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The effects of compositional discontinuities of density and viscosity in the Earth's mantle on 
the ascent of mantle plume heads is studied using a boundary integral numerical technique. Three 
specific problems are considered: (1) a plume head rising away from a deformable interface, (2) 
a plume head passing through an.interface, and (3) a plume head approaching the surface of the 
Earth. For the case of a plume attached to a free-surface, the calculated time-dependent plume 
shapes are compared with experimental results. Two principal modes of plume head deformation 
are observed: plume head elongation or the formation of a cavity inside the plume head. The 
inferred structure of mantle plumes, namely, a large plume head with a long tail, is characteristic 
of plumes attached to their source region, and also of buoyant material moving away from an 
interface and of buoyant material moving through an interface from a high- to low-viscosity 
region. As a rising plume head approaches the upper mantle, most of the lower mantle will 
quickly drain from the gap between the plume head and the upper mantle if the plume head 
enters the upper mantle. If the plume head moves from a high- to low-viscosity region, the 
plume head becomes significantly elongated and, for the viscosity contrasts thought to exist in the 
Earth, could extend from the 670 km discontinuity to the surface. Plume heads that are extended 
owing to a viscosity decrease in the upper mantle have a cylindrical geometry. The dynamic 
surface topography induced by plume heads is bell-shaped when the top of the plume head is at 
depths greater than about 0.1 plume head radii. As the plume head approaches the surface and 
spreads, the dynamic topography becomes plateau-shaped. The largest stresses are produced in 
the early stages of plume spreading when the plume head is still nearly spherical, and the surface 
expression of these stresses is likely to be dominated by radial extension. As the plume spreads, 
compressional stresses on the surface are produced beyond the edges of the plume; consequently, 
extensional features will be produced above the plume head and may be surrounded by a ring of 
compressional features. 

INTRODUCTION 

The behavior of mantle plumes has received consider- 
able attention since their existence was first proposed [Mor- 
gan, 1971]. Research has been focused on the possible re- 
lation between mantle plume heads and continental flood 
basalts [e.g., Richards et al., 1989], mass extinctions [e.g., 
Renne and Basu, 1991], continental rifting and extension 
[e.g., Hooper, 1990], and geomagnetic field reversals [Lar- 
son and Olson, 1991]. Mantle plumes are generally thought 
to be high-temperature, low-viscosity, buoyancy-driven in- 
stabilities arising from the D" layer just above the core- 
mantle boundary [e.g., Loper and Stacey, 1983; Olson et 
al., 1987; Whitehead and Luther, 1975], although they may 
also have relatively shallow source regions such as the upper 
mantle-lower mantle seismic discontinuity [e.g., McKenzie 
and O'Nions, 1983]. 

The "standard model" for plume structure consists of a 
nearly spherical plume head connected to the plume source 
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region by a thin cylindrical conduit or tail through which 
material flows to the plume head [e.g., Olson and Singer, 
1985; Griyfiths and Campbell, 1990; Whitehead and Luther, 
1975]. This model is based on observations of the large vol- 
ume of material extruded in continental flood basalts (from 
the plume head) and the comparatively small amounts of 
material and heat flux generated by hotspots (from the 
plume tail) [e.g., Richards et al., 1989]. In this paper we 
study the dynamics of buoyant volumes of fluid in order to 
understand the possible behavior of mantle plume heads. 
This paper considers the limit of constant volume plumes 
which may be a reasonable approximation to thermals pro- 
duced in a high Rayleigh number time-dependent convect- 
ing system [Stewart, 1993]. There are a number of possible 
circumstances in which detached plumes or diapirs may be 
produced. For example, such dynamical cases include ther- 
mals in the hard turbulence regime which might be charac- 
teristic of Venus or the Archean Earth [e.g., Hansen et al., 
1990], diapiric structures in the upper mantle due to phase 
changes [Liu et al., 1991] or changes in theological laws [van 
Keken et al., 1992], and disconnected plumes produced by 
a shear flow [e.g., Stilbeck and Whitehead, 1978]. In each 
of these cases we believe that the constant volume plume 
approximation may be appropriate. 
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Numerical studies of mantle plumes have generally been 
considered in the context of global thermal mantle convec- 
tion models (see Gable and O'ConneII [1991] and Schubert 
[1992] for a review of numerical work). In this study, we 
are interested in the effects of compositional discontinuities, 
represented by changes of viscosity and/or density, which 
are likely to be present in the Earth. These effects have 
previously been studied numerically by means of a two- 
dimensional axisymmetric constant viscosity thermal con- 
vection model [Kellogg, 1991]. The method we apply here 
allows us to extend these previous results to the limit of zero 
chemical diffusion and to consider the effects of both radial 

and lateral viscosity variations. 
Numerous low Reynolds number experimental studies of 

both thermal plumes [e.g., Grij•fiths and Campbell, 1990] and 
compositional plumes [e.g., Olson and Singer, 1985; White- 
head and Luther, 1975] arising from a constant flux source or 
a Rayleigh-Taylor instability have also been performed and 
have focused on the behavior of plumes far from bound- 
aries. In the later stages of plume ascent, plumes approach 
the surface of the Earth. The effects of the impenetrable 
upper surface of the Earth on the ascent of plume heads, as 
well as the surface expression of rising plume heads, have 
been studied both experimentally [e.g., Grij•fiths and Camp- 
bell, 1991; Grij•fiths et aI., 1989; Olson and Nam, 1986] and 
numerically [Koch, 1993]. 

