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Preface

The concept of mantle plumes, originally suggested by Morgan (1971), is widely
but not unequivocally accepted as the cause for hotspot volcanism. Plumes are
thought of as deep-rooted, approximately cylindrical regions of hot rising mantle
rock with a typical diameter of 100-200 km. Pressure-release melting near the bot-
tom of the lithosphere produces magmas that rise to the surface and lead, when the
plate moves relative to the plume, to a chain of volcanic edifices whose age pro-
gresses with increasing distance from the plume. For a long time, the evidence for
mantle plumes has been largely circumstantial. Laboratory and computer models
of mantle convection show that under certain conditions plume-like structures can
be found, and these simulations have been used to characterise their properties.
Geodetic signals, such as topographic swells and associated geoid anomalies
which surround the volcanic hotspots, support the plume hypothesis. They are best
identified in an oceanic environment where the plume signal is usually less sus-
ceptible to be masked by effects of crustal or lithospheric heterogeneities. The iso-
topic and trace element composition of hotspot lavas differs from those of mid-
oceanic ridge basalts which is interpreted as indication for a source reservoir dif-
ferent from average upper mantle rock. The idea of mantle plumes has gained
widespread popularity in various disciplines of Earth science and has been used,
sometimes perhaps excessively, to explain volcanic and other phenomena. In a
number of cases the alleged plume nature has remained doubtful, for example
when volcanism is sporadic or when a clear age progression is missing. This has
led a few scientist to reject the plume concept entirely.

Direct imaging of mantle plumes by seismic tomography is a fairly recent
achievement. Because plumes are comparatively thin structures, they are hard to
detect in global tomographic models, although some progress has been made
(Montelli et al. 2004). Convincing plume-like structures have been mapped in the
upper mantle by dedicated regional seismic tomography experiments beneath a
few hotspots. Because a sufficient aperture of the station network is needed, this
has been restricted so far to subcontinental plumes and to Iceland for the lack of
ocean-bottom seismometers. The limited aperture of regional seismic networks
does not usually allow to track the plume into the lower mantle (if it extends in
fact that deep), but observation of seismic phases, which are converted at mantle
discontinuities (Li et al. 2003), can help to provide additional evidence on the
plume structure.

A particular strength of the plume concept is that it provides a framework for
explaining observational data from a broad range of geophysical, petrological,
geological, geochemical and geodetic sources. In this spirit the present volume
combines papers from all these disciplines. The book starts with a review of the
geodynamical foundation of the plume hypothesis and proceeds with several case
studies involving the major hotspots Hawaii and Iceland as well as minor volcanic
regions, such as the French Massif Central. The volcanic Eifel region, Germany,
has been the target of a concerted scientific effort in 1997-2003, with a large seis-
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mic network as the core activity. The results strongly support a plume origin of the
volcanism. As a consequence the Eifel plume, which before was a doubtful candi-
date, is one of the best characterised plumes in the world. Approximately half of
the book deals with specific studies related to this upper mantle plume, which may
well serve as the prototype of a moderately weak hotspot in a continental envi-
ronment. The different contributions to the book show that the plume concept,
which was invented 35 years ago to explain oceanic island chains in the Pacific,
has found its firm place in the context of volcanic phenomena in different tectonic
settings.

We like to thank all researchers who contributed to this book, especially the re-
viewers R. Allen, C. Ballentine, H. Downes, J. Evans, S. Funke, S. Gregersen, K.
Haase, S. Husen, G. Ito, I. Kaneoka, S. Lebedev, M. Mai, J. Mechie, S. Nieder-
mann, B. Meurers, P. Olson, T. Plenefisch, J. Plomerova, P. Sarda, H.-G. Stosch,
M. van Camp, C. Weidle, G. Wérner and eight anonymous reviewers.

Britta Wawerzinek helped patiently with the preparation of the final page lay-
out. At the end of this volume there is an appendix with 16 colour plates.

We dedicate this book to Dr. Gunter Bock. Glnter died in a tragic airplane
crash while he was on his way to a meeting of the Eifel Plume Team in Luxem-
bourg on 6™ November 2002.

Joachim Ritter Ulrich Christensen
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Fluid Dynamics of Mantle Plumes

Neil Ribe!, Anne Davaille!, Ulrich Christensen?

! Institut de Physique du Globe, 4, Place Jussieu, 75252 Paris cédex 05, France,
2 Max-Planck Institut fiir Sonnensystemforschung, Max-Planck-Strasse 2, 37191
Katlenburg-Lindau, Germany

1 Introduction

A ‘hotspot’ (Wilson 1963) is a long-term source of volcanism which is fixed
relative to the plate overriding it. Common signatures of hotspots include
a bathymetric swell and an associated gravity anomaly; basalt geochemistry
different from normal mid-ocean ridge basalts; and volcanic chains with a
clear age progression parallel to the plate motion, in some cases beginning
with a voluminous flood basalt event (Morgan 1972). The total number of
hotspots is controversial, but is probably around 40-50 (Richards et al. 1988;
Sleep 1990) of which 8 or 9 are associated with flood basalts (Richards et
al. 1989; Courtillot et al. 2003). Petrological (e.g. White and McKenzie 1995)
and geophysical (e.g. Sleep 1990) studies suggest that hotspot material is 150-
300 K hotter than the normal mantle, while flood basalts are associated with
excess temperatures up to 400 K (e.g. Thompson and Gibson 2000).

Morgan (1971) was the first to propose that the characteristic surface
signatures of hotspots were due to the rise and melting of hot plumes from
deep in the mantle. Plumes, which we define here as localized hot upwellings,
are ubiquitous in vigorously convecting fluids where they arise from thermal
boundary layers, and are relatively well understood for simple laboratory sys-
tems. By contrast, our understanding of plumes in the Earth’s mantle is still
rudimentary, in large part because they are so difficult to observe. Recent ad-
vances in seismic imaging have improved this situation considerably, however.
Surface-wave tomographic models have identified broad (=~ 1000 km) ponds
of slow material down to 200 km depth beneath many hotspots (e.g. Grand
2002; Shapiro and Ritzwoller 2002; Ritsema and Allen 2003; Debayle et al.
2005). Regional tomographic studies beneath Afar (Debayle et al. 2001), the
Eifel (Ritter et al. 2001) and Iceland (see Ito et al. 2003) for references) image
low-velocity anomalies down to the transition zone. Studies using converted
phases (receiver functions) show thinner transition zones beneath Iceland and
Hawaii, which may reflect the presence of a hot conduit (Nataf 2000, and refer-
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ences therein). Finally, recent global tomographic studies (Zhao 2001; Montelli
et al. 2004) have imaged cylindrical slow seismic P-wave velocity anomalies
300-500 km in diameter extending down to the core-mantle boundary beneath
about 10 hotspots.

Yet despite recent advances, there is still no general consensus on the
most important questions concerning plumes in the mantle: their depth of
origin, their morphology, their longevity, even their existence. Much of the
uncertainty is due to the fact that geophysical and geochemical observations
at hotspots can often be explained by different ‘plume’ models, and even by
models that do not involve plumes at all (e.g. Foulger and Natland 2003).
Another difficulty is the inherently complicated dynamics of plumes in rheo-
logically and chemically complex materials. Further confusion arises from the
diversity of physical models in the literature: compositional vs. thermal buoy-
ancy, continuous vs. “one-shot” buoyancy injection, boundary layer instability
vs. point heat sources, etc.

This review aims to bring some order to this diversity for the benefit of
nonspecialist readers. While several excellent reviews of various aspects of
plumes exist (Whitehead 1988; Nataf 1991; Siggia 1994; Loper 1998; Schubert
et al. 2001; Condie 2001; Jellinek and Manga 2004), none to our knowledge
attempts a comprehensive overview of the literature from the point of view of
fundamental fluid mechanics. Accordingly, the present review comprises three
broad sections. Section 2 discusses the now-classic early work on plumes from
point sources of buoyancy, which still dominates our image of what mantle
plumes look like. Section 3 reviews work on plumes that arise as instabilities
of thermal and thermochemical boundary layers. Finally, section 4 focusses
on how plumes interact with the lithosphere. Limitations of space prevent us
from discussing in detail a number of other interesting topics, such as the
modulation of plume formation by large-scale mantle downwellings (Tan et
al. 2002; Gonnermann et al. 2004; Lowman et al. 2004), the interaction of
plumes with compositional boundaries and phase transitions (Kellogg 1991;
Liu et al. 1991; Manga et al. 1993; Bercovici and Mahoney 1994; Nakakuki et
al. 1994; Davies 1995; Schubert et al. 1995; Kumagai and Kurita 2000) and
with each other (Kelly and Bercovici 1997; Manga 1997; Schaeffer and Manga
2001; Labrosse 2002; Schubert et al. 2004), and entrainment of composition-
ally dense material by thermal plumes (Olson 1984; Sleep 1988; Lister 1989;
Davaille 1999a,b; Gonnermann et al. 2002; Davaille et al. 2002; Jellinek and
Manga 2002, 2004; Schott et al. 2002; Namiki 2003; Zhong and Hager 2003).

2 Plumes from a point source of buoyancy

In the mantle, plumes are expected to develop as instabilities of thermal
boundary layers (e.g. Parmentier et al. 1975; Loper and Stacey 1983). How-
ever, in vigorously convecting fluids such instabilities are transient and chaotic
features whose local characteristics are difficult to quantify. Accordingly, many
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of the early studies of mantle plumes focussed on the simpler case of an isolated
laminar “starting plume” rising from a point source of buoyancy, a situation
that is easily studied in the laboratory. Experiments performed using fluids
with compositional (nondiffusing) buoyancy (Whitehead and Luther 1975; Ol-
son and Singer 1985) and thermal buoyancy (Griffiths 1986a; Campbell and
Griffiths 1990) led to what has become the “standard model” of a mantle
plume: a large, bulbous “head” or “cavity” trailed by a narrow conduit (the
“stem” or “tail”) connecting it with its source (Fig. 1b). According to this
model, the arrival of a plume head at the base of the lithosphere produces mas-
sive flood basalts, while the trailing conduit generates the subsequent volcanic
track (Richards et al. 1989). The model successfully explains important fea-
tures of several prominent hotspots, including the volume of the topographic
swell (e.g. Davies 1988; Olson 1990; Sleep 1990) and the volume ratio between
flood basalts and island chain volcanism (Olson and Singer 1985; Richards et
al. 1989). Below we will address the question of whether long-lived cavity
plumes can be generated from a thermal boundary layer heated over its entire
area.

