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On the condition that the distributionof velocity and temperatureat the mid-planeof a mantleplume hasbeen
obtained(pages213—218,this issue),theproblemof determiningthelateralStructureof theplume at a given depthis
reducedto solvinganeigenvalueproblemof a set of ordinarydifferential equationswith five unknownfunctions,with
aneigenvaluebeingrelatedto thethermal thicknessof theplume at thisdepth.The lateralprofilesof upwardvelocity,
temperatureandviscosity in theplume andthethicknessof theplume at variousdepthsarecalculatedfor two setsof
Newtonian rheological parameters.The calculationsshow that the precondition for the existenceof the plume,

&T/L ~ 1 (L = the height of the plume,
8T= lateraldistancefrom the mid-plane),can be satisfied,except for the

starting region of the plume or near the baseof the lithosphere.At the lateraldistance, ~., the upwardvelocity
decreasesto 0.1—50%of its maximumvalueat different depths.It is believedthat this model may providean approach
for a quantitativedescriptionof thedetailedstructureof a mantleplume.

I. Introduction developmentof continental margins is a conse-

quence of two-dimensional plumes intruding a

A mantle plume is understoodto be a hot, variableviscosity tectonosphere.The thermal and
narrow, upwelling flow in the Earth’s mantle, mechanical structureof mantle plumesmust be
accompaniedby an efficient transferof massand known for an understandingof the dynamical
energy from depth to the upper layers of the processesof theEarth.
Earth. Mantle plumesmay play an importantrole Essentially,no fluid—dynamicaldescriptionof a
in mantle dynamicsand plate tectonics(Morgan, mantleplume hasbeenattemptedso far. Only the
1971, 1972). It hasbeensuggestedthat the origin numericalexperimentsof Parmentieret al. (1975)
of sea-floorspreadingand platemotion is dueto haveyielded plume-like structuresin cylindrical,
special two-dimensionalplumes beneathmid-oc- base-heated,variable-viscosityNewtonian flows.
eanridges.Theorigin of the surfacehot spotsand Although an analyticsimilarity solution wasgiven
linear island chains may be due to cyclindrical for a two-dimensionalmantleplume by Yuen and
plumes. R. Meissner (1981) suggestedthat the Schubert(1976), aplume-like structureof upward
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velocity in a Newtonianplume couldnot be found, whereE* is the activationenergyof the thermally
becausethepreconditionsunderwhich the similar- activateddeformationprocess,V” is its activation
ity solution exists were not in existence(Li et a!., volume, R is the gas constant. P0 is the static
1983). pressureand B is a constant.In the presentpaper

Newtonian(or Nabarro—Herring)creepwith a the calculatedresults are given for two sets of
linear constitutiverelation seemsto be the domi- Newtonianrheologicalparameters,and their val-
nant processin regionsof very high temperatures ues are given as follows (Yuen and Schubert,
andvery low stresses(Vetter andMeissner,1979). 1976):
An upwelling flow of mantle plumes certainly NewtonianI
belongs to regions of high temperaturein the B = 2.4 x i0~cm sK g

1,
asthenosphere.We formulatean analytic theory
for the structureof a two-dimensionalplume in a V” = 11 cm3 mol_1, E” = 95 kcal mol 1;

mediumwith Newtonianrheology. Basedon this NewtonianII
theory, the parametersof mantle plumes,such as B 1.8 X iO~cm sK g~,
temperature,velocity, viscosity, plume-thickness,
and their distributions,are calculated. V” = 9 cm3 mol E * = 104 kcal mol

On the conditionthat the velocity U~andtemper-
ature T~at the mid-planeof a plume havebeen

2. Mathematicalanalysis found, let us introduce two-dimensionlessfunc-
tions

Thegeneralhydrodynamicalequationsare used U/UW = g(~)(T—T~)/(T~— T~)=p(~) (5)
to describethe motion of mantle material. For
flows in a Newtonian two-dimensional mantle where i~=y/ôr(x) is a new dimensionlessinde-
plume, the hydrodynamicalequationscan be sim- pendentvariable,and ô

1- is the thermal thickness
plified according to Yuen and Schubert (1976), of the plume at depthx. It is evidentthat
andLi andGuan(1979)as g(0) = l,p(O) = 1,p(1) = 0