The purpose of this study is to examine the effect of possi- 
ble compositional and viscosity discontinuities on the defor- 
mation and ascent of plume heads. The numerical problem 
considered in this paper is formulated as a viscous blob rep- 
resenting the plume head moving normal to a deformable 
fluid-fluid interface. The use of a simple model, such as the 
one investigated here, allows us to understand some of the 
essential physical features and dynamical consequences of 
buoyant plume heads. 

PROBLEM FORMULATION 

We assume that the plume head has a constant volume 
and that the tail or conduit that trails the plume head is 
a passive feature. These approximations are reasonable for 
starting plumes since the buoyancy forces associated with 
the plume head will be much larger than the buoyancy forces 
associated with the trailing conduit. 

In order to model the interaction between a rising plume 
head and mantle interfaces, a three-fluid system is consid- 
ered, with fluid properties denoted by the subscripts l, 2, 
and 3, respectively (see Figure 1). The word "plume head" 
refers to a buoyant volume of fluid of arbitrary shape (fluid 
2). As an initial condition, the buoyant volume is assumed 
to be a sphere or hemisphere. The flow in all fluid domains 
is assumed to be governed by the Stokes equations, 

V ß T =/•V2u - Vp + pg = 0 

•7.u=0. 
(1) 

where u is the velocity, T is the modified stress tensor de- 
fined to include hydrostatic pressure variations, p is the hy- 
drodynamic pressure, /• is the fluid viscosity, p is the fluid 
density, and g is the gravitational acceleration. The modi- 
fied stress tensor T is defined to be divergence free (V. T - 
0) and is defined by T = -pI +/•(Vu + Vu T) + p(g-x)I. 
With this definition of the stress tensor, the body force will 

p3 

pl 

Fluid 3 

Fluid I 

Fig. 1. Geometry of the model used to study the deformation 
of mantle plume heads. An axisymmetric geometry is assumed. 
The horizontal interface is infinite in radial extent. The vector n 

is a unit inward normal from fluid 1, the lower mantle. 

appear in the boundary conditions involving stress (equa- 
tions (A7) and (AS) in the appendix). For a given initial 
geometry, the numerical problem may be characterized by 
three dimensionless parameters, the two viscosity ratios 

(2) 

and a buoyancy parameter defined as 

/•_ p2-px (3) 
P3 -- Pl 

The principal difficulty with free-boundary problems such 
as the problem studied in this paper (the plume head and 
fluid interfaces are deformable) is that the positions of the 
interfaces are not known a priori and must be determined 
as part of the solution to the problem. In the appendix 
we derive and describe a numerical procedure, called the 
boundary integral method, for solving free-boundary Stokes 
flow problems [Tanzosh et aI. 1992]. The method involves 
recasting the Stokes equations (1) as integral equations using 
a Green's theorem. The velocities along all fluid interfaces 
may then be determined by solving a pair of coupled integral 
equations of the second kind. 

For the application of the Stokes equations (1) to rising 
plume heads, we have assumed that the fluid viscosity and 
density are constant in each fluid domain. In the context 
of thermal plumes, this constant material property assump- 
tion requires that the Peclet number Pe - ua/n • 1, where 
u is a typical velocity, a is a typical length scale, and n is 
the thermal diffusivity. Rather conservatively, for a plume 
head with radius of 100 km and a rise speed of 10 cm/yr, 
Pe • 300. The Peclet number based on chemical diffusion is 

much larger, typically O(1013-1015). For such large Peclet 
numbers, it is appropriate to study compositional plumes, 
as has been done in a number of previous studies [e.g., Olson 
and Singer, 1985], in order to investigate the main features 
of both thermal and compositional plumes. We note, how- 
ever, that for long times the effect of including effects due to 
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thermal diffusion may be important owing to the formation 
of a thin thermal boundary layer around the phime head 
which will lead to external fluid being entrained inside the 
rising plume [e.g., Grijfiths and Campbell, 1990]. 

RESULTS 

In this section we study the effects of mantle and plume 
head densities, described by/3, and viscosity contrasts • and 
-/on the deformation of a rising buoyant plume head. Nu- 
merical results are presented as a series of computed shapes 
at different times. The length scale is normalized to the 
initial plume head radius a, and time is normalized to the 
advective time scale /tl/(P2- pl)ag. We also compare a 
sequence of numerically computed shapes with experimen- 
tal results for plumes attached to a free-surface, in order 
to demonstrate the reliability of the numerical method for 
large interface distortions. 

Plume head moving away from a deformable interface 

In Figure 2, we show the evolution of a buoyant plume 
attached to a non-deformable free-surface such as the core- 

mantle boundary. Both numerical and laboratory results 
are presented; the laboratory results verify the reliability of 
the numerical method for large deformations. The exper- 
iments were performed using a drop of colored corn syrup 
in colorless glycerin (these are miscible fluids). The air- 
syrup and air-glycerin interfaces are approximated as free- 
slip surfaces. Since the free-surface remains fiat because 
of the large density contrast across the air-fluid interface 
compared the to the density contrast between the glycerin 
and syrup (/3 • 0.15), the effects of interfacial tension will 
be negligible (the coefficient of interfacial tension between 
air and corn syrup is about 0.07 N/m). In the experiment 
and numerical simulations, the plume head is followed by a 
long, narrow tail-like structure attached to the free-surface. 
The numerical results differ from the experimental results 
by 5-13% (error estimate based on differences in tail width, 
plume length, and plume head diameter). This discrepancy 
is within the uncertainty of the experimental parameters. 

Using a wide range of half-ellipsoids as initial shapes, the 
final plume shapes shown in Figure 2 are found to be insensi- 
tive to the initial shape. Unlike plumes with a constant flux 
source [e.g., Olson and Singer, 1985; Grijfiths and Campbell, 
1990], the plume heads of constant volume plumes reach a 
maximum rise speed, owing to the decreased buoyancy force 
of the plume head as fluid is incorporated into an ever en- 
larging tail. 