In the following, we discuss separately the cases of compositional and ther-
mal buoyancy. The density and kinematic viscosity of the ambient (‘mantle’)
fluid will be denoted by p,, and v,,, respectively, and the corresponding prop-
erties of the plume fluid by p, and v,. We set p,, = p, = p everywhere except
in the expression for the reduced gravity ¢* = g(pm — pp)/p = gAp/p. Math-
ematical expressions are written in terms of reduced gravity and kinematic
viscosity for greater concision, while viscosity values for the mantle are given
in terms of the more familiar dynamic viscosity p = pv (units Pa s). Finally,
the rates of injection of volume and of thermal energy are denoted as () and
P, respectively.

2.1 Compositional buoyancy

Buoyant fluid that is steadily injected into an ambient fluid forms a quasi-
spherical ball that grows until it is large enough to “lift off” from the injector
(Fig. 1). A simple lift-off criterion was derived by Whitehead and Luther
(1975). Ignoring for simplicity the effect of the boundary containing the in-
jector, the sphere’s rise velocity W is given by Stokes’s law (Batchelor 1967)

g a® [ v /v, +1 g*a’®
W = = 1
3V (l/m/l/p +3/2 3Um o) (1)

where a is the sphere’s radius and v = v, /1. The sphere lifts off when W
exceeds the rate of increase of the radius da/dt = Q/4ma?, which occurs at a
critical time e, and radius ase, given by (Whitehead and Luther 1975)

1/4 3/4 1/3
; _ 47 Vm, a _ 3Q t1/3 (2)
sep 3@ g* ) sep An sep
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where the factor f appearing in (1) has been neglected. By (2), both the time
and radius of separation increase with increasing viscosity of the ambient fluid.
For the large viscosities typical of the mantle, plume heads must be quite large
(a > 100 km) to separate from their source (e.g. Whitehead and Luther 1975).

a) b)

Fig. 1. Morphology of compositional starting plumes, from Olson and Singer (1985).
(a) Diapiric plume, with viscosity comparable to that of its surroundings. (b) Cavity
plume, much less viscous than its surroundings. Reproduced with permission from
Cambridge University Press.

After liftoff, the morphology and dynamics of plumes depend strongly
on the viscosity ratio v = v, /v, (Whitehead and Luther 1975). When the
injected fluid is more viscous (y < 1) , the plume has roughly the shape
of a cylinder (Fig. 1a) whose length L(¢) and radius R(t) increase with time.
Stokes’s law (1) is not valid for such a geometry, which must instead be treated
using slender body theory (e.g. Batchelor 1970). By solving numerically the
coupled equations describing conservation of mass and the slender-body drag,
Olson and Singer (1985) showed that an initial rapid increase of R and L
is followed by a stage of slower growth where R is nearly constant and the
velocity W = dL/dt of the plume tip is

. 1/2
W= (bg anL) , (3)

TV, R
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where b /=~ 1.0 is a constant determined by comparing the numerical solutions
with experimental measurements. Note that W is nearly constant due to the
slow variation of In(L/R).

In the low-viscosity limit (7 > 1), the ascending plume is a “cavity plume”
comprising a large head and a thin trailing conduit (Fig. 1b). The rate of
change of volume of the head is just the injected flux @ less the flux required
to build the (lengthening) stem, or

av 9

= Q TR (4)
where R. = (81,Q/mg*)'/* is the conduit radius corresponding to pipe
(Poiseuille) flow and W is the velocity of the head predicted by Stokes’s law
(1). For small times ¢ < 4(7v8,/g**Qu3)'/* = 7, the second term on the right
side of (4) is negligible, so V ~ Qt. Stokes’s law (1) then implies W ~ ¢2/3.
For long times ¢t > 7, the velocity of the head becomes equal to the average
upwelling velocity in the stem, and the head reaches a terminal velocity Wie,m
and radius agerrn, (Whitehead and Luther 1975).

Wierm = (g*Q/87TVP)1/27 Qterm = (3Wterml/m/g*)1/2 (5)

At intermediate times ¢ ~ 7 for which the volume of the stem has become
significant but the head has not yet reached its terminal speed, the ascent
speed is (Olson and Singer 1985)

W = 0.225(g* /)2 Q%/51%/5. (6)

Because part of the injected flux @ is used to lengthen the stem, W increases
less rapidly with time than it does (W ~ t2/3) for t < 7.

Compositionally buoyant cavity plumes can also entrain the denser ambi-
ent fluid through which they rise (Neavel and Johnson 1991; Kumagai 2002).
Kumagai (2002) identified two distinct regimes: a ‘vortex ring’ regime for
~v & 10 in which layers of entrained fluid form a scroll-like pattern inside
the plume head, and a ‘chaotic stirring’ regime for v > 100. Structures of
the vortex ring type also occur in thermal starting plumes with temperature-
dependent viscosity (Griffiths and Campbell 1990, Fig. 6a).

Interaction with large-scale flow

The interaction of compositional plumes with a large-scale ambient flow was
first studied by Skilbeck and Whitehead (1978), who injected buoyant fluid
into a shear flow generated by rotating the top surface of a tank containing
another fluid. As the rising plume head is swept horizontally away from the
source, the trailing conduit is tilted until it becomes gravitationally unstable
at a tilt angle ~ 30° from the vertical. The instability forms new, smaller
cavity plumes whose spacing is independent of the volume flux @ (Whitehead
1982). Olson and Singer (1985) performed similar experiments by towing the
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source at constant speed U at the bottom of a tank of motionless fluid (Fig.
2). The characteristic spacing A and volume V of the new cavity plumes
generated by the instability were found to scale as A\ ~ 12(v,,,U/g*)/? and
V &~ 12(vm/g*U)Y2Q, respectively, although these relationships break down
for small (< 0.3) and large (> 10) values of the dimensionless parameter
(9" Q /v U?)'/2. Skilbeck and Whitehead (1978) suggested that this instabil-
ity might account for the discrete nature of volcanic island chains.

®

Fig. 2. Chain of cavity plumes behind a source of compositional buoyancy towed
at constant speed, from Olson and Singer (1985). Reproduced with permission from
Cambridge University Press.

Richards and Griffiths (1988) studied experimentally the interaction be-
tween a compositionally buoyant plume conduit and a large-scale shear flow,
for low conduit tilt angles at which the instability documented by Skilbeck
and Whitehead (1978) does not occur. They showed that the conduit’s shape
can be calculated by describing its motion as a vector sum of the shear veloc-
ity and a modified vertical Stokes velocity v for individual conduit elements.
For a simple linear shear flow, the resulting steady-state shape is a parabola.
In response to a sudden change in the shear flow, the lateral position z(z) of
such a conduit adjusts to a new steady-state position in a time z/vs, where
z is the height. Griffiths and Richards (1989) applied this theory to Hawaii,
concluding that the sharpness of the bend in the Hawaiian-Emperor chain at
43 Ma implies that the deflection of the Hawaiian plume before the change in
plate motion was < 200 km.

Solitary waves

The stem of a chemically buoyant plume can also support solitary waves, waves
of large amplitude that propagate upwards without change in shape (Olson
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and Christensen 1986; Scott et al. 1987; Whitehead and Helfrich 1988). In a
frame travelling with the wave, the flow inside it exhibits recirculation along
closed streamlines. Chemically distinct material can therefore be transported
to the lithosphere with little contamination, at velocities &~ 10 times that
predicted by Stokes’s law for a sphere of the same diameter (Olson and Chris-
tensen 1986). Subsequently, it was discovered that thermal plume stems could
also support solitary waves (Schubert et al. 1989; Laudenbach and Chris-
tensen 2001; Fig. 3); in which case the wave will also be hotter than normal
plume material. This could account for episodic magma production at weak
hotspots and surges of activity at stronger hotspots (Laudenbach and Chris-
tensen 2001).

Fig. 3. Solitary wave ascending in a conduit formed by injecting hot fluid into
a cooler ambient fluid (from Laudenbach and Christensen 2001). Reproduced with
permission from Blackwell Publishing.
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2.2 Thermal buoyancy

Because the viscosity of mantle material and of many experimental fluids de-
creases strongly with increasing temperature, thermal starting plumes gener-
ally are cavity plumes comprising a large head and a narrow stem. For clarity,
we discuss first the dynamics of the plume stem; then of an isolated plume
head (“thermal”); and finally the coupled dynamics of the head-stem system
(“thermal starting plumes”).

The stem

Fundamental to any discussion of the plume stem is an understanding of the
structure of a steady plume above a point source of heat of strength P in
a fluid with constant viscosity v, thermal diffusivity &, specific heat ¢,, and
thermal expansion coefficient «. The scaling laws for the vertical velocity W,
the temperature anomaly AT, and the plume radius R are (Batchelor 1954)

1/2 o 1/4
W~ ( goP ) L AT~ R~ (pcp”"> 2207
TPCHV gaP

Kpcpz’

where z is the height above the point source. Physically, the scaling laws
(7) reflect two distinct balances: between buoyancy and viscous resistance to
shearing, and between advection and radial diffusion of heat. The ascent speed
is constant, and the temperature anomaly decreases with height as 2! due to
thermal diffusion. The scalings (7) are valid to within multiplicative functions
of the Prandtl number Pr = v/k, which measures the ratio of momentum
diffusivity (= viscosity) to thermal diffusivity. In the geologically relevant
limit Pr > 1, the radial profile of vertical velocity is much wider than the
radial profile of temperature, and the vertical velocity is nearly constant over
the radius of the thermal anomaly (Fig. 4). Numerical results for finite Pr
(e.g. Fuji 1963; Worster 1986) confirm the scalings (7), and analytical results
for Pr > 1 have been derived by Worster (1986) and Vasquez et al. (1996).

