges the earthguakes
produced by motion on both normal and strike slip faults are shallower than
10km (Weidner and Aki. 1973; Prothc—F(n et al,, 1]976). Also on rapidly spreading
ridges, with plate separation rates of 60 mm yr - or more. egrlhquak‘es are rare
and small, and large normal faults are also absent. We will therefore 1gnore

frictional resistance between separating plates.

The importance of transform faults is less clear. They are gene‘rall_y almost
vettical, and those that have been studied in detail release little seismic energy
below 12 km. If the resistive forces were zero below this depth their contribution
10 the force balance could be ignored. Since, however, plates are more than

nto t

ive
n_teﬂ'fﬁ@ﬁ?

| tacks, If the stress on transform faults is

80km thick the absence of earthquakes is unlikely to result from the absence of

Stresses ' avi { deforming
DUEASE i i due to a change 1n the behaviour 0O
resses, but is more likely to be e A i

_ _ . _ :ons. Chapple and Tullis
* of 100km it could strongly influence plate mOAL" o lysis of the

< I ir ana
7)included a resistive force due to transform faults in tcliwl\; aa;too ey
controlling plate motions. but found that its magnis E:‘n late motions
ermined. We chose to ignore this contribution to th¢ P

. -di ional force
because it can only be introduced into @ tWO dimension
el in an arbitrary way.



In contrast to the forces from ridges and transforn
thrusts beneath island arcs are probably an order of magni
the dip on the faults is small. If a shear stress ¢ acts on the fault
the resulting horizontal force F on the plate of thickness t is
direction normal to the strike of the fault. Taking t=85km and g =
m~2 gives F=4.8 x 10" newtons m-! when 0=10° and F=2.3x
m-! when §=20°. The magnitude of this force is independent
velocity and should be included in any force balance. This is easily done
the density variations near ridges produce a driving force Fy of 2 x 1(
m-! (see below) which balances the resistive force at trenches within
uncertainty of both calculations. Hence neither need be explicitly included.
convenient equality may, however, conceal the importance of these forces,
both are large compared with those in the two layer model considered in
section 4. and the uncertainty in the value of F—Fg is large. Since Fy acts near
ridges and F on the thrust plane beneath island arcs together they keep plates in
compression. For the same reason plates surrounded by ridges must also be in
compression. Such a stress state agrees with the limited observations available
concerning the stress state within plates (Sbar and Sykes, 1973; Rayleigh etal.

1972).

No information about the normal component of the force acting on faults
can be obtained from earthquakes, and nothing is yet known ABou 1tsma@fl'-
tude and importance, or even whether this component acts as 4 driving or

resistive force. Despite this ignorance there is some evidence (see Molnar and ng'a':{tyide
Fapponnier, 1975) that normal forces acting in some continental regions 40 --I','plaaeii:::e=
control the motion of some large plates. Despite this evidence we chose o igios i 4

. : ¥ =1 and
such forces everywhere, partly because their magnitude is unknown, and partly 8rals are )
because their importance depends on the shape of individual plates.

% in Pig

I_n Figure 5 the plate and the slab move with the same velocity. Thlsl&& _ ::‘?{Platg 24
sensible model to use if the slab and plate are connected and stress cafl be b“'nld;;thm
transmitted from one to the other. However, recent work on earthd LY ?‘_‘ﬂ-—'a_eﬁ',_ls'y"
produced by normal faulting within the plate and slab strongly suggests that_ﬁﬂf" | h-hl'-ﬁk_afﬁ,ge-..‘
faults extend through the plate (see McKenzie and Weiss, 1975). If all platﬁm A %:h:of %ln 3)6!
b(oken in this way, any stress transmission that occurs must do 50 either Y | inmfm“r ),
frictional forces within the plate and slab or by viscous forces acting 08 d U boyp, p:l

boundaries. In the absence of the sinking slab the resisti n the platv~
lepgth 1.5 yvould be 6.63 (Fig. 4f) and it is clear from F?;::efgi;ea:}a slab"%;:
with velocity —1 has little effect on this force. If viscous forces are to W'
the force, t.he slab must sink faster than — 1, Since the mass flux is fixed: the sl
ca;: ontlly: su}kbfas'telr( if'its thickness is less than t. Figure 6 shoﬁfs the forces @ ;
when the slab sinks at —2 and is half ) . :
fo‘rce resisting the plate motion is reducet:gcbtll;ui? l:sts nzf ;?ii Su:'ifth
width of the plate in Figure 6 is only 1000km. Cl gl .ea .sidera'm :
sinking velocities are needed if plates the size of tl:1-e P:Eﬁyc ;Sélw o MOVE

viscous forces. Because mass uire
ces must be con ities req
slabs, and it 1s not obvious how a o larget e

at shallow depths beneath a tl‘cnchl.) late can become a thin .ra.pidi}"m -'



Models of Mantle Convection

453

(a)
\% (b)
) Tzdx=0.23 | ——
[t4dz=409 | |/ Tedx'=023 |
' y/= : | IT"d i |
Ip'dx =505 \ x2d2'=787 |
: . ; . JP{dx=933 |
B st Figure S but with the slab sinking l
‘ﬂ%j";ﬁ _2, The driving force/unit width on the (c)
W, .' 'ﬂtwd e 130 920 ¥ omitted in the force balance T’-(.i:-
5 .Ith.i_a % 60 ations The mass flux through the tip of the slab il X'=0.23 |
Clyg. N th el L pand boundary is Vi [thdz=1231 !
iSg ded. -u'lg ; ud'lhe ngh y xz’ 3l 3
cnforces_ ]]Us & Jr{dx'=22.06 |
% ;sid@f‘ :;nce
, keR g ne:; 5
ep :I ( Pt =
: a) = e