(8U/3x) + (aV/ay)= 0 (1) Substitutingeq. 5 into eq. 2, weobtain

(a/ay)[,~(0u/ay)]+pga(T—T~)=0 (2) n[Tw(x)_T~(x)]~(x)J7i~)d (6)
g(~)+

U(aT/ax)+V(aT/ay)—k(0
2T/0y2) (3) j~qp(n)x]U~(x) o

wherethe x-axis is vertically upward, they-axis is wheren = pga.
Lethorizontally to the right, U and V are velocity

componentsin x- andy-directions,respectively.T ~ =fp(.ii)di~
is temperature,T~is the ambientmantle tempera- 0
ture, p is the density, s is the viscosity, g is the Then
gravitational acceleration,a is the coefficient of ~ = ( ) (7)
expansion,andk is the thermalconductivity.y = 0
is the mid-plane of the plume or the axis of From eq. 1 the following equationcan be ob-
symmetry(i.e., the boundaryof the upward flows tamed
of two neighbouringcells). The zero point of the dU
coordinateis the point wheretheaxis of symmetry V — ~~r(x) + do~(x)1 ~{ dx U~(x) d ~fX io
intersectsthe baseof the lithosphere.Let us con-
sideronly the flows in the regiony ~ 0, x ~ 0.

In eq. 2 the viscosity is expressedas follows + u~-~-~-g(n).~ (8)
(YuenandSchubert,1976) Let

~=(T/2B)exp[(E*+Po(x)V*)/(RT)J (4) f(~)=f~g(~)di~ (9)
0
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then we have

(10) U~8~ dT~ dT~ ci
p(1)—p(0)= ~ pgd~

From eq. 1 weobtain k(T~— T~) dx dx io

U~ô~- dT~,. dT,~ U.,~ dT~

k(T~—T~) ã~i~p(~)g(~) + k(T~—T~)-~---—fgd-q

U~ dT~ 1~dU,~2 ~
+ —g(~)

k(T~—T~)dx k~dx W dx

1/dU~ 2 d6T\ xf1p’fdsi (20)
— ~ UW6T~~)P (~)f(ii) 0

(11~l Taking noteof J
0

1p’fds
1= —f~pgd~,from eq. 20,

/ we canobtain
Let

d6~ 2 dT dT~ 2 dU~
p’(i~)=R(’q) (12) — T~_TjdXdX)~U~(dX)

(13) 2 dT

Theneqs.10,6, 7, 12 and 11 can be rewritten as — T~—T~,~ 6~-+C2 (21)
follows

df/d~=g (14) where

dg/d~=-{[n(L~-T~T]/(~UW)}Q (15) Ci=f(1)/jpgd~ (22)

dQ/dti = (16) c2 = R(1)/J
1pgds! (23)

dp/d~=R (17) 0

dR U ~ dT dT ‘~ ThecoefficientC
1 and C2 canfirst be estimated

= T ~ — —~-~) gp from the solutionof a constantviscosityplume (Li~ w — ocl X andGuan, 1979).Substitutingeq.21 into eq.18, a

UW8~ dT~ solution of eqs.14—19 canbe found usinga New-
+ k(T — T ) -~-~--g tonian iterationmethod and an “optimum search

method” for the eigenvalue. From the solution

— I (o~.+ UW~T~-~--~)fR (18) obtained,new coefficientsC1 and C2 can be esti-
k dx matedagain.Thisprocessis repeateduntil a stable

The boundaryconditionsare value for the coefficientsC1 and C2 is obtained.
On the condition that ~~(x0) has been found,

f(0) = 0, g(0)= 1 [~~(x0 + ~x) — ~~(xo)]/z~x can be used to take

Q(0)= 0, p(O)= 1 ~19~ the placeof do~/dxin eq. 18. Then the solution

R(0) = 0 p(1)= 0 / of eqs.14—19 at any depthcan be obtainedusing
the above-mentionedmethod.

This set of eqs. (14—19) provides an eigenvalue
problem for a set of ordinary differential equa-
tions with five unknown functions,with an eigen- 3. Numericalresults for the structureof the plume
valuebeing relativeto the thermalthicknessof the
plume,

8~(x),and its derivativeaboutx. Because Numerical solutions of eqs. 14—19 havebeen
thereis a term d8~/dxin eq. 18, we must first obtainedfor the NewtonianI and II plumes.The
find 8T(xo) as an initial valueof 8~(x),in order values for the physical parametersof the Earth’s
to solve eqs.14—19. mantlewere adoptedas follows: p = 3.3 g cm3,

Integratingeq. 18 for ~ over the region (0, 1), g = io~cm ~2, a = 3.5 X iO~ K~, k = 1.0 X
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Fig. 1. Lateral profiles of thedimensionlesstemperaturein a id 02 04 08 10
Newtonian I plume for different valuesof x/L.

Fig. 3. Lateral profilesof the viscosity in a NewtonianI plume

for different valuesof x/L.