The dynamics are very different when the viscosity depends strongly upon
temperature, as is the case in the earth. Variable viscosity concentrates the up-
welling in the hottest central part of the plume stem. Hence, even for Pr > 1,
the thermal anomaly is wider than the radial velocity profile (Fig. 4), contrary
to the constant-viscosity case. Olson et al. (1993) obtained an approximate
solution of the boundary-layer equations for the steady flow above a point
source of heat in a fluid whose viscosity depends on temperature as

V = Uy, €Xp (—FT) , (8)
0

where T, is the temperature far from the plume and AT} is the temperature
anomaly of the plume at its base. The upwelling velocity W on the axis and
the temperature anomaly AT vary with height z as
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A
a)
-
W) /
() /
/ AT(r)
/
/
// -
O
b)
2500
T RER
2000 0.05 | O‘fi I
g 1500 105 0.05
T 1000 W(r2) | N | I
]
300 l I I AT(t,2)
0 LLL/ 1 I
0

-80 -60 -40 -20

r (km)

Fig. 4. Structure of steady plume stems above a point heat source at high Prandtl
number. (a) Radial profiles of vertical velocity W (r) and temperature anomaly
AT (r) in a fluid with constant viscosity, at an arbitrary depth z (schematic). (b)
Vertical velocity W (r, z) and temperature anomaly AT'(r, z) for a fluid with strongly
temperature-dependent viscosity (Olson et al. 1993). W and AT are normalized by
their maximum values on the axis r = 0.

1/2
gaP —Ark ATz
w— (9L AT = AT, —Amhaloz

(47rpcpuo(z)) ' 0P ( rre ’ ©)

where 1y(2) is the viscosity on the plume centerline as a function of height
z and k is the thermal conductivity. The expression (9) for W is identical to
the constant-viscosity expression (7) except for the variability of the centerline
viscosity vp(z). The temperature anomaly decreases exponentially with height,
and the corresponding increase in viscosity causes the upwelling velocity W
also to decrease with height. The radius oy of the upwelling region (the
“conduit” proper) is smaller than the radius 7 ~ [In(v,,/10)/2]Y/ 28w of the
thermal halo (Fig. 4). For typical mantle parameter values, plumes with large
viscosity variations (> 1000) have dy ~ 25 — 30 km and dr ~ 60 km, while
plumes with low viscosity variations (< 100) are typically twice as broad.
Hauri et al. (1994) solved numerically the boundary-layer equations for a
steady plume above a point heat source in a fluid with temperature- and stress-
dependent viscosity, focussing on the amount of ambient material entrained
into the plume by thermal diffusion. The fraction F, of the mass flux at a given
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height z that consists of entrained material is equal to the fractional decrease
of the plume’s excess temperature from its base to the height z. Hauri et al.
(1994) find that F. correlates negatively with the buoyancy flux B = aP/c,
of the plume, such that 0.90 > F, > 0.05 for 100 kg s~ < B < 10000 kg s~ 1.

600 . L —— T -
¢ ]
E L 1000°K. ==~ I
% 400 3 ..r""r e = --I:
- o

:<Zt i Crozet ~ L= 750°K I_
o | ’
S

200 F "
5 Hawaiil
5
i i ]
=
(= ]
F i PR A i A

0 1000 2000 3000 4000
BUOYANCY FLUX (kg/s)

Fig. 5. Temperature anomaly beneath the lithosphere for a steady plume rising
from the core-mantle boundary as a function of its buoyancy flux, for three values of
the initial temperature anomaly at the boundary. Heavy dashed lines show estimated
buoyancy fluxes for Crozet and Hawaii (adapted from Albers and Christensen 1996).
Copyright 1996 by the American Geophysical Union. Reproduced by permission of
the American Geophysical Union.

Albers and Christensen (1996) studied numerically a steady plume ris-
ing from a heat source in a mantle with realistic temperature-, pressure-, and
stress-dependent viscosity, phase transitions, and compressibility, focussing on
the conditions required for plumes to preserve sufficient excess temperature
to melt beneath the lithosphere. They found that plume temperature in the
upper mantle is mainly controlled by the buoyancy flux (Fig. 5). Plumes with
B <1000 kg s~ (e.g., Crozet) would cool too much to melt beneath old litho-
sphere, and thus are unlikely to have come from the core-mantle boundary
(CMB). On the other hand, plumes with fluxes comparable to the Hawaiian
plume and arising from a thermal boundary layer at the CMB with a temper-
ature jump &~ 1000 K (Williams 1998) preserve sublithospheric temperature
anomalies ~ 500 K (Fig. 5), much greater than observed. This could indicate
that the D” layer at the CMB is compositionally stratified, which would pre-
vent plumes from carrying the entire temperature anomaly (Farnetani 1997).
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Thermals

If the source of buoyancy feeding a nascent plume head is suddenly turned
off, the head will rise as an isolated “thermal” without a trailing conduit.
Laboratory experiments (Griffiths 1986a) show that a thermal initally rises at
constant speed through a distance comparable to its diameter, and then slows
down while increasing in volume. The enlargement occurs because diffusion
of heat warms a thin boundary layer of ambient fluid around the thermal,
which then is advected back to the thermal’s trailing edge and entrained. The
total buoyancy of the thermal is therefore constant, and is proportional to
the Rayleigh number Ra = agATyVy/kV,, where Vj is the thermal’s initial
volume and ATy its initial temperature excess. The thermal’s volume V' and
velocity W now have the self-similar forms (Griffiths 1986a)

_7CY 4 a2 _f 3/4;, \—1/2
V= Ra’*(kt)>=2, W = Ra>*(kt) , (10)
6 27’(01

where f is defined by (1) and C;7 ~ 1.0 is a constant determined experimen-
tally (Griffiths 1986a). Laboratory experiments using viscous oils (Griffiths
1986a) and corn syrup (Coulliette and Loper 1995) are consistent with (10).
More qualitative laboratory experiments on thermals with variable amounts
of compositional buoyancy were carried out by Griffiths (1986b).

Thermal starting plumes

A thermal starting plume is essentially an ascending thermal connected by a
stem to a source of buoyancy. Accordingly, the plume head can grow in two
ways: by the entrainment mechanism described in the previous subsection,
and by supply of plume fluid through the stem. Unfortunately, no reliable
scaling laws have yet been found to describe the evolution of the size and
speed of the plume head in this case, and different studies of the problem are
in conflict.

Griffiths and Campbell (1990) investigated experimentally the dynamics
of starting thermal plumes by injecting hot glucose syrup with a temperature
excess ATy into a cooler reservoir of the same fluid at a constant volumetric
rate Q. The viscosity of the fluid depended strongly on temperature; let its
value in the cooler reservoir be v,,. Griffiths and Campbell (1990) proposed
that the volume V of the plume head increases both by supply of injected hot
fluid and by entrainment of cooler ambient fluid according to

av
—r = Q+ Calhga ATy Qt /vy ] 2V, (11)
where C5 is an empirical entrainment constant. The cooling of the stem and
the flux needed to lengthen it are implicitly neglected in (11).

The two terms on the right-hand side of (11) are comparable for times
t ~ (C3vm/kgaATy)?/°QY5 = 7. For small times t < 7, entrainment is
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Fig. 6. (a) Starting thermal plume (photograph courtesy of N. Laudenbach). (b)
Comparison of volumes of thermal starting plume heads measured experimentally by
Griffiths and Campbell (1990) as functions of time with numerical predictions by Van
Keken (1997). Filled circles: volumes for the experiment of figure 1 in Griffiths and
Campbell (1990), as estimated by Van Keken (1997). Filled triangles: volumes for
the experiment of figure 2 in Griffiths and Campbell (1990). Dashed lines: numerical
solutions of (11) for C> = 0.5 and 2.0. Open circles: predictions of a full numerical
simulation by Van Keken (1997). Solid line: V = Qt.

negligible, and V' = @t as for a purely chemical plume. For large times t > T,
the second (entrainment) term in (11) is dominant, implying

3/2
V= (%) Br3/49/4) (12)

where 8 = (9aATyQ /vy, )?*. The corresponding velocity of the head, calcu-
lated from Stokes’ law for a relatively inviscid drop, is

1(6)*? —1/2 1
wW=- (—) Cy 2B (kt) M, (13)
8\
On the basis of experiments with thermals, Griffiths and Campbell (1990)
state that 1 < Cy < 4. Van Keken (1997) solved (11) numerically for different
values of Cy and compared the results with two experiments reported by
Griffiths and Campbell (1990) in their figs. 1 and 2 (henceforth experiments
E1 and E2). Van Keken’s numerical solutions of (11) are indicated by dashed
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lines in Fig. 6b, and the volumes observed experimentally by solid symbols.
Experiment E1 agrees well with the numerical solution for Cy = 0.5, while E2
is best fit by Co = 2.0 (although the agreement is poor for ¢t < 150 s). Because
experiments E1 and E2 were performed with the same nominal values of AT,
@, and v,,, the differences between the observed volumes for ¢ > 120 s may
indicate a lack of reproducibility. Van Keken (1997) also performed a complete
numerical simulation of the experiments, obtaining values of V(t) (Fig. 6b,
open circles) in excellent agreement with those observed in experiment El.
Neither the experiments nor the numerical simulation displays the asymptotic
behavior V ~ t%/4 predicted by (12), probably because the total time elapsed
did not greatly exceed 7 (7 = 70-400 s for 0.5 < Cy < 2.0). For ¢ > 150 s, the
results of experiment E2 are better described by the law V ~ ¢3/2 (10) for an
isolated thermal (Fig. 6b).

