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Upwellingflows in the Earth’smantleareaccompaniedby mass,momentumandenergytransportsfrom deep
to upperlayers.Thoseflowsbeneaththemid-oceanridgesgiverise to sea-floorspreading.Mantleplumes,on the
otherhand,causehotspotsto beformedon the Earth’ssurface.Usingthe basicequationsof fluid dynamics,
temperatureandvelocity distributionsin two-dimensionalupwelling andcylindrical plumescanbeobtainedby
an integral-relationmethod.Thenthemass,momentumandenergytransportedto thelithosphereby theseup-
welling flows can readily becalculated.Basedon thoseresultswe canmorethoroughlydiscussproblemsof plate
dynamics,suchasthedriving mechanismof platemotion,the causesof formationof rift valleysover mid-ocean
ridges,andthe effectof mantleplumeson sea-floorspreading.

1. Introduction There is an upwellmgchannel(crack) within thelitho-

spherebeneathmid-oceanridges,throughwhich

Sea-floorspreadingandplatetectonicsserveto mantlematerialsascendandaccreteon theplatemar-
explain tectonicandseismicactivity within theupper gins. Thesecracksseparatethe lithosphereinto dif-
layerof the Earth.However,somequestionsabout ferentplates.Thesecracksform throughthelong-term
platedynamicsstill remainunsolved, meltingactionof the largeheatflux carriedby the

Thecausesof platemotion lie in the interior of rising slab of the convectioncell.The presenceof
theEarth.Dynamicalprocessesin theupperlayerof thesecracks,in turn,stabilizesthe rising slab of the
theEarthare dueto heat-andmass-transferfrom the convectioncell beneathmid-oceanridges.Thus,the
interior. Themostefficient mannerof heat-and systemof upwelling flow consistsof rising flow in
mass-transferin themantleis, of course,thermal mantleconvectioncellsandflow in channelswithin
convection.Althoughthecell structureof mantle the lithospherebeneathmid-oceanridges.Usingfluid
convectionis complexandits shapealmostunimagin- dynamicalequations,Li Yinting andGuanDexiang
able,thereis no doubtthat a rising slabexistsin each (1979)obtainedtemperatureandvelocity distribu-
convectioncell.This is theupwelling flow of mantle tions in the two-dimensionalupwelling flow by the
materials.The transferof mass,momentumandenergy integral-relationmethod.Basedon theseresults,the
from deepto upperlayersis carriedoutby this mass,momentumandenergytransportedby the
upwelling flow. It is suggestedthat the originsof upwelling flow to thelithosphericplatewere then
platemotionandtherift valleysovermid-oceanridges calculated.The velocity of theplatemotion,the
are due to two-dimensionalupwelling flows, andthe force exertedon the plateby theupwelling flow, and
origin of surfacehot spotsis due to cylindrical theenergytransportedby this upwelling flow have
plumes. also beenestimated.

Themid-oceanridgesare accretingplatemargins. Thismodel of theupwelling flow hasalso been
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usedto obtainthe topographicprofile of therift val-
ley over theaxial partof themid-oceanridges(U
Yinting et al., 1979).Calculatedresultsfor the
depthsandwidthsof therift valleysagreequantita- — / Y

tivelywith actualobservations.Thus,it is believed ,//~Lithosphere

that this modelmayprovidea reasonablebasisfor the - _______________

studyof the dynamicsof rift valley formation.
It is essential,both for anunderstandingof the Asthenosphere

causesof hotspotson theEarth’ssurface,andfor
answeringthequestionof therelationof mantle
plumestosea-floorspreading,thata thoroughstudy
is madeof ascendingflow in cylindrical mantle
plumes.Temperatureandvelocity distributionsin _...—“

mantleplumesandtheenergytransportedby plumes ~//‘ //~~/ / /////////////////////

havebeenobtainedby theintegral-relationmethod Fig. 1. Sketchof theupwelling flows.