102 cm2 s~,andn = 0.1155 g cm2 s~2K—i.
Figures1 and 2 show the thermal structureof

plumesfor NewtonianI andII rheologicalparam- the greaterthe depth, the lower is the dimension-
eters,respectively.At any depth the temperature less temperature.
decreasesmonotonicallyfrom its maximum at the The lateralviscosity profileswith parametersof
centreof the plume to the ambientmantletemper- x/L for theNewtonianI andII plumesare shown
ature.We canseethat for the samevalueof y/ô~, in Figs. 3 and4, respectively.Forall lateral viscos-

ity profiles the minimum is at the mid-planeand
the maximumis at theboundaryof the plume.For
profiles at greater depth, the maximum of the

040 ___________ L viscosity is only slightly larger than the minimum.
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Fig. 2. Lateral profiles of the dimensionlesstemperaturein a Fig. 4. Lateral viscosityprofiles in a Newtonian II plume for
NewtonianII plume for differentvaluesof x/L. differentvaluesof x/L.
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Fig. 7. Lateral profiles of the dimensionless upward velocity in

a Newtonian I plume for different values of x/L in the region
Fig. 5. Lateralviscosity profiles in Newtonian I and Newtonian —0.9 to —0.4.
II plumesat x/L = —0.5.

creeplaw is at leastoneorder of magnitudelarger
However,for profilesat a shallow depth,themaxi- than that for NewtonianI.
mum is 2—3 ordersof magnitudelarger than the Figures 6—9 show the upward velocity of a
minimum. Figure 5 shows a comparisonbetween plume asa function of the dimensionlessdistance
the viscosityprofilesof NewtonianI andII plumes. from its centre.Theupwardvelocity also decreases
For the samepoint of theplume, at x/L = —0.5, monotonicallyfrom its maximumat the mid-plane
the viscosity of the materialwith a NewtonianII
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Fig. 6. Lateralprofiles of thedimensionlessupwardvelocity in Fig. 8. Lateralprofiles of thedimensionlessupwardvelocity in
a NewtonianI plume for differentvaluesof x/L in theregion a NewtonianII plume for differentvaluesof x/L in theregion
—0.4 to —0.2. —0.5 to —0.24.
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Fig. 9. Lateralprofiles of the dimensionlessupwardvelocity in Fig. 10. Lateral profiles of the dimensionlessupward velocity

a NewtonianII plume for different valuesof x/L in the region and temperaturein a NewtonianI plumeat x/L = —0.4.

—0.76 to —0.5.

to its boundaryvalueUb(x), whereUb(x) = U[x, Figure 12 showsthe thicknessof the plume. At
&~(x)1is an important parameterof a plume. the samedepth, the thicknessof a NewtonianII
According to the definition suggestedby Yuen plumeis largerthan thatof NewtonianI. Forboth
and Schubert(1976), when Ub/UW ~ 0.5 then ~- NewtonianI andII plumesit canbe seenthat the
can be consideredas the thicknessof the plume; larger the depth, the larger is the thicknessof the
when Ub/UW > 0.5 then there are no plume-like plume.
structuresof the upwardvelocity. For example,in
Fig. 6 for x/L = —0.2, Ub/UW = 705 > 0.5, then
at this depthfor NewtonianI rheologicalparame-
ters thereare no plume-like structuresof the up-
wardvelocity. The resultsobtainedin the present
work show that for Newtonian I rheological
parametersin the regionof a dimensionlessdepth
from about —0.22 to —0.90, andfor NewtonianII 08

in the region from about —0.24 to —0.76, the . T~-T~

condition Ub/UW~O.5 can be satisfied. In the
regionsoutsidethosementionedabove, thereare
no plume-like structuresof the upward velocity 8

becausethe changein flow-direction takesplace 04

nearthere.ComparingFigs. 7 and8 it is seenthat
U/UW goes through a minimum at x/L= —0.4
for Newtonian I viscosities. For a Newtonian II 0.2

rheologythe minimumis at — x/L = —0.5.
Figures 10 and 11 show a comparisonbetween

the lateral profiles of temperatureand upward 0 02 04 06 08 10

velocityfor theNewtonianI plumeat x/L = —0.4, Y/ST

and for the NewtonianII plume at x/L = 0.5, Fig. 11. Lateral profiles of the dimensionlessupward velocity

respectively, and temperaturein a NewtonianII plume at x/L = —0.5.
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velocity, viscosity and thicknessof the plume at
0.2

various depths can be obtained for Newtonian
04

Hence, it is believedthat the presentmodel pro-
videsan approachfor a quantitativedescriptionof

temperature-and pressure-dependentrheologics.
the detailedstructureof a mantleplume.
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