In Figure 3 we show interface shapes for an initially spher- 
ical blob or plume head moving away from a deformable 
boundary such as the core-mantle boundary, for • -- 10, 1, 
and 0.1 and -/ - 1000 and 0.001. Physically, the high and 
low -/ calculations correspond to rigid and free-slip lower 
boundaries, respectively. The high-viscosity ratio simula- 
tions ("/ -- 1000) may be appropriate if the D" layer is a 
compositionally distinct layer with a higher viscosity than 
the lower mantle (although this is unlikely); thus, the lower 
interface would represent the top of the D" layer. The low- 
viscosity ratio simulation (' -- 0.001) may be appropriate 
if there is no viscosity increase in the D" layer; thus, the 
lower interface would represent the core-mantle boundary. 
Corresponding to these two possible physical situations, the 
density contrast across the lower interface for the simula- 
tions with -/- 0.001 is very large, with/3 -- 0.01, whereas 
for the simulations with 7 - 1000, the density contrast is 
small, with /3 - 1. In both cases the deformation of the 
lower interface is small because of either the large stable 
density contrast or the high viscosity of the lower fluid. 

As the plume head rises, the deformation appears as a 
growing tail from the back of the plume head. The effect 
of increasing the lower fluid viscosity (which resists defor- 
mation of the lower boundary) is to increase the rate and 
magnitude of deformation at the rear of the plume head. 
Once a tail develops, it will continue to grow, as has been 
shown by other experimental and numerical stability studies 
[Koh and Leal, 1989, 1990; Pozrikidis, 1990]. For tail-like 
instabilities such as shown in Figure 3, the end of the tail 
remains essentially stationary while the plume head contin- 
ues to rise (Figure 3d): the thin tail has a much smaller 
buoyancy force than the plume head and thus rises much 

Fig. 2. The rise of a plume with • -- i away from a free-slip surface. Numerical results, for a non-deformable 
free-slip surface, are shown on the left and experimental results on the right. The experiments were done with 
colored corn syrup in colorless glycerine, and are shown upside down. The free-surface is a liquid-air inter- 
face. Both fluids have the same viscosity and are miscible (negligible interfacial tension). The Reynolds number 
Re -- pUa/lt • 0.01. Interface shapes are shown at normalized times 8.4, 16.8, 25.2, 33.6 and 42. 
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Fig. 3. Initially spherical plume head moving away from a deformable interface showing the effect of the viscosity 
of the lower fluid, for (a) '• = 1000 and ,k = 1, (b) -• = 0.001 and ,k -- 1, (c) '• = 1000 and ,k = 10, and (d) '• = 1000 
and A = 0.1. The buoyancy parameter • = 0.01 for the simulations with ff = 0.001, and • ---- 1 for the simulation 
with ff --- 1000. Interface shapes are shown at the times labeled next to the corresponding plume head. Time is 
normalized to/•l/(p2 - pl )ag. 

more slowly. Many calculations, in addition to those shown 
here, demonstrate that the effect of changing the viscosity 
of the plume head on the deformation of the lower interface 
is negligible. Provided that • < O(1), changing the density 
contrast across the lower interface will not noticeably affect 
the deformation of the rising plume head. 

Plume head passing through an interface 

In this section we study the effects of plume and mantle 
viscosity on plume heads passing through compositional in- 
terfaces. For the sake of discussion we assume that the inter- 

face represents the lower mantle-upper mantle discontinuity, 
although other compositional discontinuities, not necessar- 
ily seismically detectable, may exist at other depths within 
the mantle. 

We begin by considering the effect of changing the ra- 
tio of upper to lower mantle viscosities, which corresponds 
to changing "7. Joint geoid and seismic tomography studies 
[e.g., Hager and Clayton, 1989] suggest a viscosity increase 
by a factor of 10 to 30 from the upper to the lower mantle. 
As shown in Figure 4, by decreasing "7, the mode of defor- 
mation at the back of the rising plume head changes from 
indentation to elongation. Moreover, the mode of deforma- 
tion is related to the rise speed in the upper mantle relative 
to the rise speed in the lower mantle. If the plume head 
travels faster in the upper mantle, it will become elongated; 
the cylindrical geometry of the plume head in Figure 4c re- 

sembles the geometry often inferred for plumes. Conversely, 
if the plume travels more slowly, the lower surface of the 
plume head will become indented; the indented plume head 
develops a cavity at the lower surface of the plume head, 
and lower fluid is entrained into the cavity. 

In Figure 5 we show the rise speed of the leading edge of 
the plume head and the rise speed of the center-of-mass of 
the plume head. Even though the plume head rises faster in 
the upper mantle relative to the lower mantle, the rise speed 
decreases as the plume head approaches the interface due 
to the gravitational restoring force exerted by the deflected 
mantle discontinuity. The minimum rise speed occurs when 
the leading edge of the plume head is about two plume head 
radii above the original height of the mantle discontinuity. 