usingthefluid dynamicequation(GuanDexianget al.,
1979).Theresultsof thecalculationsshowedthat the U Yinting andGuanDexiang(1979).Thecoordinate
heatflux to thelithospherefrom plumesis much systemis shownin Fig. 1.
larger thanthat from two-dimensionalupwelling SincebothPrandtlnumberandRayleighnumber
flows. Thus,mantleplumesareableto causethe arevery largefor mantle flow, thecentralportion of
formationof hotspots,not only alongthemargins theconvectioncell wifi remainasa basicallystationary
of platesbutalsoin their centers. nucleusin which the temperaturechangeis small

(TurcotteandOxburgh,1967).On bothsidesof a
cell aretheuprisinganddowngoingflows, where

2. Two-dimensionalupwellingflows andthe driving temperatureandvelocity changerapidly over short
mechanismsfor sea-floorspreading distances.Fora convectioncell ata depthof 700 km,

the horizontaldistanceoverwhich the dominant
2.1. Thefluiddpnamicequationsfor two-dimensional changesof temperatureandvelocity occurrangesfrom

upwellingflows a few to tensof kilometers.The distanceoverwhich
the dominantchangesin therisingvelocity occur(i.e.

Thegeneralfluid dynamicequationsgovernthe from maximumat theaxis of symmetryto zero at
flow of themantlefluids. Accordingto the features theboundary)is definedastheflow thicknessof the
of mantle flows, McKenzieet al. (1974)proposed upwelling flow, denotedby ~. The distanceover
the followingset of equations which thechangein temperatureof theuprisingflow

occurs(i.e. from thehighesttemperatureat theaxisa I au\ a i aU\ ap au a.~a~ ap
—lj.~—I + —Ip — I + — — + — — — — of symmetryto theambienttemperatureat theax ~ ax! öy\ ay! ax ax ay ax ax samedepth)is defmedas thethermalthicknessof the

÷ cx(T— = 0 (1) upwelling flow, denotedby ~T’ Parametersaty = 0pg a; are representedby the subscriptw; parametersat

a ~ av\ a / av \ a,1 au ap av ap both sidesof thechannelor theoutermarginsof the
~ ÷~- y.t ~) + ~— ~— + — = 0 (2) uprisingflow in the asthenospherearerepresentedby

the subscripta; l~is the thicknessof the lithosphere
aT ar — (a2r a2T\ and 12 is thestartingdepthof the convection.Typical

u + v~ —k~~+ ay2 / ‘ ~‘ valuesofu,v,p andparerepresentedby U, V,P,M.

Typical valuesof temperaturedifferencein the
÷ = 0 (4) x- andy-directionsare representedby ~T and L~.J,T,

ax ay respectively.The characteristicdistancein thex-clirec-
wherethesymbolsusedare thesameas thoseusedby tion is representedby 1(1 = l~,for the lithosphere,1 =
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12 — 1~for the asthenosphere).From6~<<12, it T— Ta = + blnT + b2o4 + b3~
3

1.+ b44
follows that O(~?T)= ______

w — Ta

a / au) a / au’ (15)
—(ii—— ~ (5) ~lu=Y/

6u,flTY/6T,�=~T/6u (16)
ax~ax

a ( au \ a I av \ where~ T ~ 6u. Theboundaryconditionsof eqs. 11—
— ~—)<<~--~ii~--) (6) 13 become
ax ax,

p=0 ati~u1
If %~,T/1~T>>(6T/02,then I
a2r a2T 1,-0,--~0 at~~0(7) a~u ~ (17)

00 at7?T=l I
Fromeq.4, we have ae a3o I

O=l,—=O,—i-=O at77~=O
(8) al?T a~

1
UI

Fromtheseconditionswe obtain
soeq.2 yields

P(flu) 1 +a2~—(1+a2)rj~ (18)
() 0(~)=1 +b24—(1 +b2)4 (19)

From eq. 1 andusingeqs.8 and9, it follows that ParmentierandTurcotte(1978)haverecently

P/I /~ 2 investigatedfinite amplitudeconvectionin anon-

MV/6~1 ~—) <<1 (10) Newtonianfluid andadopteda power-lawconsti-
tutive relationwith powern. Theyfoundthatthe