Experiments on plumes produced by localized heating without fluid in-
jection (Moses et al. 1993; Coulliette and Loper 1995; Kaminski and Jaupart
2003) show a different behavior: the head velocity increases rapidly for a short
time and then attains a nearly constant value Wiepp,. Fig. 7 shows isotherms
(a-c) and profiles of vertical velocity on the axis (d) at different times for a
thermal starting plume above a heater in a fluid with temperature-dependent
viscosity. The lower portion (stem) of the plume quickly reaches a steady state,
as shown by the similarity of the isotherms and velocity profiles for ¢ = 120
s and 300 s in the height range 20 mm < z < 70 mm. Along the axis, both
the temperature and the vertical velocity decrease strongly with height, in
qualitative agreement with the analytical solutions (9).

To explain the constancy of Wiepm, Coulliette and Loper (1995) proposed
a modified version of Griffiths and Campbell (1990)’s model that accounted
for incomplete entrainment of the hot thermal boundary layer surrounding the
head. However, the resulting theory involves empirical constants whose values
vary by factors of 2-5 among experiments. A possible cause of the difficulty
may be the theory’s neglect of the flux required to build the lengthening stem,
which is important for compositional plumes (Whitehead and Luther 1975;
Olson and Singer 1985).

Plumes generated by localized heat sources have also been studied in
more complex and ‘earthlike’ configurations. Kellogg and King (1997) stud-
ied numerically the evolution of plumes in a spherical annulus of fluid with
temperature-dependent viscosity. They found that the plume morphology de-
pends strongly on the total viscosity contrast v = v, /v, changing from
‘diapiric’ for v = 1 to ‘cavity’ for v = 1000, consistent with earlier results
for compositionally buoyant plumes (Olson and Singer 1985; Fig. 1). Kerr
and Mériaux (2004) carried out a comprehensive laboratory study of thermal
plumes ascending in a shear flow in a fluid with temperature-dependent vis-
cosity. Plumes initially rise with a constant velocity that is independent of the
centerline viscosity v,. Subsequently, the ambient shear tilts the plume con-
duits, and in some cases significant cross-stream circulation and entrainment
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into them is observed. However, the tilted conduits never develop gravitational
instabilities of the kind observed on tilted compositional conduits (Fig. 2).
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Fig. 7. Thermal starting plume above a heater (P = 3 W) in a sugar syrup with
temperature-dependent viscosity, from Vatteville (2004). Viscosity varies by a factor
of 20 between the heater (54° C) and the fluid far from the plume (20° C). (a)-(c):
isotherms for the temperatures indicated, visualized using liquid crystals, at times
t =60s (a), 120 s (b), and 300 s (c). (d): vertical velocity along the plume axis r = 0
as a function of height for ¢ = 120 s (solid line) and 300 s (dashed line), measured
using particle-image velocimetry (PIV).

2.3 Concluding remarks

The phenomenon of plumes from point sources of buoyancy comprises a large
number of distinct cases: compositional vs. thermal buoyancy; steady vs. “one-
shot” injection of buoyancy; injection of buoyancy with or without injection
of mass; constant vs. variable viscosity. Faced with so many possibilities, in-
vestigators have naturally focussed on particular limiting or “intermediate
asymptotic” (Barenblatt 1996) regimes for which simple power-law scalings
can be found. Such laws typically express a balance between two dominant
mechanisms (fluid supply and entrainment, advection and diffusion, etc.), and
therefore provide valuable understanding of the essential physics. But their
simplicity comes at the price of a limited range of validity, and makes it dif-
ficult to see how different laws are related to one another. What is needed
are complete scaling laws that describe not only the intermediate asymptotic
regimes, but also the transitions between them. Such laws are necessarily more
complicated than simple power laws, and their determination requires a corre-
spondingly greater numerical and/or experimental effort. Currently, no such
laws exist even for relatively simple phenomena like isothermal, chemically
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buoyant starting plumes with arbitrary viscosity contrasts, to say nothing
of more complex cases such as unsteady thermal plumes. Complete scaling
laws for phenomena like these would represent significant contributions to
geophysics and to fluid mechanics generally.

3 Plumes as boundary layer instabilities

While plumes from point heat sources are conceptually useful, they are un-
likely to represent fully the behavior of mantle plumes, which arise from in-
stabilities of hot thermal boundary layers (‘TBLs’). Earth’s mantle is home to
at least one TBL, the D" layer at the core-mantle boundary, across which the
temperature difference is at least 1000 K (Williams 1998). We begin by dis-
cussing the necessary conditions for plume formation in convecting fluids. We
then consider one of the most commonly studied models for this process, that
of plumes arising from the TBL that forms when an isothermal fluid layer is
heated impulsively from below. Finally, we investigate the dynamics of plumes
in fully developed convection, with a focus on certain crucial differences from
the impulsive heating model.

3.1 Necessary conditions for plume formation

Hot thermal plumes are commonly observed in a layer of viscous fluid heated,
even partially, from below (e.g. Sparrow et al. 1970; Krishnamurti 1970). The
intensity of convection in a layer with thickness H, thermal expansion coef-
ficient «, viscosity v, and thermal diffusivity x is determined by the global
Rayleigh number ,

Ra — agATH® (14)

RV

where AT is the temperature difference across the layer. Convection occurs
when Ra exceeds a threshold Ra. =~ 1000, the exact value of which depends on
the boundary conditions (e.g. Chandrasekhar 1981). For isothermal and rigid
boundaries, a regime diagram has been determined experimentally (Krish-
namurti 1970; Weeraratne and Manga 1998). Just above Ra,., the convective
pattern is stationary, first as 2D rolls, then as 3D cells (e.g. hexagons). Around
Ra = 10°, the cell geometry becomes time-dependent. Above Ra = 10°, well-
defined cells no longer exist, and heat is transported by plumes that form as
instabilities of the upper cold and lower hot thermal boundary layers. Fig. 8
shows the convective regime of a fluid layer as a function of its thickness and
viscosity. Plumes can develop in an upper mantle of thickness 660 km only if
its viscosity is lower than 102! Pa s. For an average mantle viscosity of 1022
Pa s, plumes will be generated only if the layer thickness exceeds 2000 km.
Convective motions originating at the CMB and extending across the whole
mantle should therefore take the form of plumes.
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Fig. 8. Convective regime of a uniform fluid layer heated from below as a function
of its thickness and viscosity. The grey bar shows the average viscosity of the whole
mantle (e.g. Ricard et al. 1989), and the box at lower left delimits the conditions of
the upper mantle. The calculation assumes £ = 107° m? s7!, a =2 x 107° K™},
and AT = 3000 K.

3.2 Starting thermal plumes due to impulsive bottom heating

In the most commonly studied configuration, an initially isothermal fluid
layer is suddenly heated at time ¢ = 0 by increasing the temperature of its
lower boundary by an amount AT. Initially, the temperature in the TBL
evolves by pure conduction following the standard “error function” profile
T = ATerfc(z/5), where § = 2(xt)'/? is the thickness of the TBL and
K is the thermal diffusivity. In a fluid of constant viscosity v, the stabil-
ity of the TBL is controlled by the (time-varying) local Rayleigh number
Rarpr = gaATS3 kv, where g is the gravitational acceleration and « is the
coefficient of thermal expansion. The TBL becomes unstable to small per-
turbations (incipient plumes) when Rarpj exceeds a critical value ~ 1000
(Howard 1964).

Fig. 9 shows a laboratory experiment illustrating the evolution of convec-
tive instabilities in a fluid layer heated suddenly from below (Davaille and
Vatteville 2005). The fluid’s viscosity is temperature-dependent and varies by
a factor of 15 across the TBL, but this variation is not sufficient to change the
dynamics substantially relative to the constant-viscosity case. Initially, the
TBL formed at the hot boundary grows by diffusion (Fig. 9a). When the local
Rayleigh number Rarpy, reaches the critical value, the TBL becomes unsta-
ble (Fig. 9b) and breaks up (Fig. 9¢) to produce plumes (Fig. 9c-¢). When a
plume reaches the top boundary, it “ponds” there and spreads laterally (Fig.



Fluid Dynamics of Mantle Plumes 17

9e). Once the hot TBL has been emptied, the plume stem begins to disap-
pear from the bottom up (Fig. 9e), leaving only the cooling and shrinking
sublithospheric pond. This last feature implies, for example, that the absence
of a plume conduit in a tomographic image need not indicate the absence of
a plume.
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Fig. 9. Evolution of boundary layer instabilities in a layer of sugar syrup initially
at temperature 21° C and suddenly heated from below to 53° C. Isotherms 24.6° C,
31.4° C, and 40.5° C, visualized using liquid crystals, are shown at times ¢t = 300 s
(a), 400 s (b), 460 s (c), 500 s (d), and 600 s (e). Continuous cooling of the plume
from (c) to (e) is indicated by the progressive disappearance of the 40.5° C isotherm.
Panel (f) shows the height (in units of the tank depth) of the 24.6° C isotherm as a
function of time. Modified from Davaille and Vatteville (2005).

The dynamics of plume generation is more complex when the viscosity
contrast v across the TBL exceeds roughly 10%. Two distinct stages can now
be identified. Instability occurs initially as small-scale cellular convection con-
fined to the low-viscosity “sublayer” of thickness ds,, = §/In~y near the hot
surface z = 0 (Yuen and Peltier 1980; Loper and Eltayeb 1986; Thompson and
Tackley 1998; Solomatov and Moresi 2002). In the second stage, the cells in
the sublayer merge to form large incipient plumes which then ascend rapidly
and drain the TBL (Christensen 1984; Olson et al. 1987; Thompson and Tack-
ley 1998; Ke and Solomatov 2004). Ke and Solomatov (2004) showed that the
growth rate of this second stage is independent of the sublayer viscosity and



18 Neil Ribe, Anne Davaille, Ulrich Christensen

depends only on the viscosity of the fluid above the TBL, as predicted by the
theory of the Rayleigh-Taylor (gravitational) instability of a thin fluid layer
beneath a half-space of fluid with a much higher viscosity (Whitehead and
Luther 1975; Canright and Morris 1993).