The effect of ch•anging plume viscosity is shown in Fig- 
ure 6 for A - 10,' 1, and 0.5, "7- 0.1, and •- 5. These 
parameters correspond to a layered Earth with weak den- 
sity stratification and strong viscosity stratification. Plume 
viscosity plays an important role in the rate of plume head 
deformation and the rate of drainage of the region between 
the leading edge of the plume head and the upper mantle. 
As the viscosity of the plume head increases, the thickness 
of the layer of lower mantle surrounding the plume head 
increases; for less deformable plume heads (A - 10 here) 
this layer is thick and nearly spherical. When A << 1, the 
gap between the plume head and the upper fluid thins very 
quickly, and the boundary integral numerical method even- 
tually breaks down since the interfaces become closer than 
the separation distance between collocation points used in 
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Fig. 4. The effect of changing the ratio of upper to lower mantle viscosity, -/, and plume head buoyancy, •, for 
(a) ? -- 1 and • = 2, (b) ? = 1 and • = 5, and (c) ? = 0.1 and • = 5. For all cases • -- 1. Interface shapes are 
shown at the times labeled next to the corresponding plume head. Time is normalized to Pl/(p2 - pl)ag. 

the numerical integration. The viscosity ratio A between the 
plume and the lower mantle also has an effect on the rate 
at which the plume head passes through the interface: as/k 
increases the velocity decreases. 

Plume head approaching the surface of the Earth 

The final stage of plume head ascent involves the inter- 
action of the rising plume head with the lithosphere and 

1.0 - 

0.9- 0.8- 

0.7- leoding edge// // 

0.6 - 

0.5- 

0.4 

0.5 '• •"• ///'center-of-moss 
0.:2 - 

i i i ! I 

0 2 4 6 8 

Height of leading edge 
Fig. 5. The rise speed of the leading edge of the plume head and 
center-of-mass of the plume head versus the height of the lead- 
ing edge of the plume head, for • -- 1, -/ -- 0.1, and • = 5. The 
position of the uncleformed mantle discontinuity is 0. Lengths are 
normalized to the initial plume head radius a. 

surface of the Earth. Since neither plumes nor plume heads 
have been seismically detected, all direct observations and 
inferences of plume dynamics are based on this interaction. 
Figures 7-9 document a number of dynamical features of the 
interaction of a plume head and a deformable free-surface. 
In Figure 7a we show the spreading of a plume head be- 
neath a deformable free-surface; numerical and analytical 
solutions to the similar problem of a drop spreading on or 
beneath a nondeformable free-surface have previously been 
studied [Koch, 1993]. As the plume head spreads it becomes 
flattened. The plume radius R is found numerically to in- 
crease as R(t) c< t ø'•5. This is only slightly larger than the 
experimentally inferred spreading of low-viscosity plumes in 
which R(t) c< t o.•ño.o• [Griffiths and Campbell, 1991] and 
the lubrication theory result of R(t) c< t o.• [Koch, 1993]. For 
plumes heads that are as fiat as the final shapes shown in 
Figure 7a, the Peclet number decreases from Pe • 300 in 
the mid-mantle to Pe • I (where the length scale is cho- 
sen to be the thickness of the layer between the plume and 
the upper surface), and the effects of thermal diffusion may 
become important. 

One of the characteristic surface effects associated with 

plumes and plume heads is the formation of swells and 
plateaus. In Figure 7b we show the surface elevation for the 
plume head shapes shown in Figure 7a. The maximum axial 
height corresponds to a plume head at a moderate distance 
beneath the surface, before significant spreading occurs. As 
the plume head approaches the surface and spreads, the 
topography changes from a bell-shape to a plateau-shape. 
Note that the plateau edge corresponds to the edge of the 
plume head. Also, as illustrated in Figure 8, the rapid ini- 



19,984 MANGA ET AL.: MANTLE PLUMES AND DISCONTINUITIES 

(a) o (b) o (c) o 

7-0.1, fi-5 
Fig. 6. The effect of changing the ratio of plume to lower mantle viscosity, A, for (a) A -- 10, (b) A -- 1, and 
• -- 0.5. Numerical difficulties prevent us from considering lower • for this geometry. For all cases, ? -- 0.1 and 
fi -- 5. Interface shapes are shown at the times labeled next to the corresponding plume head. Time is normalized 
to •Ul / (P2 -- Pl )ag. 

tial uplift is followed by a slow relaxation and flattening, in 
agreement with experiments [e.g., Olson and Nam, 1986]. 
For the results presented in Figure 8, the plume head was 
started at a depth of 10a. The maximum axial topography 
occurs at time t - 44.2 when the top of the plume head is 
0.15a below the surface. 

By differentiating the axial topography shown in Figure 8 
we can calculate the rate of dynamic surface uplift and sub- 
sidence. The maximum rate of axial surface uplift is 0.0078 
at time t -- 38.2 when the top of the plume head is about 
0.5a below the surface; the maximum rate of axial surface 
subsidence is 0.0035 at time t - 49.9 when the top of the 

(a) 
X-l, 7'-0, fi-0.1 

(b) 

0.10 

r-' 0.08 

m 0.06 

o'• 0.04 
o 
C2. 0.02 
0 

!-- 0.00 

-3 -2 -1 0 1 2 3 

Radial position 

Fig. 7. a) Plume head approaching and spreading beneath the surface of the Earth. Interface shapes shown at 
times t -- 0, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50; fi -- 0.1 and A -- 1. Time is normalized to la/(p2 -- pl)ag. b) 
Topography of the surface of the Earth for the shapes shown in Figure 7a. The edges of the plateaus correspond 
to the edges of the plume. This topography is proportional to the normal stress on the upper surface. Length 
scales are normalized to the initial plume head radius a. 
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Fig. 8. 
dimensional time, at radial positions r -- 0, l, and 2; /• -- 0.1 and 
• -- 1. Length scales normalized to the initial plume head radius 
a. 
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Surface uplift along the axis of symmetry versus non- 