Thus,in the set of equations(1)—(4), we can structureof a convectioncell is very closeto thatof
neglectthe terms fluidswith a constantviscosity,whenn ~ 3. There-

a ‘ au\ a / au’ a
2r ap ap au ap au fore, like otherpapersrelating to mantleconvection

~— (,p i—) ~— (p —) , —j , , — — , — —,etc. (Richter,1973;McKenzieet al., 1974),we study
ax ax ax ax ax ay ax only the constantviscositycasein detail,considering

Equation2 doesnot couplewith therestof the set, this asa first step to thestudyof platedynamics.For
Thuswe obtain thefollowing set of equations thecasep = P(~(VetterandMeissner,1977),the

a / au \ integral-relationmethodstifi remainsvalid, but
(~p~—) ÷pga(T— Ta) = 0 (11) ~ becomescomplicated.

Forp = constant,ananalyticalsolutioncanbe
au av obtained.Substitutingeqs.18 and 19 into eq.11,

(12)
ax ay comparingthecoefficientsandusingthecontinuity

aT ~T a2~ conditionof au/ayat the pointy = 6 T,lt follows
u — +v —

ax ay ~j~T (13) that

~_2(l÷J-_)e2_~b
2=0 (20)2.2. Thesolutionofthedifferentialequationsofthe a2

upwellingflow -~--+ 2e
2(~ + ~i-) = ~ + ~gb

2)e(1 — e) (21)

By analogywith theKármán—Pohlhausensingle a2
parameterapproximatemethod,we cansolve the 6 ( 1 ‘ 1
set of equations(11)—(13)in thefollowing manner, a2, ~2(

2 + b
2)= 0 (22)

Let
from whichwe obtain

a0 +a11~~+a2~+a3fl~+a4~~ (14)
a2—6/5,b2=—1,e=1 (23)
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SO
6u6T=6,?lu=?lTfl,and TABLEII

6 = [ 4.8 kp 11/4 Parametersof platedynamics
[pg~(—dTw/dx)j (24) ~(poise) Vp (cm y’) F~(dyn cm~) Wtotai (cal ~_1)

r pgak 11/2
____________ 1018 1.91 0.152x1013 l4.61x 1011u~I dT~Idx)i (T~ Ta) (25) 1019 1.08 0.480x 1013 8.22x 1011

Ll.2p(—
1020 0.61 1.52 X l0~~ 4.62X 1011

Substitutingeqs.12, 18, 19 and23—25into eq. 13, _____________________________________________
andintegratingfor y overthe region [0, 6], we obtain

wherei~= x/l
1 , = Z1/j3111,Z2 = Z2/(32l1,~ =

z’ + i~2‘32 — Z’3’ = 0
f ZZ — ~ — ~ j3 204 (26) dZ/di~.The parametersin theregion —1~<x <0 areI Z = 0 atx = 0 orx = 12 representedby thesubscript1, andthe parameters

in the region —12<x < — l~are representedby the
wheresingleanddoubleprimesrepresentfirst- and subscript2.
second-orderdifferentiationwith respecttox. Z =

Tw — Ta,’3 = _dT9JdxwhenTa is a linearfunction of 2.3. Results of calculations and discussion
x, which is agood approximationin the Earth’s
mantle.Equation26 has the following analyticalsolu- Theparametersfor the Earth’smantleadoptedin
tion

this paperarelistedin Table I.
969/988 After T~(x), u~(x) and6(x) are calculated,we

= ~ + — canobtaintheparametersof theplate dynamics
accordingto thefollowing formulae (Li Yinting and204 1’~ j [(!~J+ Z,)

8651~988(1— ~,)_19/988] dZ~ GuanDexiang,1979)

—189/19
(27)

and V~0.64u~
1o1/l1 (29)

[~2 +(12/l1)1 (1s9+~)9639/988(1 ~)969/988 F~= (j~pgokp’31)
112l~f Z

1(1 — ~)_3/2 d~z2= -~
—189/19

204 “ r

~ J L(T~+ ~i)
865~988(1 — ~~191988~1 (30)(28) W~

0~= 1.036pC~U~16i(T~1— Tai)L (31)

TABLE I The results of these calculationsare listedin TableII.