Vail,
1 ¢
gh Bty -
!tin
e o
' Magy; [ Tipdw=-182_{f T Ty,0x=597 |
@ i Y e |
£ glnm, : Fig. 7a-d. Model for an asymmetric : JPidx=33 |
al regio g rench with the slab sinking with u.= =
s ns do _1, plate 1 moving to the left with
e 10 ignore velocity —1 and plate 2 stationary. The )1
» and par ntegrals are taken over the same boun- c) /—2—Y i —
5. ! | daries as in Figure 5. The forces on the '|IT“;dx =195 | [TTad=586 |
o o pase of plate 2 act to the right. The | [T d2=450 | [T, d2'= l
itv. _ Xz 72376 |
‘:Y This is 4 mass flux through the right hand L Jpdv-64 2 :
itress can be boundary is Vt, that through the left
G.al'thquakes hand zero. The contour intervals for ¢/ (
: i L, T G B | (e
ests that the ~ in(a) are 0.02866, the slab extends o a 1) e : {
i” ! ALl | gt of 4 in (b). 3 in () and  in (&) T3 ITie586
plates ar The perturbed pressure on the right | [rpdresseli| [ Tyde-6.53 lt
\ fpidx=186 |

S0 either by ' hand boundary is taken to be zero
'ing on thelr
the platef
slab sinking

vy

Driving Forces
the mantle, large scale

ced by partial melting of
in temperature. Hence

B o U | B
the slib 3”190 the oceanic crust is produ
ces acting | wﬁrﬁm&s in density can only be produced by differences
' 'aﬂﬂie driving forces are convective in origin, Horizontal temperature variations
,mth ridges produce both the shallow bathymetry and a driving force Fg,
¢ magnitude may be obtained from any thermal model of a spreading
A simple model consists of isothermal hot material of density P upwell-
the ridge axis, then cooling as it mOVeS away until the temperature
constant across the plate of thickness t. The density at the base of the
where p,,. If the elevation difference between the ridge axis and the




[P{dx'=0.60 (b)  fedx=232 ()

=531 |
[Pdx'=1.38 i
= A =2
% JT,d7"=180 | %
[P{dx'=5.05 [rldx*=9

fr:id:u-a.m (d)

-

W | Thdx'=423 !
~[P{dx'=-2 83!
142501 1
[P{dx'=16.98

Up=-4l}

Tt dr=a74 |

-

Pdx’=-003 }
T =281 |

.01

Fig.8a-d. As for Figure 5, but s
slab detached, and sinking with var
ferent velocities, The contour inter
(a) is 0.0308, and the flow correspon
negative pressure integral corresp
resistive force on the upper bound
sinking block. The length of both
the block is 1 i

cooled plate is ¢, the density of sea water is p,,, then the pressure B _
ridge axis a1 a distance z above the base of the plate is s

P =(p,—p,)gll+e—2z)

When the plate has cooled and a linear temperature gradient h

i

established between the mantle and the sea floor, the density within t

increases linearly with z:

Pp=Pm—PutBz

where fi depends on the thermal expansion coefficient. Inte
pressure beneath old sea floor '

Pi=g(p...—pw)(!-z)+%ﬂ-(zz—z=),

SR AR 5 ‘t‘_

B=2pn—p,) e/t*.

K

-

We can now obtain the driving force due toitidae oun s

o
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e L ass
e e
=0 )(t+e)
= £ m-— w e U
i A (25)

- ~gmall part of this force ari

- :in’"‘-]-}r = ides of the rid - e _from the te

vi::uirmal o e i

[ gpp" 1l exerts a for Rl
ce F, where y

t | %
=\ 4z— Pdz=ge = t
F g 1 £ B g (pm Pw)g.
58 : - : . (26)
g b\:tg With , b origine *3 gomzndi;g lpzushmg and Fr —F, from pla
: o = L& > SR _
V co, n_lnt%‘?qi; e force 15 due to ridge pushing. The estima nm !, and therefore most of
ICOrr:p"' :rh ithin 2 factor of 2, and corresponds to a Shea;e tof Fy is probably accurate to
€ by, P00 g . rare Cases oceanic plates d : - stress of 1.2x10" nm~2
Ofb""ﬂda;s 03 : yer limit on the Shcl:ar Stre;) Hk:)t fail under this stress, which tE 0 A
both lhes‘llf-the lo gth of the oceanic lithosphere crelore placcaia
Table !
e
i =85km T =1200%C
| e =3k1;14 g « =3x107°°C"!
re P | j, =33Mgm_ C. =12x103J kg~ 1°C-
1 beﬂeaﬂlﬂ]e fu .-.—l.UMgm" k $ =51 W’m""‘]:' N :
4 .—_'9.8!1'!5_3 d =615km ’

e

(2l
 The oth
nt has becom: The other source of convective energy results f
S beco . . energy results from density ¢

$0CI ot 4 ensity cont e
hin the plates, | a:.ed with .treflches. The most important is undoubtedly the gemit r(i:lztst as

tw : en the sinking slab and the surrounding mantle, and its maanilufi R
' sstimated from the thermal structure (McKenzie, 1969). ? e 55

o |
8gup, i 1° g
on gives B g=——'m 1R { ( LA ~n d
! * exp| =5=-|—exP| g o
3 (28)

ion, T, the temperature difference between
he depth below the base of the plate,

fic heat. Substitution gives R=17V
ically, the total driving

9. When V 18 small

€ .ﬂeeﬁi;zicnt of thermal expans
‘ of the ocean and the mantle, z t
al conductivity and C, the spect
mm yr—!. Assuming that the slab sinks vert
slotted as a function of v in Figure