plume head is 0.04a below the surface. For a plume head 
with a radius of 300 km, a density contrast with the up- 
per mantle of 1%, and a mantle viscosity of 102• Pa s, the 
maximum rate of dynamic uplift corresponds to 0.5 km/m.y. 
and the maximum rate of dynamic subsidence corresponds 
to 0.25 km/m.y. The maximum axial height occurs about 
5 m.y. after noticeable surface uplift begins. For compari- 
son, Crough [1983] estimated a rate of uplift of 0.2 km/m.y. 
for the Hawaiian swell, and for Wrangellia, Richards et al. 
[1991] estimated uplift rates of 5 km/m.y. and initial sub- 
sidence rates of 50 m/m.y. (which quickly diminishes to 10 
m/m.y.). Dynamic effects will be most important during 
the initial uplift, however thermal effects will have an im- 
portant effect on actual subsidence rates. In Figure 8 we also 
show the surface topography at different radial positions as 
a function of time. At a radius r = 2a the surface topog- 
raphy versus time curve has two maxima: the first peak 
is produced owing to the longer wavelength of the surface 
topography when the plume head is far from the surface, 
and the second peak is produced by the spreading plume 
head. For the plume head parameters assumed above, the 
time difference between these two maxima would be about 

25 m.y. 
Finally, the deviatoric normal stress -•zz = -2t•Ouz/Oz, 

radial stress a• = 2•Ou•/Or and hoop stress aee= 2u•/r 
on the free-surface are shown in Figure 9 at t = 10 when 
the plume head is still nearly spherical and at time t = 50 
when the plume head is significantly flattened (calculations 
correspond to those shown in Figure 7). While the plume 
head is still nearly spherical, the largest stresses are exten- 
sional, and radial extension occurs above the plume head, 
surrounded by horizontal shear; as the plume head spreads 
and become flattened, the normal stress becomes larger than 
the hoop stress beyond the edge of the plume, and we expect 
a change from concentric extension above the plume head to 
concentric compression surrounding the spreading plume. A 
more detailed treatment of the stresses and surface signature 
of spreading plume heads is presented by Koch [1993]. 

In order to minimize numerical error in our calculations 

we have presented results for the case A = I in Figure 7-9. 
Analytic solutions describing the motion of a rising sphere 
beneath a free-surface have shown that the effect of de- 

creasing the plume head viscosity on surface observables is 

0.15 normal stress 
(/3 

03 • ,n• radial stress • O. 10 _ ... :.: :.,'•.'1-0-. hoop stress I 
t.!• 0-05t 10X\\ •- I 50 x \ "" ..... 

•" • ,-- -•-- ,"= --- --, -.-. - ' ': l ............ 
-0.05 

0.0 1.0 2.0 3.0 4.0 

Radius 

Fig. 9. Deviatoric stresses on the surface at t -- 10 and t -- 50, 
for the results shown in Figure ?; These stresses are defined by 
-•zz = -2•ouz/o• (negative normal stress), • = 2•0u•/O• 
(radi• •re•), •nd • = •.•/• (hoo• •re•), and •re •hown 
by solid, dashed, and dotted lines, respectively. Stresses are nor- 
malized to 2•g(p2- p•). At time t • 50, the plume head is 
significantly flattened (with an aspect ratio (width to thickness) 
of 16 •o 1). 

small [Koch and Ribe, 1989], and numerical calculations have 
shown that the surface observables for a spreading plume 
head are qualitatively the same as those shown in Figure 7 
for all viscosity ratios [Koch, 1993]. 

DISCUSSION 

As a plume head passes from a high-viscosity region to 
one with lower viscosity, the plume extends vertically. This 
mode of deformation occurs because of the higher velocity 
of the plume in the low-viscosity fluid. If the plume head 
slows down as it passes through an interface, by moving 
into a lower density or higher viscosity fluid, a cavity might 
develop inside the plume head, and lower mantle material 
might be entrained in the cavity and into the plume head. 
Identifying source material from continental flood basalts, 
however, cannot distinguish between these two modes of de- 
formation, since lower mantle material will also be incor- 
porated into the plume head by entrainment as the mantle 
surrounding the plume head heats up by thermal diffusion 
[e.g., Griyfiths, 1986]. Because the viscosity of plumes is 
probably much less than the viscosity of the mantle, and 
the lower mantle is thought to be more viscous than the 
upper mantle, the thickness of the layer of lower mantle ma- 
terial between the plume and upper mantle should decrease 
rapidly (see Figures 4 and 6). Thus, although the entrained 
material above the top of the plume head may be the first 
to melt and to be extruded at the Earth's surface, its signa- 
ture in the earliest melts will probably be small. While on 
the basis of our numerical results we might expect a small 
amount of entrainment by low-viscosity plumes, we expect 
a more significant amount of entrainment by high-viscosity 
sinking lithospheric slabs, as illustrated in Figure 6a. 

One of the characteristics of continental flood basalts is 

their rapid emplacement rates, determined from stratigra- 
phy and radiometric dating. Emplacement times are es- 
timated to be less than 2 m.y. for the Columbia plateau 
[Hooper, 1982], less than I m.y. for the Deccan traps [Dun- 
can and Pyle, 1988; Courtillot et al., 1988], from 2 to 4 
m.y. in the North Atlantic [White and McKenzie, 1989] and 
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from I to a few m.y. in Parana [Bellieni et al., 1984]. Such 
rapid and voluminous eruptions rates, typically 105-106 km 3 
of basalt, would appear to be inconsistent with the exten- 
sion of plume heads by a decrease in viscosity at 670 km, 
since elongated plume heads should lead to a prolonged pe- 
riod of volcanism. However, if the rise time of plume heads 
is very fast, or plume heads become flattened and spread 
beneath the surface of the Earth before volcanism begins, 
then plume heads may still be extended as they pass from 
the lower mantle to the upper mantle and the emplacement 
time for flood basalts may still be short. Since the process 
of lithospheric erosion is slow [e.g., Olson et al., 1988] even 
extended plume heads may rise and fiatten before melting 
and extrusion occurs. Alternatively, if plume heads are as 
large as some researchers have suggested, with a diameter 
of 1000 km [Grij•ths and Campbell, 1990], then the effect 
of a viscosity decrease at 670 km will be small (such as the 
intermediate shapes shown in Figure 4). 