Physical parametersfor Earth’s mantle From Table II, we can see an agreement between
calculatedandobservedplatevelocities.If Wtotal =

Parameters Valuesusedhere 8.22 X 1011 cal ~ for p = 1019 poise is chosenasthe

Density, p 3.3 g cm
3 typical valuefor theenergytransportedby upwelling

Thermometricconductivity,k 2 x 102 cm2 ~ material, it is muchgreater than thelower limit of the
Gravitationalacceleration,g iO~cm 52 energywhichmust besuppliedby anydriving mecha-
Coefficientof expansion,o~ 3.5 X 1050C~ nism (4.6 X 1010cal s~),aspointed out by McKenzie
Thicknessof thelithosphere,11 100 (or70)km et al. (1974). Sincethereareno observationaldatafor
Startingdepth,12 700 km the driving force,no comparisoncanbemade.Since
Total lengthof theactive

mid-oceanridges,L 60000km the,platemoveswith constantvelocity, thetotal resis-
Specificheatat constant tancemustbalancethetotal driving force. The resis-

pressure,C~ 0.27 calg~°C’ tanceis primarily viscous.Thereis no agreementon
Viscosity 1018, 1019,1020 poise thecalculationsof resistancebecausethereis no agree-

1.5 (or 1.0)°Ckm~
P2 8.0°Ckm~ (oreq.36) menton themodelsof mantleflows. Richter (1973)__________________________________________________haspropoundedamodelfor calculatingresistance.
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Making use of Richter’s resultsandadoptingthe data On theotherhand,G mustbe equalto thedif-
of the presentpaper,theresistanceis foundto be 1 X ferencebetweenthe weight of a rock columnof
1013 dyn cm~.Thisis of the sameorderof magni- heighth andthatof a watercolunmof the same
tude asthe 0.5 X 1013 dyn cm~driving forcegiven height,becausethis spacewas occupiedby seawater
in Table II. Thereforethe following conclusioncan beforetherockwas raised.Then
bedrawn:themass,momentumandenergytrans- G=(p—1)h (34)
portedto a lithosphericplate by deep-mantlematerial
enteringtheupwelling channel(crack)below a mid- and theelevationis givenby
oceanridgeconstitutetheprincipal driving factorsof d6 —1

sea-floor spreading. ~h = —f---- acs6(x)(~) [T~(x) Ta(x)]
p—i3 (35)

1y=6(x)
3. Upwelling flow and the rift valleys over the axial

This is thetopographicprofile of therift valley.
parts of mid-oceanridges

In order to calculate the functions 6(x)andT~(x)

In our opinion thetopographyof rift valleys of in eq.35,we must solveeq.26 by a numerical
method.UsingSimon’sequationandexperimentaltheaxial partsof mid-oceanridgesis the surface

expressionof upwelling flow beneaththe ridges, data(Griggs, 1972;Miyashiro,1972;Bottinga and
Allègre, 1976),the following relationcanbeobtained

Accordingto themodel proposedin theprevious
section,the flow in the upwelling channelin the ~() ~ r,~-~4

~RjT) -11
lithosphereexertsviscousshearon its wall. Thisshear ~ } ~

is directedupwardandis known asa rising force.This (36)
forcemustbe balancedby anexcessiveweightat the I < [0, l~]
samelocation,whichis producedby a rockcolumn From eqs.26 and 36,Z(x) = T~(x)— Ta(x)canbe
of height h. Lety~bethehorizontaldistanceto the obtained.Usingthe relation
wall of an upwelling channelfrom theaxisof a rift 1/4

valley. The risingheighth(y~),asa function ofy~, 6(x) = ~ (‘3— Z’)’~ (37)
expressesthe topographicprofile of the rift valley. p~
Thenwe candefineH = Max {h(y~)}asthe depthof and thevaluesof the parametersin Table I, the topo-
therift valley. The maximumwidth of anupwelling graphicprofile canbe obtained.The calculatedresults
channelwithin the lithospherecanbe definedasthe and themeasureddatafor the topographicprofile are
width of therift valley,denotedby df. The extentof shownin Fig. 2 by broken andsolid curves,respec-
theregionwheretherising forcebecomeszerois tively.
definedas thewidth of the innerfloor of the rift
valley,denotedby d