F newtons

subducted slab as a f
| consumption velocity ¥
0 50 100 (27). The horizontal das
V mm yr" the asymptotic limit as Ve

(Z10mmyr ') the last term in (27) may be neglected, and F,

linearly with V. Under such conditions the temperature of the slab
become approximately T, when it reaches the base of the upper ms
however, V is large then (27) may be written

_4g:"'pm T'.f

-
-

F (d—z)
and is independent of V. The expression is appropriate when VS40mm yr=
and the slab sinks with little increase in temperature. Figure9 sh
maximum force available from a sinking slab. When the slab reaches the
the upper mantle at a depth of 700 km, we are assuming that the cold mé
must flow horizontally and does not contribute to F,. The force actually e
will be less because the slab does not remain intact as it descends, but
into blocks, The motion between these blocks produces intermediate a
focus earthquakes. Studies of the stress involved in such shocks (W
Wyss and Molnar, 1972; Fukao, 1972; Mikumo, 1972) have fot
evidence that intermediate shocks may involve somewhat larger st
than either shallow or deep earthquakes. However, we are only concetr
the force which can be transmitted to the plates, and hence with the str
the shallow part of the slab beneath the front of the island arc. We will the

the slab. In the absence of resistive forces it is clear from Figure 9 that tb
will be exceeded in slabs sinking faster than about 3 mm YT, The cons!
rate in all major trench systems is greater than this limit, and thercf.
the sinking slabs may occur. Whether or not it does so dspeﬁds.'@
buoyancy forces are balanced by resistive forces, T aAaNE
These two contributions to the driving forces are generally recog "

easily calculated. Two others are not. Probably the ?nost nn
results from large-scale flow which is not driven b lateanotic

only' evidence for the existence of such ﬂow ?cgmes. mm

et al, 1974). As explained above, f]

OW assoctated: with. th
make a large contribution to the associated with

perturbed pressure field @
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¢ topO :
cs. Because mantle rock is replaced bE may arise in the same way a
s reduced by (p,,— y water the lith i 2
ths 18 Pm—Py) €H where H is th ostatic pressure
I, jike ridges, trenches are not isostatica|] the depth of the trench
:iri"in w:a- _od by elastic forces. Un'fortundtely very h);’tfompensated and must be
A fun-g forg, .o of these stresses. It is not even clear he.m yet known about the
City DCtigy,” ltoy s available to drive the plat Whether any of the pressure
Yp Mgt gotion plates. Therefore this i S
al ., %tay te d i is also neglected s possible energy source
lit heg lin 91y or St
as ey ’ﬂesh% P
o O
anq F(O i Obser"ﬂﬁ““al Constraints and Force Balance
0 . !
- u . ln . :
Pper g 0r by Gravity
0 : i ; :
L the model discussed in section 2 is to provide a useful descrinpti
: - v escr aroe-
cale flow it must be cgmpattable with relevant geophysical ;rl))t:e?ir\l.r;i:)?ll: lg{ge
e only major uncertalpn@ are the value of the viscosity and its varhtic;n gﬁi
[29] depth we use the observational constraints to impose constraints on the vis-
n I‘l'\' GOSitY' 3 =
n Vxy b The simplest constraint to apply depends on the absence of large long
I8ure 9 shmff' yavelength gravity anomalies. ThL gravity anomaly produced by the flow in
"eacheg theb e | Figure L i compllcated‘and difficult to calculate near the ridge and trench
the Cﬂldmase,m regions where large hor_lzon_tal density contrasts must exist and elastic forces
dier | e important. In the interior region. however, the gravity anomaly should

€ actually gy
ds, but breaks,
mediate and :
ocks (Wyss, 19,
ave found son
rger stress drop
y concerned wi
| the stress withiz
We will therefor

increase linearly towards the trench, and is produced by the horizontal pressure
gradient (see Eq.(16)). Hence we can impose a bound on the viscosity by
considering the horizontal gradient of the gravity field across interior regions of
plates remote from their boundaries. The long wavelength pressure gradfent will
wilt” the sea floor because the plates are thin and flexible. The observed
' difference in gravity between trenches and ridges is less than about 0.3 mm s~
~ and is positive over trenches. Since the return flow should produce an anomaly
which varies linearly between trenches and ridges, whereas the observed field
consists of a positive anomaly centered on the trenches whose extent is only a
fraction of that of the plate (Gaposchkin, 1974; Lerch et al.,, 1974), this value is

| the expression in section 2 we need
- plate. In the discussion below we wi

i

| ﬁﬁﬂﬁm yr—' and has an extent 60

- probably an upper limit. To obtain the magnitude of the gravity anomaly from
the horizontal extent and velocity of the
Il consider two plates. The first, plate A.
lateral extent of 10*km. These values
e. The second, plate B, moves at
00 km. These values resemble those for the
{ the mantle below the plates 1s
y and stress on the base for the two

moves at 100mm yr ' and has @
are comparable to those of the Pacific plat

an-Australian plate. Il the viscosity 0O
ant, then the upper limit on the yiscosit
o, 2 2.6 x 10° newtons mj (30)
o2 X 10° newtons m "~



k.