The morphology of plumes generated by impulsive heating resembles qual-
itatively that of plumes from point sources of buoyancy, with a similar depen-
dence on the total viscosity contrast . In the experiments of Fig. 9 with
v = 15, the plumes are close to the ‘diapiric’ limit and have poorly defined
heads. In numerical simulations with v = 1300, by contrast, Van Keken (1997)
observed plumes with pronounced ‘cavity’ morphology and a strong ‘scroll’
structure within the head, similar to Fig. 6a. Non-Newtonian rheology gen-
erated even more complicated structures, such as detachment of the primary
plume head and formation of a second one that ascends behind it (Van Keken
1997).

Farnetani and Richards (1995) used a numerical model of a plume issuing
from a TBL to shed light on the controversial question of entrainment of am-
bient material into mantle plumes. Campbell and Griffiths (1990), reasoning
from the large degrees of entrainment observed in thermal starting plumes
(Fig. 6a), had earlier suggested that the geochemistry of flood basalts should
reflect significant mixing of plume and ambient mantle material. This con-
clusion was contested by Farnetani and Richards (1995), who studied a more
realistic model in which a plume arises from a TBL at the base of a mantle
layer with temperature-dependent viscosity and phase transitions. Farnetani
and Richards (1995) used a melting model to calculate representative isotopic
and trace element ratios in melts extracted from the plume head. They found
that the contribution of the entrained material was always small (< 10 %), and
attributed this result to three principal causes: (1) entrained material is too
cold to experience significant melting; (2) smooth variations of temperature
inherited from the TBL decrease the entrainment rate; and (3) the mantle’s
finite depth does not allow a plume to ascend far enough for entrainment to
become significant. Farnetani and Richards (1995) concluded that geochem-
ical heterogeneity in flood basalts is either inherited from the TBL or due
to lithospheric contamination. A similar conclusion was reached by Farnetani
et al. (2002) using an extended version of the same model incorporating a
chemically dense layer at the bottom of the TBL.

3.3 Plumes in fully developed convection

Plume generation in fully developed convection is a cyclic process in which the
TBLs grow by thermal diffusion, become unstable, and then empty themselves
rapidly into plumes, at which point the cycle begins again. The characteristic
time scale 7. for this process is the time required for the growing TBL to
become unstable, and is (Howard 1964)
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2 2/3
S <Rac> . (15)

mx \ Ra

Because Ra ~ H? (14), 7, is independent of the layer depth H. The scaling
(15) is confirmed by laboratory experiments (e.g. Sparrow et al. 1970; Davaille
and Jaupart 1993; Davaille 1999a; Manga et al. 2001). For the mantle, 7. ~ 10
Myr, 40 Myr and 200 Myr for dynamic viscosities jt,,, = 10'? Pa s, 5 x 10?0 Pa
s, and 10?2 Pa s, respectively. Such recurrence times are probably also upper
bounds on plume lifetime (Davaille and Vatteville 2005). The corresponding
values of the critical TBL thickness 8. = H(Ra./Ra)'/? for the same viscosi-
ties are 31 km, 62 km and 140 km, respectively. Experiments show that the
typical spacing between plumes is 3-6 . (e.g. Sparrow et al. 1970; Tamai and
Asaeda 1984; Asaeda and Watanabe 1989; Lemery et al. 2000; Davaille et al.
2002), which implies a plume spacing 100-840 km in the mantle. Detailed mor-
phological studies show that the plumes are connected by a network of ‘ridges’
near the base of the layer (e.g. Houseman 1990; Christensen and Harder 1991;
Tackley 1998; Trompert and Hansen 1998; Parmentier and Sotin 2000).

Once plumes are formed, they must be able to reach the surface to produce
a hotspot. In classical Rayleigh-Bénard convection in a constant-viscosity fluid
heated from below and cooled from above, hot (cold) plumes generally lose
their identities before reaching the upper (lower) surface (Fig. 10a). There are
two reasons for this. The first is that the rising hot (sinking cold) plumes tend
to be disrupted by the sinking cold (rising hot) plumes they encounter. The
disruption of hot plumes is enhanced by a dependence of viscosity on temper-
ature, which makes hot plumes mechanically weaker than cold ones (Schaeffer
and Manga 2001), and by internal heating, which decreases the strength of
hot upwelllings relative to cold downwellings (Labrosse 2002). Second, plumes
begin to interact after rising a distance comparable to their spacing, leading
them to cluster or even to merge (Moses et al. 1993; Manga 1997; Xi et al.
2004). This can generate a large scale circulation with a wavelength compa-
rable to the layer depth (e.g. Xi et al. 2004) that will also characterize the
spacing of clusters of hot plumes that reach the top boundary.

In short, plumes in convecting homogeneous fluids are highly transient
features, with little resemblance to the classical ‘cavity plume’ model (Fig. 1b).
We thus have an apparent paradox: cavity plumes are favored by high viscosity
contrasts vy, /v, yet are not observed in fully developed convection in fluids
with strongly temperature-dependent viscosity (Nataf 1991). The resolution
of this paradox is that most of the temperature drop in such a system occurs
across a stagnant high-viscosity ‘lid” at the top of the layer, leaving only a small
temperature drop across the bottom TBL ATrpr ~ 1.1AT e (Solomatov
and Moresi 2000; Manga et al. 2001), where

A = () [ 2] (16)
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is the rheological temperature scale (roughly the temperature change re-
quired to change the viscosity by a factor e). In the lowermost mantle,
AT heor = 50 — 250 K (Solomatov and Moresi 2002). Moreover, because the
temperature anomaly carried by plumes rising from such a TBL is only about
0.6ATrp, < 150 K (e.g. Farnetani 1997), the viscosity contrast between the
plume and its surroundings will be even smaller than that across the TBL.
Such small temperature and viscosity contrasts may be adequate to explain
colder hotspots (e.g., Azores), but not ones as hot as Hawaii or ones that
produce flood basalts.

In summary, the generation of cavity plumes in a fluid with temperature-
dependent viscosity requires much larger temperature and viscosity contrasts
across the lower TBL than typically exist under statistically steady-state con-
ditions. Such large contrasts can be produced in a transient fashion by intense
impulsive heating from below, which will produce large plumes with temper-
ature anomalies =~ 600 — 1000 K. However, subsequent generations of insta-
bilities from the TBL will be much smaller because the increasing average
temperature of the fluid layer causes the viscosity contrast across the TBL to
decrease as statistical steadiness is approached (e.g. Hansen and Yuen 2000).
The inferred occurrence of large plume heads over the greater part of earth
history therefore requires a more permanent mechanism to keep the temper-
ature difference across the TBL large. Possibilities include an endothermic
phase transition (Harder and Christensen 1996; Weinstein 1995) or a strong
pressure-dependence of viscosity (Christensen 1985) just above the CMB, but
there is no clear evidence for either (the recently discovered post-perovskite
phase transition is apparently exothermic; Oganov and Ono 2004; Murakami
et al. 2004). Another possibility is the influence of mobile tectonic plates and
subduction, which rapidly transports cold material from the top of the layer
to the bottom, thereby increasing ATrp (Lenardic and Kaula 1994; Jellinek
et al. 2002). Yet a third possibility is the influence of chemical heterogeneity
in the lowermost mantle, to which we now turn.

3.4 Thermochemical plumes

At least three things are necessary to explain the observed characteristics of
hotspots: a large stable temperature difference across D"'; generation of large
plume heads with temperature anomalies not exceeding 500 K; and a way to
“anchor” plume stems to generate long-lived volcanic tracks. One factor that
can create all these conditions is compositional heterogeneity in the lower-
most mantle. Such heterogeneity might be due to slab remnants (e.g. Olson
and Kincaid 1991; Christensen and Hofmann 1994), delaminated continental
material, relics of a primitive mantle (Gurnis and Davies 1986; Tackley 1998;
Kellogg et al. 1999) enriched e.g. in iron (Javoy 1999), or chemical reactions
with or infiltration from the core (e.g. Hansen and Yuen 1988). The potential
importance of such heterogeneity has led many authors to study “thermo-
chemical” convection in fluids whose density depends both on temperature
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and composition. The following discussion focusses only on the morphology
and dynamics of upwellings; for a review of thermochemical convection in
general, see Davaille et al. (2003).

The most commonly studied situation comprises two superposed fluid lay-
ers of different composition, density, and viscosity. Let Hy and Hy denote the
depths of the lower and upper layers, respectively, and v; and vo = v the
corresponding viscosities. In cases where the viscosity depends on tempera-
ture, 11 and vy are taken to be the values at the mean temperature of the
layer in question. Finally, the “Rayleigh number” Ra for the system is defined
using (14) with H = Hy + Ho, v = max(v1,vs), and AT equal to the total
temperature difference across both layers.

The dynamics of a two-layer system are controlled by the interaction
of compositional and thermal buoyancy, as measured by the ratio B =
Apx [ paAT of the stabilizing chemical density anomaly Apx to the destabi-
lizing thermal density anomaly pa AT (“buoyancy ratio”; Olson 1984; Davaille
1999b), where « is the value of the thermal expansivity at the interface. For
B < 0.03, chemical density heterogeneities are negligible and the system be-
haves as a single homogeneous fluid. For larger values of B and Ra > 10°, two
scales of convection coexist: compositionally homogeneous thermal plumes
generated at the outer boundaries, and large-scale thermochemical instabil-
ities that involve both fluids. The different regimes observed in laboratory
experiments and numerical simulations are shown in Fig. 10 and described in
more detail below.