1. ____________________________

Substitutingeqs.15 and23 into eq. 11,andinte- 2

gratingfory over theregion [0,6] ,we have km

r84pga6(x)(Tw_Ta) (32)

in thex-direction.Letting G representtheexcess / )where r8 represents the rising force per unit length 1 - I

weight per unit length, the relation I,

/d6 ~ ~, ~ /1
GM = r~~x, G = r1 (ci) (33) /1

15 10 5 0 5 10 15 0canbe obtainedbecauseanincrementL~xin the km

x-directioncorrespondsto an incrementM in the Fig. 2. Topographyof rift valley (a comparisonbetweencal-

y-directionwithin thewall of the upwelling channel. culatedandobservedresults)(Le Pichonetci., 1973).
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TABLE HI equations,obtainedthe extentof themantleplume,

Width of therift valley the temperatureandvelocity of its ascendingflow,
andtheheattransportedby theplumeto thelitho-

Calculated velocity of Width of rift valley (km) sphere.
sea-floorspreading We considerthis ascendingflow in a cylindrical
(cm y

1) Calculated Observed
_____________________________________________frame.Thex~axisis verticallyupwardand ther- and
2.20 9.2 10 0-axesare within thehorizontalplane.Thenthe
1.24 16.3 ascendingflow in the plumecanbe describedasan
0.69 29.1 30 axisymmetriccylindrical flow governedby thefollow-

ing equations

Theresultsof the calculationsfor thewidth of the i a / au
rift valley areshownin Table III. Theseresultsshow — — ~pr—) ÷pga(T— T) = 0 (38)
that the slower thevelocity of thesea-floorspreading, r ar ar
the wider therift valley becomes.This is in agreement aT ~T 1 a / ~T)

u—+v—=k-—(r— (39)
with the observations, ax ar r ar \ ar

Themeasurementof the innerfloor width of the ia au
rift valley was madeby the “Famous”at theAzores — — (,.~)+ —0 (40)
in theAtlantic Ocean(Ballaiche,1974)wherethe r ar ax —

velocity of sea-floorspreadingwas foundto be2.3 wherethesymbolsarethe sameasthosein Guan
cm y’ andthe innerfloor width of the rift valley is Dexianget al. (1979),andp wasassumedconstant.
3—5 km. The innerfloor width computedin this paper Usingthe integral-relationmethod,we cansolve
is 3.1 km. The observeddepthsof therift valley are theset of equations(38)—(40).Let
known to be 1—2 km, andtheresultcalculatedhere

U
isi26kmforl

1 70kmandi.99kmforl1 =100 p= — =a0 ~ai77u+a2~+a3r~+a4rj~ (41)

We mustemphasizethat thereare avariety of fac- T— T0= =bo+blflT+b24+b3m~+b44
tors influencingthetopographyof rift valleys,and r~—

only therising force exertedon thewall of a channel
by upwelling flow wasconsideredhere.Thereforethe (42)
topographicprofile computedheremight beonly a wherenu = r/6 u’

7?T = r/6T, C = 6T/6Theboundaryconditionsof eqs.38—40become
first approximationto therealprofile.

whenz~~1

4. A fluid-dynamicmodelof the plumeandits effect ap a3p =

ongeodynamicprocesses p 1, 0, ~ 0 when~~=0a~ ~ (43)

Recentlythe phenomenonof “hot spots” on the 0 = 0 whenflT = 1
Earthhasattractedthe attentionof anincreasing
numberof geophysicists(Burke andWilson,1976). 0 = 1 -~ ao
Some authors have suggested that these hot spots are ~~lT= 0 = 0 when71T = U
surface phenomena related to the presenceof mantle Fromtheseconditions,we obtain
plume beneath (Morgan, 1971). Although the idea of ~ = 1 + a

2~~—(1 + a2)t~j (44)
the mantleplume was proposed manyyearsago,a
reasonable dynamic explanation does not yet exist.