If, however, there is  thin 12

plates (Appendix) then the horizontal
return flow is much reduced and the cor

_r,-AEIBXlOm: ﬂa%&4xlojo(kgshrm_l} g

from (14) and (16). The shear stress on the base of the |
reduced in both cases.
There are several objections to using the gravity field fr
to obtain an upper limit on the allowable viscosity. The most ¢
sign of the gravity anomaly obtained in section 2 is opposite to
McKenzie et al. (1974). Since the model we use here contains no
forces within the fluid whereas the numerical models used by McK
the disagreement in sign could be due to such forces. If this we
limits such as (30) and (31) could be obtained. Fortunately this
Recent convective calculations by McKenzie (1977), using a tempe
pendent viscosity, have shown that the sign of gravity anomaly ©
region changes from positive to negative when the viscosity variation
ficiently large. This change in sign results from a change in sign of the hori
gradient of p,. The model used here contains a plate at the surface, rathe
high viscosity region, but is otherwise similar to the convective models
therefore no reason to suppose that buoyancy forces and density Vé
the mantle invalidate the limits (30) and (31).
The argument above depends on the mechanical behavior of
boundary of the convecting region. This question has been discussed
section 2. If the lower boundary cannot be deformed vertically or
change. then (31) applies. 1f, however, the lower boundary is deform
the long wavelength gravity anomalies are compensated (McKenzie,
only the elevation differences limit 5. Unfortunately most of the va
bathymetry are produced by variations in the temperature of the plates
a large and uncertain correction must be applied to obtain the
variation produced by dp,/dx (Parsons and Sclater, 1977). Though the &
models fit the observed variation of age with depth to within the ob:
errors, the models were constructed to do so. Since Parsons and Sdﬂm
the observations from all major ocean basins with a single curve of.d8
function of age, it seems unlikely that the return flow can produce
about 1km variations in depth not associated with gravity _mgm

rather uncertain limit is used to obtain estimates of the viscosities !
obtain T

n,33.5x10"kgs™'m™",  ¢,Z87x10°nm-2
np<12x10*°kgs™'m~!, 6, Z1.5x10° nm-2

if there is a single layer, and

NaZ6.1x10%% 7,221 x 102 kgs—t -1

if there is a low viscosity layer beneath the plates.
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o e ¢ - 10A and B-_ Force balance diagrams for plate A, 10,000k 000
r 3 ﬂq. ﬁﬂm units of nV. all for ghe asylmmetric models in Figure 7 zu:?i L(:Jng i a'nd p_latc Shetns by
. left shows the dimensionless depth to which the slab B e
reaches beneath the trench. The

of ¢ ]nhl-[ s 3  lin
Of the 1. ; on : 1 i
op By ﬁﬁ o_:.mom e extending to the right from the tip shows the resistive fi d
s orce due to the local pressure

s Tatha, feld within a distance of 1.5 from the trench, marked T, ¢
e”hﬂﬂa Jﬂﬂfked 1. The ca:trved line dr.awn from the tip of the <lab t‘::‘fllhéhat ;jue to the interior pressure.
sity .  They, - erted O the sides of the sinking slab integrated upwards fror surface indicates the shear force
anatiﬁns.-'-& correct but the depth dependence is sketched. The horizontal lines r:nll-j’eir sk et vt
0ng 1, " ive force acting on the base of the plates due to both the region z'=0 show the total horizontal
near the trench and the interior.

§

ior force includes both f, and f, (Egs. (17) and (18)). For the two cases where the i
§ e tip

OT of the : - The inter
bon 1€ oy ! ggtends toz =05 these two contributions are marked T anc avity
| SSef} abﬁ-ve‘fn e surface has been included in I. The oblique straight ]in?:isi.olhtehgr'dmy R
Y or s a Phﬁe. close the diagrams. The reciprocal of their slopes corrc-.spénd io lhnctl‘nlegraled e it ot ¥
iﬂfﬂrmab! = gxﬁﬂﬂd by a constant density contrast between the sinking slab : e ftm';c e Ao L
b | o 1t de : . n the sinki g slab and the surrounding mantle which
. are necessary 10 maintain the plate motions. The slab will be s ] i o
rece ab will be subject to extensional stress at those

€nzi o S

he 2 Igwjﬂud | depths where [hc' integrated buoyancy is greates (han the cummulative resistive foree
€ Varatiops j depth. When the integrated buoyancy is less than the cummulative resistive G svoatiiie :ngilﬁ‘ ;hgt

. 3 3 & . . : S18 8. s als i e in

I plates andtﬁm | g::ﬂdlff)rc;nligesifsslon The continuous line shows the forces for z'=0.5, dashed for 2 =075 and

n '[he dYBamfc |
1gh the themd |
€ observationd |
Scla_te;r"-ggu‘la-'_ﬂ, Force Balances
e of depthass | . |
~ All other constraints we 1Mpose depend on the balance between resistive and

dﬁvmg forces, and are most easily understood using a force balance diagram
7 '@1& 10). Since forces due to the ertia of the mantle material are extremely
small compared with the viscous forces. the forces driving the plate and slab

must exactly balance the resistive forces. Figure 10 shows the cummulative
ving force (buoyancy force) starting from

1esistive forces and the integrated dri
‘ ince the total resistive and driving forces

ttom of the downgoing slab. S
t be equal in magnitude, the two curves for each case must form a figure
at z’=1. Furthermore, where the cummulative resistance exceeds the in-
the slab will be in

buoyancy, (near the bottom of downgoing slab) e i
true (nearer the surface) the slab 1s 1n

“Where the opposite is AR
se terms are somewhat misleading. Since all principal stresses
ive the failure is always 8 shear failure. When the slab 1s 10
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of the stress state within sinking slabs (Isacks and Molnar, 1971). O}
circles represent zones where the P(T) axis of the fault plane solutions is appwxiw
with the dip of the sinking slab, described as compression (tension). Crosses mark solu
howed no simple relationship between the stress state and the slab geometry. Contir
lines represent the shape of the seismic zone. The upper horizontal dashed line at a deph
soroximate depth below which the slabs are in compression: no earthquakes
depth greater than that of the lower dashed line