While plume heads are thought to form continental flood 
basalts and some oceanic plateaus [Richards et al., 1989], 
hotspots are often attributed to plumes [Morgan, 1971] (a 
tail or conduit that follows the plume head). Many pre- 
vious numerical studies have modeled plumes as constant 
flux pipes or upwellings [e.g., Sleep, 1987; Richards et al., 
1988]. In this study we have shown that buoyant volumes 
of fluid moving away from a boundary will develop tails. 
We also note that buoyant volumes of fluid moving from a 
high-viscosity region, such as the lower mantle, to a lower 
viscosity region, such as the upper mantle, may be extended. 
Qualitatively, it appears that a constant flux source for 
plumes is not required. However, the volume flux in the tail 
of the plume head shown in Figure 3d at t = 20 is more than 
10 -3 times smaller than the volume flux in the plume head, 
where the volume flux is a measure of the amount of mate- 

rial transported vertically per unit time in the plume head 
or tail. The volume flux of material transported by plume 
heads, inferred from the volumes of continental flood basalts, 
is not more than 100 times the volume flux of plumes, in- 
ferred from active hotspots [e.g., Sleep, 1990; Richards et 
al., 1989]. Thus the volume of fluid in the tails shown in 
Figure 3 does not appear to be sufficient to maintain con- 
tinuous and vigorous hotspot activity. However, extended 
plume heads, such as the ones shown in Figures 4 and 6, will 
have a much higher ratio of volume flux in the tail compared 
to the volume flux by the plume head. In fact plume heads 
passing from a high- to low-viscosity region develop a cylin- 
drical shape and have a structure similar to those suggested 
for plumes that feed hotspots. Even for a uniform mantle 
in which plume heads are not extended, the absence of a 
tail large enough to account for extended hotspot activity 
in our model does not invalidate the results presented here 
since the buoyancy forces associated with the plume head 
will be larger than the buoyancy forces associated with the 
tail, and the tail may be regarded as a passive feature. 

Although we have studied only plume heads passing 
through compositional discontinuities, we should expect 
similar results for material property changes (density and 
viscosity) due to phase changes. The elongation of plume 
heads when passing from a high- to low-viscosity fluid, how- 
ever, should be enhanced due to the absence of a restoring 
force related to the uplift of the interface. The effect of the 
phase change of perovskite and magnesiowiistite to spinel 
(with a negative Clapeyron slope) on hot plumes would be 

to retard plume head extension, whereas the spinel to olivine 
change (with a positive Clapeyron slope) would act to fur- 
ther enhance plume head elongation (see Liu et al. [1991] 
for a more detailed discussion). 

A stability analysis by Kojima et al. [1984] of the trans- 
lation of an isolated drop in an infinite Newtonian fluid pre- 
dicts that the rate of drop deformation scales as 1/(1 
where A is the ratio of drop or plume viscosity to exterior 
fluid viscosity, as previously defined. Such a deformation- 
rate scaling is suggested by the form of the integral equations 
for Stokes flows (e.g., equation (A13d) in the appendix), 
and simply indicates that the larger of the two fluid viscosi- 
ties controls the time-scale for interface deformation. From 

numerical studies of finite drop deformation accompanying 
buoyancy-driven motion, this scaling has been shown to be 
reasonably accurate, particularly for small to moderate de- 
formations [Koh and Leal, 1990]. In the present study, nu- 
merical problems prevented us from investigating the inter- 
esting geophysical limit of very low viscosity plumes, with 
A < 0.001. Since the deformation rate scales as 1/(1 
for A << I we should not expect significantly more deformed 
plumes than the shapes shown for A = 0.5 in Figure 6, 
and we suggest that the results based on iso-viscous models 
may adequately describe the behavior of low-viscosity plume 
heads, with the maximum deformation rate only twice the 
deformation rate for A = 1. However, in applying the scal- 
ing of the deformation rate to the plume heads shown in 
Figure 6, we note that the appropriate viscosity ratio might 
be approximately A/"/ since the geometry of the problem 
resembles a plume head with viscosity A/z in a mantle with 
viscosity -//z. This may explain why the plume heads have 
shapes characteristic of diapiric plumes rather than cavity 
plumes [Olson and Singer, 1985]. On time-scales for which 
the diffusion of heat from the plume head does not signif- 
icantly reduce the viscosity of the lower mantle entrained 
above and around the plume head, the deformation rate 
of the plume head will still be dominated by the viscosity 
of the lower mantle, and the deformation rate will scale as 
1/(1 + A). 