Whole-layer regime and unstable doming

When B is less than a critical value B, ~ 0.4 (the exact value depends weakly
on the viscosity and depth ratios; Le Bars and Davaille 2002), the stable com-
positional stratification can be overcome by thermal buoyancy. The interface
between the layers then becomes unstable, and convection occurs over the
whole depth. An important characteristic of the interfacial instability is the
“spouting” direction (Whitehead and Luther 1975), defined as the direction
(up or down) in which finite-amplitude perturbations grow superexponentially
to form dome-like structures (Fig. 10d, e). The theory of the Rayleigh-Taylor
instability shows that spouting occurs in the direction of the layer with the
lower “resistance” v;/H? (Ribe 1998). Thus the lower layer will spout into the
upper one only if

Hy + Hs
1441 /37

otherwise, spouting is downward (Le Bars and Davaille 2004a). Condition (17)
implies, for example, that a less viscous layer will spout into a more viscous
overlying mantle only if the former is much thinner.

As for the case of purely compositional plumes (Fig. 1), the morphology
of thermochemical instabilities depends on the viscosity ratio vo /11 = 5. Sup-
pose for definiteness that (17) is satisfied, so that spouting is upward. Then

1 < (17)
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Fig. 10. Regimes of thermochemical convection as a function of Rayleigh number
and buoyancy number. Black circles: whole-layer convection (open circles for exper-
iments close to marginal stability). +: stratified convection and anchored plumes
with a deformed interface (light shaded area). x: stratified convection with a flat
interface (dark shaded area). x: stratified convection with a non-convecting thin-
ner layer. Laboratory experiments are shown in red (Richter and McKenzie 1981),
dark blue (Olson and Kincaid 1991); yellow (Jellinek and Manga 2004) and black
(Davaille 1999a,b; Davaille et al. 2002; Le Bars and Davaille 2002, 2004a). Numerical
calculations are shown in grey (Schmeling 1988), light blue (Tackley 1998, 2002),
brown (Kellogg et al. 1999; Montague and Kellogg 2000), purple (Hansen and Yuen
2000), green (Samuel and Farnetani 2003) and pink (McNamara and Zhong 2004a).
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when the lower layer is more viscous (y < 1), large cylindrical diapirs form
(Fig. 10e), and secondary plumes can develop above them in the upper layer
(Davaille 1999b). When « > 1, by contrast, purely thermal instabilities first
develop within the lower layer, and then merge to form large cavity plume
heads (Fig. 10d). In both cases, if the lower layer is thin, the plumes empty
it before they reach the upper boundary, and become disconnected from the
lower boundary as in the purely thermal case (Fig. 9e). If the layer is thicker
and/or 0.2 < B < B, the plumes reach the upper boundary before dis-
connecting from the lower (Fig. 10e). They then begin to cool and lose their
thermal buoyancy, and eventually collapse back to the bottom, whereupon the
cycle begins again. When v > 5 or v < 0.2, each layer retains its identity over
several pulsations. Since thermal buoyancy must overcome the stable compo-
sitional stratification before driving convection, the temperature anomaly 6
carried by thermochemical instabilities is the slave of the compositional field
(Le Bars and Davaille, 2004a) and is

0 (0.98 4 0.12) 2P (18)

ap
Le Bars and Davaille (2004a,b) give more details on the complexities of the
whole layer regime.

According to (18), thermochemical instabilities with temperature anoma-
lies 300-500 K can be produced at the base of the mantle by compositional
density heterogeneities of 0.3-0.6%. If viscosity depends only on temperature,
the plumes are then 10-3000 times less viscous than the bulk mantle (e.g.
Solomatov and Moresi 2002), and should therefore have the form of cavity
plumes. According to (17), the thickness of the dense less viscous layer from
which they come must be less than 200-700 km. The diameter, wavelength
and velocity of the plumes are mainly controlled by the more viscous upper
layer since it retards motion over the whole depth (e.g. Whitehead and Luther
1975; Olson and Singer 1985; Herrick and Parmentier 1994). The scaling laws
of Le Bars and Davaille (2004a,b) predict velocities ~ 5 cm/yr, radius ~ 500-
1000 km, and spacing ~ 2000-3500 km for cavity plumes at the base of the
mantle.

Stratified regime: anchored hotspots, bumps and piles

For B > B., thermal buoyancy cannot overcome the stable compositional
stratification. Convection remains stratified, and a TBL forms at the inter-
face from which long-lived thermochemical plumes are generated (Fig. 10c).
These plumes do not have a well-defined head, and the thermal anomaly they
carry is weak, proportional to the temperature difference across the unstable
part of the TBL above the interface (Christensen 1984; Farnetani 1997; Tack-
ley 1998). These plumes entrain a thin filament (at most 5% of the total plume
volume) of the denser bottom layer by viscous coupling and locally deform
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the interface into cusps (Fig. 10c, Davaille 1999b). The interfacial topogra-
phy serves in turn to anchor the plumes (Namiki and Kurita 1999; Davaille
1999a,b; Davaille et al. 2002; Jellinek and Manga 2002, 2004), which persist
until the chemical stratification disappears through entrainment. Scaling laws
based on laboratory experiments (Davaille et al. 2002; Gonnermann et al.
2002) suggest that plumes anchored in D" could develop for Apx > 0.6%,
and that they could survive hundreds of millions of years, depending on the
spatial extent and magnitude of the anchoring chemical heterogeneity. Such
plumes could therefore produce much longer-lived hotspots than the transient
plumes observed experimentally in isochemical convection (Fig. 9). However,
plume longevity does not necessarily imply spatial fixity: plumes and their an-
chors can be advected by large-scale flow associated with strong downwellings
such as subducting plates (Tan et al. 2002; Davaille et al. 2002; McNamara
and Zhong 2004b).

When B, < B < 1, thermal buoyancy is sufficient to maintain local ther-
mochemical “bumps” on the interface (Fig. 10b), whose maximum height
increases with increasing Ra and decreasing B (Le Bars and Davaille 2004a;
McNamara and Zhong 2004a). If the lower layer is thin enough, it can break
up and form stable “piles” (Tackley 1998, 2002).

More complicated morphologies can also arise. A “failed dome” occurs
when most of the thermochemical dome falls back down, while the material
of the upper layer, heated by thermal coupling, continues to rise and entrains
a small amount of the lower denser layer (Fig. 1la; Kurita and Kumagai,
personal communication 2004). Interaction of a thermochemical plume with a
phase transition at 660 km depth also gives rise to complex dynamics (Farne-
tani and Samuel 2005), including ponding beneath the phase transition (Fig.
11b, panel e) and the penetration into the upper mantle of narrow filaments
with temperature anomalies ~ 100 — 150° C that could feed long-lived surface
volcanism (Fig. 11b, panel f).

4 Interaction of plumes with the lithosphere

Because most of what we know about mantle plumes comes from the signa-
tures produced by their interaction with the lithosphere, it is critical to un-
derstand the dynamics of this process. Most studies focus on one or the other
of the two components (head and tail) of the classical “cavity plume” model.
We begin by reviewing previous work on the (inherently time-dependent) dy-
namics of a starting plume head with a stationary lithosphere. We then turn
to models for hotspot swells, which typically consider the interaction of a
steady-state plume conduit with a moving lithosphere. Finally, we discuss the
still more complicated case of interaction of mantle plumes with ocean ridges.
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Fig. 11. Possible complex morphologies of thermochemical plumes. a) Laboratory
experiment showing a “failed” dome. A thermochemical plume was generated by
a flat heater with a constant power. Compositionally denser material (orange) was
initially in a thin layer at the bottom of the tank. Green lines are isotherms (courtesy
of K. Kurita). b) Numerical simulation of thermochemical plumes interacting with a
phase transition at 660 km depth. Panels (d) and (h) show the distribution of active
tracers. Modified from Farnetani and Samuel (2005).

4.1 Starting plumes

Olson and Nam (1986) performed laboratory experiments on the deformation
of an initially spherical drop of buoyant low-viscosity fluid rising towards a
high-viscosity boundary layer at the cooled free surface of a fluid with strongly
temperature-dependent viscosity, and measured the amplitude of the surface
topography as a function of time. The typical evolution was found to com-
prise a phase of relatively rapid uplift, followed by slower subsidence that
corresponds to stagnation and lateral spreading of the drop below the cold
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boundary layer. Griffiths and Campbell (1991) performed simpler experiments
under isothermal conditions, and focussed on determining scaling laws for the
drop’s radius and the thickness of the “squeeze film” above it as functions of
time. They also observed that the gravitationally unstable interface between
the drop and the squeeze film eventually broke up via a Rayleigh-Taylor in-
stability with a complex lateral planform dominated by short-wavelength (<
drop radius) upwellings and downwellings. Koch and Koch (1995) analyzed
drop spreading below a free surface using a combination of numerical (bound-
ary integral) and analytical methods. They identified three distinct asymp-
totic forms for the drop radius R(t) as a function of time, depending on
whether spreading of the drop is resisted primarily by normal stresses at the
rim (R ~ (tInt)'/?), shear stresses at the bottom (R ~ /%), or stresses
within the drop itself (R ~ t'/2). Which of these regimes obtains depends
on the relative values of the drop’s aspect ratio (radius/thickness) and the
viscosity contrast between the drop and its surroundings.

Models of starting plumes have also been constructed using more complex
and earthlike rheological laws. Farnetani and Richards (1994) investigated a
numerical model of an initially spherical drop rising towards the surface of a
fluid whose viscosity depends strongly on pressure and (in some cases) tem-
perature. The model predicts rapid uplift of the surface followed by slower
subsidence (cf. Olson and Nam 1986), and melting rates that are consistent
with the observed volumes and compositions of flood basalts. Moore et al.
(1999) used a 3-D numerical model to study the interaction of an ascending
thermal plume that impinges on cold, high-viscosity lithosphere at the surface
of a fluid with strongly temperature-dependent viscosity. Small-scale, nonax-
isymmetric convective instabilities were observed to occur in the boundary
layer when the viscosity contrast between the plume and its surroundings ex-
ceeded a factor of about 10, leading to efficient thinning of the lithosphere.
This is in contrast to earlier 2-D numerical experiments (Olson et al. 1988;
Monnereau et al. 1993) which showed little lithospheric thinning.