Fig. 1. Summary

marks the aj
reéecarded at a

tension shear failure permits it to lengthen, whereas when it is in com
must shorten if a shear failure occurs. Most models of island arcs '
the slabs move with the same velocity as that of the plate being
despite the existence of intermediate and deep focus shocks. It is, ho
to exclude major variations in velocity associated with slab deformatio
have therefore considered models in which part or all of the sinking
with greater velocity.
The pressure forces acting on the slab tip consists of two par
marked T in Figure 10, results from the local flow near the trench.
marked 1. is due to the interior flow. Since the second contrib
pendent of the depth to which the slab extends, and depends
distance between the trench and the ridge, the lower part of the
always be in compression. When the slab approaches' the base of U
local contribution becomes very large and may exceed the buoyan :
entire slab. Under these conditions the plate will be in comp
Fortunately it is possible to use fault plane solutions of ez

{h.e sinking slabs to discover whether they are in tensmn 0
Figure 11, from Isacks and Molnar (1971), shows the extent and |
of most known slabs. It shows that slabs whose tips do not ch
of 350 km are in tension throughout most of their length.
nisms are available from close to the tips of these slabs (F
always be in compression, If the tip of the slab extends deeper
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600 km, then the part above 350 km ig

n = reas if the tip extends bel

g, whered OW 600 km the S .

out 1S length. Thlf foKrce balance diagram mygt szi?:; lihm g 2

- _,pyations from the Kermadec and Kurile Arcs (Fig 1{1) f.f;gzzﬁﬁng'
> - at the

¢ will be used for plate 4,

1 (i s AIne 1 d to great distance 3 i
€ ] S.
Mld l Tica Whele al the l 1 g l : aothe

it dingly shorter return paths. Other arcs wi
9";1:;? the Aleutian at}d Ryukyu Islands, extendingwtléha Sslflnlifla: Lcli{:el';)tasn(:}};sai
::n o5 Middle Am;gca have longer portions of the slab in compression
uggGStiﬂg tl}a.t Jagtatichalios s Hiot dlue to depth of penetration alone. B
? rther condition We IMPOSE 1S that pieces of the slab should be able to fall
p cough 600 km driven by_then: own bu_oyancy, In all but one case the existence
of detached blocks gives httle’ mfo‘rmaan because the consumption rate in the
past js unknown. The sole exception is New Zealand. where the consumption
ate is know1_1 ffOI}l the magnetic anomalies on the Pacific-Antarctic and
goutheast [ndian Rises. The mean rate over the last 10 My is about 109 less
(han the presgnt.l‘ate (M.olnar et al., 1975). Beneath the North Island of New
7ealand the sinking slab is continuous to a depth of about 300 km, then there is
2 gap- follow.ed by a few .ShOCkS spread over 50 km at a depth of about 600 km
(Fig. 11). It 18 Onl?' possible to form §11ch a structure with little variation in
consumplion rate if small blocks can sink through the mantle below a depth of
velocities greater than the rate of 30 mm/yr at which the slab has been

300 km at '
sinking (Christoffel and Calhaem. 1973).
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m tension, that below in com-

4 One-Layer M antle

a depth of 630 km and the buoyancy forces (from
s forces. then the viscosity can be obtained from
10, That for plate A gives

If the sinking slab extends to
Fig. 9) are balanced by viscou
the force balance diagrams in Figure

qA:SXI()lgkgS_' m~'

and plate B

ny=16x10"kgs 'm"’

The mean stress o acting on the sides of the sinking slabs s

7,~2.8x10° newtons m =
0~4.4x10° newtons m~ 2

@.&fh&t on the base of the plates is

1.3 x 10° newtons m
% 10° newtons m

R
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It is, however, improbable that these values are sensible. The n

large forces to be transmitted through the lithosphere beneath the
stress involved is easily obtained from Figure 10, and is about
newtons m -~ 2. Since the lithosphere appears to be broken by normal fau
region where it bends beneath the island arcs, this stress must be trans:
friction. Since there is little evidence in favour of such large
involved in earthquakes (see section 3) it seems more sensible to limit
to some value, and we choose 2x 107 newtons m—? and then use th
dimensionless forces in Figures 4a and 7 to obtain the value of the

which will allow the plate to move. This balance gives "
n,=55%x10"%kgs 'm~' o,~14x10° newtons m~ 2
np=18x10""kgs 'm™' g,~24x10° newtons m™?>

which are shown in Figure 12. Since the total force on the plates mus
these are estimates. not upper or lower bounds. Since the slab is
does not move with a uniform velocity we can no longer use the sit
to examine the total force balance. Under these conditions the buo:
sinking slabs must be balanced locally by the pressure and shm
these resistive forces cannot be estimated unless the velocity variation

Figure 11 shows that the bottom 150 km of the slabs 'benea-'th- :
and the Kurile arcs is in compression. The consuinption rates are
80mmyr~', and their bases are at 550km and 620km respecti

assume that the sinking rate is equal to th e e S
1 - e c 1 ¥ ! |
Figure 10 to obtain onsumption rate

nS11x10%kgs 'm~!,  538x10° newtons m-?

for the Kermadec Arc and

N55x10%kgs™'m™,  636x 10 newtons m=2

for the Kurile Arc, where the s s fefor
of the lower 150km of the pl‘at:ess es refer to the mean sl

i
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V from th o
. [jmits come from the existe

lﬂ;ﬁt 1_,1_m1ts CO! 3 nce of det
) {'Eﬁ‘e""with faeloanm T ' and require a blg
of at least 30mm yr ' (see above and Fi

ched blocks. If we use the . —
ck 150km long to fall with a
£. 8). we require:

1

“ , { =1 = -~
(Iz#’x 10*°kgs™ m . 521.1% 107 newtons m~2

of the viscosity is considerably greater than that obtained by

e ke Sl o galue
gy, | qhiS Vo) and Calhaem (1973) for New Ze
& ' chl;l;“:gsmk at 100 mm yr"l and be only 60 1?:::11:1 12?1(;?6 they required the
. "'bwThe limits shown 1n Figure 12 are quite obviously incompatible. The vis-
i sty [equl-fed varies by ltlwo orders of magnitude. If the creep rate is a non-
| iiﬂeaf function of str_e;ss ;V e: the stress exceeds a certain value, estimated to be
h | gbout jpEons X (htOCffer 2_11‘1(1 Ashby, 1973: Weertman, 1970) the problem
Ne maq bgomﬁs worse, Since t’)e eliective viscosity is a decreasing function of shear
th the ey Tegy; sﬁe.ss, whereas Figure 12 Eequires the opposite. The only reasonable explanation
S abyg t"%h_. Ity | '{m. the failure of the model is that the viscosity of the mantle is not constant but
Ormy; ut 1.8:,5.[3’ | oreases with de.pth. The SlmPleSt model is then one which contains two layers,
L - fa'ults W () o per 1ayer »\_!1th low- viscosity which allows the plates to slide and a lower one
l‘gé ammmedihg gfhigher VISCOSILY. L'Tntortunata_:!y. two parameters are required to describe such
Stregge, O |, model. and for this reason it is no longer possible to obtain dimensionless
to limjy thebﬂnm forces yalid for all yiscosniez; as was_done for the one layer model. Instead of
en yge e crrying out extensive cgilculatmns with a wide variety of two layer models we
€ of the -v'.% chose 10 obtain approximate expressions for the forces on sinking slabs from
' lculations and only carry out a complete two layer calculation

tes must be g
i€ simple model
buoyancy of th
aring forces bu
iation is known.
h the Kermade
re both around
sectively. I ¥
te we can ¥

the one layer ca
for the interior flo ¢ ar
he forces acting on the sinking sl

Jow viscosity layer.

w, where analytic expressions can be obtained. The estimates of
abs are little affected by the presence of a thin

Two-Layer Models

C has an upper layer 85 km thick, and in model

fy the observational constraints, though a

model similar to C seems 10 us MOTE plausible. We first estimate the viscosity 1,

of the lower layer assuming that no stress is transmitted through its upper
surface, and then discuss the likely range of the viscosity of the upper layer.

~ Models of this type with thin low viscosity ZOnes beneath the plates have

We consider two models. model _
Dit is 8.5km thick. Both can salis

., this way dramatically lower the viscosity.

been suggested by several authors (Anderson, 1962; Green, 19'{’2: Wyllie, 197}]
~ who believe the uppermost mantle to be partly molten. The existence of a ﬂu@
~ phase insufficient by itself to lower the viscosity. If, however, the liquid phase is
in equilibrium with the solid, mass transfer may occur through the fluid and in

Il the resistive forces are required 10 balance a total buoyancy of order 2

_;'.’,._ 3 newtons m‘l (Fl g. 9)1 then
7S 1.1 x 107 newtons m ?

i
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1S22%x102%gs 'm™!  ¢56.6x10° newtons m~?

for the Kurile slab. The values of n are somewhat larger than th
values principally because of the stress free condition which causes
bution of the interior flow to p, to be small. The falling block gives v
are little affected by the free upper surface. These values are plotted in
and are in substantial agreement with the value obtained fro
uplift. It is not at once obvious why these values should agree. €
viscosity of the upper layer is sufficiently small the ice load will be comps
by movement of material within the upper layer (see Appendix) and
periferal bulge around the load. If this is not to occur then #,/1, 2 10* for
¢ and = 10° for model D. If, however, the above conditions are satisfied |
viscosity layer may become extremely hard to detect, especially when itis@
by an elastic plate (Peltier, personal communication). The only effect of th
layer is to alter the boundary condition on the upper surface of the 10
In the absence of a low viscosity layer the tangential velocity due to th
must vanish at the base of the plate, whereas when a low viscosity’
present the shear stress vanishes instead. However, if the lower layer
space, both boundary conditions are satisfied by a stream function

Y=clkz—1)e**sinkx

where ¢ is a constant, and k is the wavenumber, and therefore pos{d.
cannot distinguish between the two boundary conditions, and in
determines the viscosity of the lower layer. .

The other apparent difficulty involves the rigid boundary impose
of 700 km. Peltier and Andrews (1976) could not account for
uplift without permitting flow to occur below this depth. g
region is as thin as McKenzie and Weiss (1975) believed. it ;#oujé

the surface motion but would still prevent the return flow penetratin
mantle. R

The Upper Layer

We wish the upper layer to decouple the plate motions from
g late moti ‘om
but it must not channel the horizontal ﬂ'gw. I it dt‘;ns E’W “
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T
My 0% ! : :
o 2 13ﬁ,s__t-.g.iss,c:lal uplift observations. Another op : x
$ by T s the observed correlation b observation which exclud :
tve ty A etween the d cludes this
""“%g anomﬂ-hes (Sclater et al., 1975). If norma] st epth of the ocean and
Ang %le_@ 42 he base _of the plate then its upper surface w;ﬁi';es could not be transmit-
A8t g p Ul ._#3 corrections had been made. Since the ocea o an equipotential after
Aty e oted depth would be constant (M an surface is an equipotential.
= cKenzie, 1977). This is not the case
case.