As plumes spread beneath the surface of the Earth, the 
largest stresses will occur above the center of the plume 
when the plume head is still nearly spherical and at some 
distance beneath the surface (topography in Figure 7b is 
proportional to the normal stress). For a plume head with a 
radius of 300 km and a density contrast of 1%, the maximum 
stresses for the spreading plume head are about 150 MPa, and 
the maximum surface uplift is about 2 km, when the top of 
the plume head is at a depth of 50 km (note that we do not 
include a high-viscosity lithosphere in these calculations). If 
these same plume head parameters are used, the calculated 
surface elevations shown in Figure 8 are comparable to the 
dynamic uplift required for rapid extension [Houseman and 
England, 1986, Figure 6], both in the early stages of uplift 
when the lithosphere is cold and the uplift is large and in 
the later stages of spreading when the lithosphere has been 
heated and the uplift is small. Diffusion of heat from the 
plume head as it spreads will decrease the stresses needed for 
extension [Houseman and England, 1986], and thus faulting 
and extension may be more likely to occur above a spread- 
ing plume head than during the early approach of the plume 
head to the surface even though the stresses are significantly 
smaller. This may explain why volcanism associated with 
mantle plume heads often precedes rifting events [Hooper, 
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1990], or in some cases, such as the Siberian Traps [Renne 
and Basu, 1991], rifting may not occur at all. Even if stresses 
at the surface are insufficient to cause continental breakup, 
they are large enough to affect the dynamics of surface plate 
motions [Hill, 1991] since stresses induced by plume heads 
are comparable to stresses due to convection. Further work 
is required to understand the effects of the interaction of a 
spreading plume with the lithosphere: thermal effects and 
nonlinear rheologies should be included to study the genera- 
tion of melts, surface deformation, and surface tectonics. We 
also note that the topography and stresses shown in Figures 
7 and 9, produced by a plume spreading beneath a free- 
surface, will differ if a high-viscosity lithosphere or elastic 
lithosphere is included [e.g., Bott and Kusznir, 1979]. The 
effect of a high-viscosity lithosphere is to decrease the wave- 
length and increase the amplitude of the surface topography 
[Morgan, 1965]. 

Previous studies have related rising plume heads or di- 
apirs to Venusian coronae [e.g., Koch, 1993; $tofan et al., 
1991; $quyres et al., 1992] and Venusian highlands [e.g., 
Koch, 1993; Herrick and Phillips, 1990]. As discussed by 
Koch [1993], the results shown in Figures 7-9 may be more 
relevant to Venus where the assumption of a uniform vis- 
cosity mantle without a high-viscosity lithosphere may be 
appropriate. The pattern of deviatoric stresses shown in Fig- 
ure 9 would result in the formation of extensional features 

above the spreading plume head surrounded by compres- 
sional features. This evolution of the topography and surface 
stresses shown in Figures 7b-9 corresponds to an evolution- 
ary sequence of features associated with novae, then arach- 
noids, and finally coronae on Venus [Koch, 1993]. While 
the plateau-shaped uplift predicted by the spreading plume 
model may be typical of the observed topography of many 
Venusian coronae, the simple model investigated here, with 
a uniform and Newtonian mantle, cannot account for the 
rim and moat that surround many coronae. This model is, 
however, consistent with the gross features of many coronae, 
as discussed by $tofan et al. [1991] and Koch [1993]. 

gion. The tails formed when a buoyant volume of fluid moves 
away from a boundary are probably not large enough to 
maintain continued hotspot activity. A plume head passing 
from the high-viscosity lower mantle to the lower viscosity 
upper mantle will be extended vertically and will develop a 
cylindrical shape, and could conceivably account for hotspot 
activity. 

We also note that the interaction of a plume head with 
the surface of the Earth may be successfully modeled by a 
spreading buoyant blob and that such a model can describe 
many features of Venusian highlands and coronae (see Koch 
[1993] for a more detailed discussion). Work in progress 
also considers the effects of a high-viscosity lithosphere and 
a buoyant crust on observed features associated with spread- 
ing plume heads. 

APPENDIX: THE BOUNDARY INTEGRAL FORMULATION FOR 

STOKES FLOWS 

In this appendix we derive a set of integral equations 
of the second kind for the Stokes flow solutions to free- 

boundary problems that require the determination of the 
motion or shape of fluid-fluid interfaces. More complete re- 
views, derivations, and discussions are given by Tanzosh et 
al. [1992], Pozrikidis [1992] and Kim and Karrila [1991]. 
To develop an integral representation of the Stokes equa- 
tions (1), we begin with the fundamental singular solutions 
for the Stokes equations. The fundamental singular solu- 
tions correspond to the velocity and stress fields at a point 
x produced by a point force F located at y in an unbounded 
domain, where the vectors x and y are illustrated in Figure 
A1. Solving V'. T(x) -- -FS(x- y) and V'-u - 0 with 
lul, ITI-• 0 as Ixl -• oo yields 

u(x) -- J(r). F(y) 

T(x) -- K(r). F(y) 
(A1) 

where the Green's functions mapping a force at y to the field 
at x are given by 

CONCLUSION 

We have studied the interaction of mantle plume heads 
with viscosity and density contrasts using a simple model 
of a Newtonian buoyant blob in a compositionally stratified 
Earth. A boundary integral method was implemented to 
study the deformation of the plume head and compositional 
interfaces for a plume head moving away from an interface, 
through an interface, and approaching the surface of the 
Earth. The boundary integral formulation, presented in de- 
tail in the appendix, allows us to calculate, with reasonable 
accuracy and efficiency, the motion of interfaces for free- 
boundary problems in which the fluids studied may have 
different viscosities and densities. 