Another factor that can influence strongly the sublithospheric distribution
of starting plume material is lateral variations in lithospheric thickness. Sleep
(1996, 1997, 2002) has pointed out that such thickness variations will cause
the base of the lithosphere to act like an “upside-down drainage pattern”
that guides the lateral flow of buoyant plume material. Ebinger and Sleep
(1998) suggested that this effect can explain how the impact of a single large
plume could have produced the complex distribution of Cenozoic volcanism
in central/east Africa.

4.2 Models for hotspot swells

Detrick and Crough (1978) seem to have been the first to suggest that the large
bathymetric swells associated with hotspots such as Hawaii are produced by
thermomechanical interaction of a mantle plume with the lithosphere moving
over it. According to this model, the plume heats and thins the lithosphere
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above it, forming an inverted “trough” in the base of the lithosphere filled with
hotter asthenospheric material. The density contrast between this material
and the colder lithosphere to either side generates an Archimedean buoyancy
force that supports the swell. The lithospheric thinning model successfully
explains the low (0.004-0.005; Monnereau and Cazenave 1988) values of the
geoid-topography ratio inferred for hotspot swells, which imply a depth of
isostatic compensation within the normal (unthinned) lithosphere. However,
the model cannot easily explain the great width (= 1000 km) of many swells,
or the rapid uplift of the swell in the direction of plate motion at hotspots such
as Hawaii. These difficulties, together with the model’s fundamentally static
character, have led most geodynamicists to prefer an alternative “dynamic
support” model in which the swell is maintained by hydrodynamic stresses
applied to the base of the lithosphere by the plume. Sleep (1987) and Richards
et al. (1988) proposed a kinematic model for this process in which the plume
is envisioned as a pipe emptying into a low-viscosity asthenospheric channel
of thickness d beneath a lithosphere moving at speed U in the direction z.
The (two-dimensional) velocity in the channel was assumed to be the sum of a
radial outflow from a vertical line source of strength ¢ = @Q/d per unit length
and a uniform translation at the average speed U/2 of the shear flow induced
by the plate motion, or

e, U 19)

u=r + 5% (

where 7 is a radial (horizontal) unit vector and r is the radial distance from
the line source. Eqn. (19) implies that the plume fluid is separated from the
surrounding asthenosphere by a roughly parabolic “stagnation streamline”
which intersects the x—axis at a “stagnation point” x = —2¢/U upstream
from the line source.

Olson (1990) proposed a more dynamically realistic model for hotspot
swells (Fig. 12a), in which plume material with viscosity v, and buoyancy
gAp is released at a constant volumetric rate @) from a fixed source beneath a
plate moving at speed U. The buoyant fluid acts as a gravity current (Huppert
1982), spreading laterally against the base of the lithosphere in response to
the lateral pressure gradients generated by the current’s variable thickness.
Because the current is thin relative to its lateral dimension, the flow within
it is described by the equations of lubrication theory, which can be reduced
to a single equation governing the layer thickness S(x,y,t) as a function of
the lateral coordinates and time. In the simplest version of the model, the
spreading of the plume material is assumed to depend only on its own viscosity
vp, and not on the viscosity v,, of the ambient mantle; this assumption is
valid when v, /v, does not greatly exceed the ratio of the layer’s width to its
thickness (Lister and Kerr 1989).

In steady state, the equation satisfied by S is (Olson 1990)

oS

U= oV7S8* + Qd(z)d(y). (20)



28 Neil Ribe, Anne Davaille, Ulrich Christensen

a)
L —

3;3 f

b) U U
— —
Un
S

Fig. 12. (a) Thin-layer model for plume-plate interaction. Buoyant plume fluid
is released at a volumetric rate @ from a source fixed beneath a plate moving at
speed U. The plume fluid is advected downstream by the moving plate as it spreads
laterally, forming a layer whose thickness S(x,y) is much less than its lateral dimen-
sion. (b) Thin-layer model for plume-ridge interaction. The principle is similar to
the plume-plate interaction model (a), except that the plume fluid is released near
a mid-ocean ridge with half-spreading rate U that migrates at speed U,, relative to
the plume.

where ¢ = ¢*/48v,, V), is the horizontal Laplacian operator, and § is the
Dirac function. Eqn. (20) shows that the shape and thickness of the layer is
controlled by a balance of three factors: advection by the moving plate (first
term), buoyancy-driven spreading at a rate proportional to the “spreadability”
o (second term); and the rate at which fluid is supplied by the plume stem at
(z,y) = (0,0) (third term). A scaling analysis of (20) (Ribe and Christensen
1994) shows that the thickness and lateral extent L of the layer scale as

S~ QYo =8y,  L~Q¥'eVUT = L. (21)

An analytical similarity solution of (20) valid far downstream from the plume
stem (z > Lg) shows that the width of the layer is y ~ Lo(x/Lo)'/® (Ribe
and Christensen 1994).
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While the thin-layer model describes well the basic physics of plume-plate
interaction, a more realistic model is required to predict the geophysical sig-
natures of mantle plumes in detail. The most commonly used model (Ribe
and Christensen 1994, 1999; Moore et al. 1998; Zhong and Watts 2002; Van
Hunen and Zhong 2003) is similar to that shown in Fig. 12a, except that the
plume is now generated by a circular temperature anomaly of amplitude AT
at the bottom (depth a 400 km) of a model box containing fluid whose vis-
cosity depends on temperature and pressure. The cold, highly viscous fluid
near the top of the box acts like a stiff “lithosphere” that moves quasi-rigidly.
Some versions of the model (e.g. Ribe and Christensen 1999) also include an
algorithm to calculate the degree and rate of partial melting in the plume and
the distribution of the depleted residual material that results.

Fig. 13 shows the (potential) temperature in horizontal and vertical planes
predicted by a numerical solution with parameters appropriate for the Hawai-
ian plume (Ribe and Christensen 1999). The hot plume fluid spreads beneath
the lithosphere to form a thin layer, in accordance with the lubrication theory
assumption. However, the dynamics of this layer are now more complex due
to the effects of thermal buoyancy and variable viscosity. Moore et al. (1998)
documented the existence of three distinct dynamical regimes in the layer,
depending on the value of the ratio AT /AT, peor = B, where ATy peor is the
rheological temperature scale (16). For 8 < 2, the velocity and temperature
vary smoothly across the layer. For 2 < § < 3, the flow remains steady, but
long, narrow convective structures aligned with the direction of plate motion
appear. One of these is visible at y ~ 225 km in Fig. 13a; it corresponds
to cold material from the lowermost lithosphere that becomes unstable and
sinks into the mantle below. Finally, for 3 > 3, the flow in the layer becomes
disordered and time-dependent.

The 3D convection model just described is sufficiently realistic that its
predictions can be compared directly with geophysical observations. Most such
work to date has focussed on Hawaii, the mantle plume with the largest and
best-measured geophysical signatures. The model predicts well both the shape
of the Hawaiian swell (Fig. 14), including its rapid uplift and subsequent slow
subsidence with distance along the island chain. The cause of the rapid uplift
is the “pileup” of plume fluid that can spread only a short distance upstream
from the hotspot against the oncoming “wind” of the moving plate. The slow
downstream subsidence reflects the decreasing thickness of the plume layer as
it widens by gravitational spreading.

An important contribution to the topography of the swell is the buoyancy
of the depleted residuum produced by partial melting. The magnitude of this
effect (= 0.7% for 10% melting; Jordan 1997) led Phipps Morgan et al. (1995)
to propose that the Hawaiian swell is compensated primarily by depletion
buoyancy, rather than by thermal buoyancy. However, 3D convection models
that include both types of buoyancy (Ribe and Christensen 1999) suggest that
depletion buoyancy accounts for only about one-third of the swell topogra-
phy, the rest being supported by thermal buoyancy. This is illustrated by the
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Fig. 138. Potential temperature (°C) for the reference Hawaiian plume model of
Ribe and Christensen (1999). (a) horizontal plane at 110 km depth. (z,y) = (0,0)
is the center of the plume stem at 400 km depth. (b) vertical plane containing
the plume symmetry axis. Black lines are trajectories of unmelted plume material.
Reproduced with permission from Elsevier.

dashed line in Fig. 14, which shows the axial topography predicted by the ref-
erence Hawaii model of Ribe and Christensen (1999) with depletion buoyancy
neglected.

The success of the 3D model in predicting the swell topography makes it
possible to constrain the values of key parameters of the Hawaiian plume via
a formal inversion procedure (Ribe and Christensen 1999). The starting point
is a set of analytical scaling laws, based on lubrication theory, for selected
geophysical observables whose values are well determined by observations.
Two such observables are the maximum uplift H ~ 1350 £ 100 m of the
swell and its half-width at the hotspot W = 600 4+ 50 km (Crough 1978;
Wessel 1993). Their values as predicted by the 3D convection model are given
accurately by the scaling laws
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Fig. 14. Comparison of observed uplift along the axis of the Hawaiian swell
(squares; Crough 1978) with predictions of the numerical model of Ribe and Chris-
tensen (1999) obtained with (solid line) and without (dashed line) melting-induced
depletion buoyancy. Reproduced with permission from Elsevier.