cor1 : 5 _

O o the viscosily of the upper layer

| 1b ref0 : must be sufficient]

| _ﬁepwe motlorasuxfzgl\lv'iitﬁiz 1:“{;? layer, but large enoug}{) s?;allrt: decoluple

| _Borizoﬂ-' _mass o It ‘These conditions cannot be satisfi Ed 'vfcm Fei
: T ch thicker than 85 km. The limits for model C are ied if the layer

1% 10°2 2/ < 10°

thau aﬂd for D

! Caye. . On ' ~105

gy the g% | 2/ =10

S Val. O =
loteq i:]%"'ﬁil: I take 1 10 be 25 10*°kgm~'s™ ! and 5, =5x10'7,25x 107 for models
[ from Flgu’fi] e and D, re.spectn*elly, wc'satlsfy these two constraints. Using the expressions in
Bree, CIDOS'&% | e ApPBﬂdlK, and including the sliding force we find that the force required to
ill be co"ar]y ™ paintain the surface plate motions corresponds to stresses within the plates at
m sland arcs of

5, =26 107 newtons m

r ' : .
;Sattsﬁed thele I g, =19 X 10° newtons m ~
enitis,
e;'fegt Oflh:: [ . model C for the two plates and
0
iueﬂtl; :gw?rj% a 4ﬁ3'2 % 107 newtons m -
© 1t g a5~9.7 X 10 newtons m~°

maintain the plate motions by frictional
o to provide enough resistance to permit
be in tension. One further condition
heat flow through old parts of
tress heating should

t is therefore possible o

/er layer is a b for model D. I
nd als

tion forces transmitted across faults, a
the upper part of some sinking slabs to
must be satisfied. There is no evidence that the

. | plates depends on the spreading rate, and therefore shear s
post-glacial vl : Pt ; :
i both ce not make an important contribution to the surface heat flux. The total contri-
I bution from this source for plate A using model C is about 8 10+ Watts m ™ >,
and for model D is about 7% 10 % Watts m 2 Both are less than 2%, of the

surface heat flux. It is clear from this discussion that the difficulties faced by a
one-layer model are removed if a thin low viscosity layer is present beneath the

plates.

| 5.The Driving Force for Plate Motions

at geophysical observations require a large

Je. A high viscosity lower layer is required

data and for the fault plane solutions for
surface motions are decoupled from this

he last section we have argued th
in viscosity within the mant
for the st-t,.-.-gla-Cial uplift

akes. However, unless the



lower layer by a low viscosity region,
residual depth variaﬁm:; are pm iy
magnitude larger than those observed. We _
visf;;ity Iayerge beneath the plates could reconcile th «
different estimates of viscosity, but it is also important.
model is compatible with the extensive knowledge of plate m

The two plate models considered above both contain .
therefore buoyancy forces from density contrasts beneath trei

Elsasser (1969). who suggested that this buoyancy force could drive all o
motions. One of the principal objections to this idea was that many

such as Eurasia, America, Africa and Antarctica are in relati
(McKenzie, 1969). At first sight this objection is overcome by the
forces available from ridge pushing. Unfortunately such forces are available
il spreading is already taking place, and therefore they cannot break an
plate, Since it seems likely that the separation of both North America

' b : ‘-s- I..:t 's]‘
Eurasia and of South America and Africa started when no large si s m
were attached to any of these plates, another source of work is requireg - seems like

possibility 1s that the decoupling layer is absent beneath shield regions, an
henee that continents are strongly coupled to flows in the mantle. Another is the
shiding force discussed in section 2. ztven by Eq. (18). This force exists b
conveetion m the lower layer lifts the plate on top. Sclater et al. (1975) showed
that parts the North Atdantic were up to 1 km shallower than e:dp&téd-‘ﬁﬂiﬂ_-”
their age. Even when shear stresses do not act on the base of the p‘l-ates-,mﬁ@ " | The most
elevation produces a stress of about 2.3 x 107 newtons m~2 which is comparable ¥ wophysicy
lo that expected from a sinking slab, Large positive elevations exist in the North — © impoge m‘ll
Atlantic and South West Indian Ocean which could maintain the Feh,ﬁﬁ %ﬂntw
motions of North America, Eurasia, Africa and Antarctica, but it is lesseasy 0 = frayjpy .
understand why the South Atlantic is spreading faster than any of them
ducting plates. Either mechanism can account 0

[ormation of new plate boundaries, since the stress involved is comparable 10
that mvolved in carthquakes.

It is encouraging that there do not appes
the simple models considered above and t
the few obvious problems is in the Easter
distance between the two ridges and the
1000 km, and therefore the pressure differ
is much less than that for large plates
reason the sinking slab beneath Central
of resistive forces the Cocos plate does
length of the sinking slab increases. Any such acceleration would show
on the magnetic profiles across the Gala | :
that the buoyancy of the sinking slab is s
now being consumed is relatively young and warm

plies that the velocitic t »n are
ably greater than those within the lower elocities of plate mpﬁom re

ridges between non-sub

i to be any major conflicts b
he geophysical observations.
n Pacific, with the Cocos platé. |
Middle America trench is Gﬂﬁ»’
ence required to drive the returf
such as the Pacific. Probably [of
America is in tension. Despite the
not appear to be accelerating

n the lower layer thep their relative m

slow compared 1o the plate velocities, as Minster et al, (1974)
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72, servations that Mor
o an
g to greater deprus: plumes of hot rising mategrial
models l:i-ave_lv c:irlouls important shortcomings which pre
Wg used .fqr hettau ?1 t(l:a culations using the ObserVedlc l'prf:vent them from
e ssvmed that all the motions are two dimensionali “:;-'1 dgeggn?mels. \J:fle
a viously the