One of the most notable characteristics of rising plume 
heads is that trailing tails may develop as the plume head 
moves away from a boundary and that plume heads may be 
significantly elongated as they pass from a high- to a low- 
viscosity region. Thus, it appears that the inferred structure 
of mantle plumes (both the large plume head and trailing 
tail) may be characteristic of plumes attached to their source 
region, buoyant material moving away from an interface, and 
buoyant material moving from a high- to a low-viscosity re- 

+ 

K(r) - 
3 rrr 

(A2) 

with r = x- y. For two different fields (u,T) and (fi, •) 
satisfying the Stokes equations within some volume V, the 
Lorentz reciprocal theorem (a Green's theorem for Stokes 
equations), which follows from equation (1), states that 

[u. (V. •) - fl. (V. T)] dV 

-- •n. [u.•-fi.T]d$ (A3) 

where n is the unit outward normal to the volume V 

bounded by the surface $. The surface $ includes all bound- 
ing surfaces including the surface at infinity. Substituting 
the fundamental singular solutions (A1) into the reciprocal 
theorem (A3) and removing the arbitrary vector F yields 
the integral equations 
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n-T-J dSy + •n. K. u dSy (A4) 

u(x) x inside S 1 

= •u(x) x- xs on S 
0 x outside S 

where $ is a Lyapunov (smooth) boundary, and y is the 
integration variable, as shown in Figure A1. This set of 
equations relates the velocity field u(x) at any point inside 
the fluid volume to the velocity u(xs) and traction n. T(xs) 
along the enclosing surface. Evaluated along the boundary 
$, equation (A4) is an integral equation of the second kind 
for the velocity u(xs) and an integral equation of the first 
kind for the traction n. T(xs). 

For the three-fluid problem considered in this study (Fig- 
ure 1) we require as boundary conditions that the velocity 
decay to zero far from the plume head 

u--->0 as x I-+oo (A5) 

and that fluid velocities are continuous across both fluid 
interfaces 

Ul -- U2 on Si 

Ul - u3 on Sii, 
(A6) 

where we now take n as the unit inward normal from fluid 

1, as shown in Figure 1. Since we have defined the stress 
tensor T in equation (1) to be divergence free, the buoyancy 
force appears in the boundary conditions involving stress, 

[n. Tt]--n. Tl-n. T2---n(p2-pl)g.xonSt (A7) 

In. Ttt] -- n. T1-n. Ta -- -n(pa- pl)g' x on Szi. (A8) 

s 
r-x-y 

(position 
vector) 

x 

y 

(integration 
vector) 

Additionally, there is a kinematic constraint, which requires 
that a point on a fluid-fluid interface remain on that inter- 
face for all time; formally, this kinematic constraint may be 
expressed with the Lagrangian description 

dxs 
dt 

= us for xs on St, Stz. (A9) 

In (A4) we can neglect bounding surfaces at large dis- 
tances since Stokes flow velocity fields decay as O(lr-1) 
and the corresponding stresses decay as O(Ir-2). For each 
fluid domain, we can write the set of equations 

X n-T2. J dSv 
i + /s n.K.u2 dSv (A10) i 

U2(X) X • V2 ½ V1, V3 1 

= •u2(xs) xs E St 
o xCV2 

- n. T3' J dSv + /s n.K.u3 dSv (All) ii 

U3(X) XE V3 ½V1,V2 : E s. 
o 

and 

-•s n-T1.JdSy - •s n.K.uldSv i i 

ii ii 

Ul (X) X E V1 ½ V2, V3 1 

= •ul(x) xsESt, S•t 
0 x E V2, V3 

Note that in equation (A10), which describes the velocity 
field in fluid 2, we have defined •2 = Z•l and •1 is in- 
corporated into the definition of J. Similarily, in (A10), 
which describes the velocity field in fluid 3, we have defined 
/M3 = "]//-/,1. 

Multiplying (A10) by • (the viscosity contrast between 
fluids 1 and 2), adding to (A12), multiplying (All) by • 
(the viscosity contrast between fluids i and 3) then adding 
to (A12), and using the stress boundary conditions (A7-8), 
we obtain a system of coupled integral equations for the 
interfacial velocities, which may be written compactly as 

(A13e) 

(origin) 

Fig. A1. Position vector x and the integration vector y used to 
define the fundamental singular solutions to the Stokes equations 
(A1) and the corresponding Green's functions (A2). 

Power (1993) has shown that a unique and continuous so- 
lution to equations (A13d) and (A13e) exists for viscosity 
ratios 0 < 

Once the interfacial velocities are calculated (by solving 
(A13d) and (A13e)) the time-dependent motion of the in- 
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terfaces is determined using the kinematic condition (A9). 
Then, if desired, equations (A13a)-(A13c) may be inte- 
grated to determine the velocity field throughout the fluid 
domain. 

For axisymmetric plumes, the azimuthal integration can 
be performed analytically [Lee and Leal, 1982] so that only 
line integrals appear in (A13). The integral equations are 
solved using a simple collocation procedure, and the fluid- 
fluid interfaces are represented numerically as twice continu- 
ously differentiable taut cubic splines [deBoor, 1978] param- 
eterized in terms of arc length. We use 50-90 collocation 
points on each half-interface. Integration is performed us- 
ing Gauss-Legendre quadrature. 

The accuracy of the numerical procedure is evaluated by 
comparing numerical results with the classical Hadamard- 
Rybczyfiski result for a translating spherical drop. For two 
interface problems, numerical results are compared with an 
exact solution in bipolar coordinates for the translation of 
two spherical drops [Haber et al., 1973]. Typically, calcu- 
lated velocities differ by less than 0.3% from the analytical 
results. The reliability of the boundary integral method for 
problems involving large interface deformations is confirmed 
by comparison with experiments [e.g., Stone and Leal, 1989; 
Koh and Leal, 1990; see also Figure 2]. 

Finally, we note that we can derive integral equations for 
the pressure field similar to the equations for the velocity 
field. The analogous equation to (A4) is given by, 

1 • r /•• •7(r n. T . dSy q- n. ). u dSy (A14) 

p(x) x inside S : «p(x) x- xs on S 
0 x outside S 

Equations (A4) and (A14) represent formal integral equa- 
tion solutions for the velocity and pressure fields u and p of 
the generic Stokes flow problem. 
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