0Ø~T)= 1 + — (1 + b
2) 4 (45)

Attempts have been made to estimate this ascending
flow (Morgan, 1972; Khan, 1973), but a very impor- By substituting eqs. 44 and 45 into eq. 38, comparing

thecoefficientsandusingthecontinuity conditionof
tant process in natural convection, the effect of heat

au/ar at r =

6r’ we obtain
transferonthemotion,wasnot considered.Guan
Dexiang et al. (1979),usingthebasicfluid-dynamical a

2 = —4/3 , b2 = —1 ,e = 1 (46)
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Thus6u=6T6,m~u=r7T~??,and 0.60 —

6 = ~ 64kp 11/4 —L 3pga(_dT~/dx)] ( )

= [4~(3~/~)]l/2 ~ - T4 (48) ~ ::
Substitutingeqs.43—48into eq.39, andintegrating

for r over theregion [0, 6],we have 0.26

68ZZ”+87Z’2 —206pZ’+119’32=0
(49) oio———

Z0 whenxOorx—l

whereZ = T~— T,
043= —dT,.,/dx= constant.The fol- 0-0.2-04-0.6-08-1.0

lowing analyticalsolutionscanbe obtained

-~\1 7/8~~‘119’8D — 1—2023/696 Fig. 3. DimensionlesstemperaturedifferenceZ plottedversus= — Wj R I I — the dimensionaldepth.

(1 — ~)783/696 [(119/87)—~,J_2719/696 d~

— obtainedfromthe temperaturegradientat this point.

Thus,we substitutethesectionplaneat£~=
‘ wheree is very smallandpositive,for the lowersur-

= — f (~— ~)783/696 [(119/87) — -271 9/696 d~ faceof the lithosphere.Usingtheenergybalancerela-

1 = ~-1irpC~,kf3l
2 (52)

(1 — ~)783/696 [(119/87)— ~]2719/696 d~ i —

where 1 = 600 km,13 = 1°Ckm~,e = 0.01,Q = 3.7X
(51) 108 cals~.If the numberof hotspotsin the whole

— Earthis 122,weobtain Qtotai = 4.4 X io~°cals’.

whereZ = (31Z, x = 1x,~ = dZ/dx. Thisvalue is of thesameorderof magnitudeas the
Fromeqs.50 andSi, we obtain Z = T~(x) — energyreleasedby volcanicactivity overthewhole

Ta(X), as shownin Fig. 3. We canseethat max Earthper second, 1.8 X 1010 cal ~ Since this
{Tw(x) — T(x)} = 0.5349[31,whenlx I = 0.13561. Qtotal is much smaller than Wtotal, theenergytrans-
As x -~0,d[T~(x) — T~,(x)]Id lxi -÷oc, portedby the upwellingflows beneaththemid-

Since the temperature change near point x = 0 oceanridgespersecond, the action of plumes for sea-
is sharp,theheattransportedby theplumeto the floor spreadingis notas efficient as that of upwelling
lithosphereis large.Themantleplumeactslike a “hot flows beneathmid-oceanridges.
drill” thatsteadilydrills up to the lithosphere.On
drilling throughalithosphericplate,lavaoverflowsin
large quantitiesas volcaniceruptions. 5. Concludingremarks

After T~(x) — T~,~(x) hasbeenobtained,6(a)and
u~(x)canbeobtainedby usingeqs.47 and48. Somegeologistsandgeophysicistshavesuggested

Theheattransportedby a plumeto thelower thatsea-floorspreadingmayoriginatefrom the
surfaceof the lithosphereperunit time,Q, is the penetrationof upwellinglavainto cracksin thelitho-
mostinterestingparameter.Since thepointx = 0 sphere.Thisview remainsconjectural,mainlybecause
(i.e. the lowersurfaceof the lithosphere)is a singular the upwelling flow cannotbedescribedquantitatively.
pointof the solutionof theequationsgoverningthe Usingthemethodof hydrodynamicswe havegivena
ascendingflow in a mantleplume,Q cannotbe mathematicaldescriptionof theupwelling flow and
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