Fag B ,

: r@::e”_ ed motions are sFrongly three dimensional. We h
P obS* ' and to be stationary with respect to th.e IOWGE:'V;EEZH all sflabs to be
ary of the fluid

et

Ve cince the buoyancy force normal to a dippi

ﬁf' ?e, diffcmnf‘cel (?crr{oslsr the slab. non-vcliig;[l)zll];%sﬂ;?ﬂ?;uj tl:ljre balan_c?d by a

'w- the pressure ield. elative motu?n b’ctween the slab and the iiewz?nl;nbu:lton

mui-t a‘lSP mak_e an 1mpc31“tant contribution to the pressure field. Perh Ounl‘drly
|culations will be possible, though they will not be slraightfc;r dEll %S F-eﬂ o
solution problems. Hager and O’Connell (1977) have recentlwir'l f;.(-all;e .

ﬂ;‘reﬁ_dimenswnal flow in the earth’s interior which is con‘;iqteynt ‘t»c :lhd:::* ﬁ;:e

: arved surface velocities. but they take no account of the c;n;tributi; thb Oh-
- king slabs make to the flow through their rigidity and their ‘ov.lggs,ranac;lyl Iet

seems likely that both effects are important.

Conclusions

important result we have obtained is that several uncontroversial

| observations c;omhmm_i with an idealized model of plate dynamics,

[ _ t constraints on the form of mantle convection. In par-ticular a
constant VviscoOsIty mantle is ruled out by the magnitude of the long wavelength
gravity and residual depth anomalies and the stress state within the sinking
dJabs. However. a model with two layers of widely different viscosity can satisfy

these and other observations. but only if the viscosity of the upper layer is -a
factor of about 500 less than that of the lower. Furthermore, the thickness of the
upper layer cannot be greater than about 100 km. and may be thinner. Despite
the decoupling which such a low viscosity region produces, mantle convection
ean maintain plate motions and form new plate boundaries. Provided the upper
layer is thin,

such a two-layer model does not appeat to be in conflict with other
observations such as post- has been in fact already proposed to
account for isostasy (Fisher, 188

glacial uplift, and
son, 1962). The low viscosity may be produ

1) and the atlenuation of seismic waves (Ander-
ced by a very small fraction of partial
Eﬁlt believed to be present in the low yelocity

layer beneath the plates (Green,
Our investigation has demonstrate

The most

geophysica
jmpose importan

d the importance of the pressure per-
ribution controls the stress state
ation and the gravity anomaly
trenches to ridges. More information can
d from focal mechanisms of carthquakes

m or less (McKenzie, 1976). :
f two scales of flow within the

ed from most of the mantle

ociated with the return flow from
obtained about this pressure ficl
labs which extend to depths of 400k
I-H.M del is consistent with the existence ©

‘Because the plate motions are decoupl

P
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below, the small-scale flow is m
dependent motions than two-din
that part of the large-scale flow whmh
not possible to maintain the observed long
such flow. A large-scale circulation not directly associ
generated by plate motions must also exist. ’I‘heen
flow are not vet understood, and can only be investi
takes account of buoyancy forces within the fliud.

Our model is also consistent with the results of Forsyth
and of Chapple and Tullis (1977) who used the observed
estimate the importance of a variety of forces driving and res
motions. Both pairs of authors found similar results: The large driv
due to the sinking slabs are resisted locally and are not communi
plate which is being consumed. The form that this resistance takes dif
two models because the authors formulate the problem in slightly differe;
Forsyth and Uyeda find that most of the buoyancy force is balanced
on sides and ends of the slabs. Chapple and Tullis do not allow for suc
and find that the buoyancy force is balanced by forces between the
plates, and they then balance the reaction on the island arc by a loc

force. All the other forces in both models are considerably smaller, a re

which requires decoupling of the plate motions from those of the mantle ,
However, neither model was concerned with the physical processes W }%
produced the resistive forces. The agreement between our results and the | B
models is very encouraging, especially because our approach is so different. The average
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Appendix

The interior solution to the two-layer model s

hown in Figure
algebra is tedious. If ¢, and p, g 14 is easily obtained,

are used to reduce the equations to dimensionless form and
M=qz.';'h- r"_‘du'dg. 13 —[_.dz

then

dpy _ _ 6{20(1+Mr)+(1+2r+Mr2)

5 — e s R
dx l+4Mr+6Mr3+4Mr3+Mzr4
When M — 20 (A.1) becomes

dp, 620 +7)
dx' M3 -

Hence

dpy _ =N 6(21+d,)
dx ; d?



ux or by comparing (A.2) with

P s o 13). Hence this is no

ows the motion of th ( 3). Hence this is not limi el

i e_Plate to decouple from that of th lﬂ.ie t correspond-

e M . while Mr— o and M2 0 o e lower layer. To obtain
: +1) giving ;

(A.3)

P ———— +2r+1
. ‘;‘E\_J--zdx,(Mr r+ )¢ (M7 -

@gﬁ%ﬂ@n f of the return flow taking place in the upper layer is
1 dp|
24Mr4-—M 2
){ rt ey r(3+4r+Mr}} (A5)
The average dimensionless viscous dissipation @, in the upper layer is
L dp’ 3} dpj
=M B3 — B_..__1 3 e
i M{E ( dx') "ax (A.6)

1 ﬁw lower layer

T A

B={ #%(I—Mr’)}/(l-i-Mr) (AS)

sionless velocity u, at the interface 1s

= ; ;;i’f Mr(l+ r.)} / (1+Mr) (A9)
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