H— %SOG(IL,), W = 1.3LyG(IT), (22)

where py is the density of seawater, IT, = Qo/U? is the “buoyancy num-
ber”, Sy and Lg are defined by (21), and the function G is determined by
fitting the 3D model predictions. The analytical form of the scaling laws (22)
allows them to be inverted numerically, thereby determining the range of
plume parameters (buoyancy flux, excess temperature, etc.) that are compat-
ible with the observed values of H and W. In this way Ribe and Christensen
(1999) concluded that the minimum viscosity inside the plume is in the range
4 x 107 — 1.1 x 10" Pa s, and the buoyancy flux B in the range 2000-3300
kg s~ 1. These values of B are smaller by a factor of 2-3 than values estimated
in previous studies (Davies 1988; Sleep 1990) that did not account for the
effects of depletion buoyancy and asthenospheric shear (Ribe and Christensen
1994), both of which reduce the thermal buoyancy flux required to produce a
given uplift. Zhong and Watts (2002) applied a similar inversion procedure to
a set of three observables comprising H, W, and the uplift rate measured at
Lanai island, and concluded that the last of these required the excess temper-
ature of the Hawaiian plume to exceed 400 K. However, this estimate would
probably be lowered somewhat by the effect of depletion buoyancy, which was
not included in Zhong and Watts’ (2002) model. More recently, Van Hunen
and Zhong (2003) used an extensive suite of 3-D numerical solutions to de-
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velop alternative (not based on lubrication theory) scaling laws for H and
W, and concluded that the swell topography is significantlly influenced by
the ambient mantle viscosity v,,. Laboratory experiments on thermal plumes
spreading in a shear flow beneath a moving surface (Kerr and Mériaux 2004)
also suggest that the lateral spreading is controlled by v, rather than by v,,.
The relative roles of the two viscosities in plume-plate interaction remains an
open question that requires further investigation.

The interpretation of the gravity and geoid anomalies predicted by the 3D
convection model is more complicated. The geoid/topography ratio (GTR)
predicted by the model is typically around 0.008, much larger than the values
~ 0.004-0.005 estimated for individual hotspot swells (Marks and Sandwell
1991; Monnereau and Cazenave 1988). In an attempt to resolve this paradox,
Cserepes et al. (2000) extended the 3D convection model to include the flex-
ural topography generated by volcanic loading of the lithosphere. They then
applied to the synthetic topography and geoid data the same band-pass filter
applied to the real data by Marks and Sandwell (1991). The GTR predicted
by this extended model is in the range 0.004-0.005, in good agreement with
previous estimates. The conclusion is that low values of the GTR inferred
from observations reflect incomplete removal of (shallowly compensated) flex-
ural topography by the filters, and that the “true” GTR of the swell itself is
around 0.008.

We conclude this section by noting that recent seismic observations at
Hawaii (Li et al. 2004) have shed new light on the origin of hotspot swells.
Using S-to-P converted phases (receiver functions) originating at the base
of the lithosphere, Li et al. (2004) showed that the lithospheric thickness
decreases from 100-110 km beneath Big Island to 50—60 km beneath the island
of Kauai, 500 km to the northwest. The width of the thinned region is about
300 km. These results suggest that the mode of support for the Hawaiian
swell may be mixed, involving flow-induced dynamic stresses on the scale
of the whole swell width (= 1200 km) plus a substantial contribution from
lithospheric thinning in the central portion (300 km wide). The fluid mechanics
of this “dynamic thinning” model (Ribe 2004) remain to be investigated.

4.3 Plume-ridge interaction

Many oceanic hotspots lie on or near spreading ridges; well-known examples
include the Iceland, Galapagos, and Azores hotspots. A variety of geophysi-
cal and geochemical observations indicate that the connection between these
hotspots and their associated ridges is an active dynamical one. The evidence
for such “plume-ridge interaction” (PRI) includes unusually aligned patterns
of constructional volcanism near hotspots such as Galapagos and Reunion
(Morgan 1978) and variations of bathymetry and basalt geochemistry along
ridge segments near hotspots (e.g. Schilling 1985). The present review fo-
cusses on the strictly fluid dynamical aspects of PRI. Ito et al. (2003) give a
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more extensive review that includes a substantial discussion of observational
constraints.

The classic model for PRI, first proposed by Morgan (1978), envisages
hotspots interacting with nearby ridges via a channel or “pipeline” in the
asthenosphere. The plume and the ridge are here regarded as a “source-sink”
pair, the former creating new asthenosphere by bringing material up from the
deep mantle, the latter destroying it by converting it to lithosphere. In later
versions of the model developed by Schilling and co-workers (e.g. Schilling
1985, 1991), the channel is supposed to be carved in the base of the lithosphere
by the plume as the ridge migrates across and away from it. However, this
“mantle plume source/migrating ridge sink” model is essentially kinematic,
and does not explicitly consider the thermomechanical mechanisms whereby
the channel is formed and maintained.

Starting in 1995, geodynamicists began to use dynamically self-consistent
flow models to study PRI, both numerically and in the laboratory. The model
most commonly used is simply a modified plume-plate interaction model
with a new surface velocity boundary condition representing a ridge that
spreads with half-rate U and migrates with velocity U, relative to the plume
(Fig. 12b). The plate-driven flow in the sublithospheric mantle is no longer
a horizontal simple shear, as in the plume-plate model, but rather a “corner
flow” with upwelling beneath the ridge.

The simplest case is that of a “ridge-centered” plume rising directly be-
neath a spreading ridge, Iceland being the main natural example. The model
can be simplified even further by neglecting thermal diffusion, so that the
diverging plates have zero thickness and the buoyancy of the plume fluid is
purely chemical. Studies of this model using analog laboratory experiments
(Feighner and Richards 1995), lubrication theory (Ribe et al. 1995), and 3-D
numerical experiments with chemically buoyant tracer particles (Feighner et
al. 1995) show that the plume head takes the form of a “bow-tie” in mapview
(Fig. 15a). Physically, this shape reflects the competition between the gravi-
tational spreading of the plume fluid and its advection away from the ridge
by the diverging plates. The principal quantities of interest here are the thick-
ness S of the plume head and its lateral extent (“waist width”) W along the
ridge axis. The scales for these quantities can be obtained from the lubrication
theory equation that governs the steady thickness S(z,y) of the plume head,
which is (Ribe et al. 1995)

a%w(z, S) = aV38* + Qd(x)d(y), (23)

where ¥(x, z) is the streamfunction that describes the corner flow driven by
the diverging plates. By balancing the three terms in (23), one obtains (Ribe
et al. 1995)

S~ QYA Z S, W~ QU2 — W, (24)
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The thickness scale Sy is the same as that for the plume-plate model (21), but
the scale Wy is new, reflecting the fact that advection beneath a spreading
ridge is dominantly vertical.

Fig. 15. Distribution of chemically buoyant plume predicted by a lubrication theory
model for plume-ridge interaction (Ribe 1996); Fig. 12b) with buoyancy number
IT, = 10 and two values of the plume-ridge separation z,. (a) Ridge-centered plume
(zp = 0). (b) Off-axis plume (x, = 0.64Wy). In both cases, the finite thickness of
the lithosphere has been neglected (channeling number 1. = 0).

While the simple model just described is useful for understanding the
essential fluid dynamics of ridge-centered plumes, the predicted “bow-tie”
shape of the plume head is not very realistic because the model neglects the
conductive thickening of the lithosphere away from the ridge. This thickening
has two important effects. First, it generates a driving force for “upslope” flow
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of the buoyant plume material toward the ridge along the sloping base of the
lithosphere, in addition to the “self-spreading” force due to variations in the
thickness of the plume head itself. In effect, the sloping bottom surfaces of the
lithosphere to either side of the ridge acts like an inverted duct that tend to
confine the plume fluid to a more or less narrow channel beneath and parallel
to the ridge. However, the thickening of the lithosphere with distance from
the ridge also causes it to act as a “sink” for plume material, which becomes
part of the plate as it cools.

The effects of a thickening lithosphere are automatically included in 3-D
models of ridge-centered thermal plumes in a fluid with strongly temperature-
dependent viscosity (Ribe et al. 1995; Ito et al. 1996; Albers and Christensen
2001). These studies confirm that the lubrication scales (24) remain valid for
this case, to within a weak additional dependence on the buoyancy number
II, = Qo /U?. Albers and Christensen (2001) find

W a2 2.13Wo I1)-0%. (25)

By contrast, the thickening lithosphere has a strong effect on the aspect ratio
A of the plume head, defined as the ratio of the ridge-parallel and ridge-normal
dimensions of a given isothermal surface. Albers and Christensen (2001) find
that

A~250%% I, =c'2kU3/2, (26)

where the “channeling number” IT. = [h(Wy)/So)? is the (square of the)
ratio of the lithospheric thickness h(z) = (kU/z)'/? at a distance z = Wy
from the ridge to the typical thickness Sy of the plume head. Fig. 16 shows
the distribution of the plume material calculated by Albers and Christensen
(2001) for two values of II., illustrating the strong channeling that occurs
when I, > 1.

The channeling effect documented by Albers and Christensen (2001) is
favored both by slow spreading rates and by low (u, ~ 10'7 Pa s) plume
viscosity. However, Ito et al. (1999) pointed out that the latter may not be
realistic, as extraction of water from the mantle by partial melting can in-
crease the viscosity of the residuum by 2-3 orders of magnitude (Hirth and
Kohlstedt 1996). The 3-D numerical calculations of Ito et al. (1999) show that
a dehydration-induced viscosity increase of this magnitude creates a “plug” of
high-viscosity material directly beneath the ridge, within which the upwelling
velocity is comparable to the plate spreading rate. The subsolidus plume ma-
terial then spreads in the form of a broad pancake beneath the high-viscosity
dehydrated layer, the base of which is effectively flat. This model can explain
both the broad lateral extent of the topography anomaly around Iceland and
the melting rates implied by the observed crustal thicknesses, unlike earlier
models without dehydration strengthening (Ribe et al. 1995; Tto et al. 1996)
that had to invoke melt migration over distances of several hundred km away
from the plume. More recently, however, Ruedas et al. (2004) proposed a
model that can explain the crustal thickness on Iceland without dehydration



36 Neil Ribe, Anne Davaille, Ulrich Christensen

Fig. 16. Isothermal surfaces showing the distribution of hot material in a steady
thermal plume rising beneath a spreading ridge, for two values of the channeling
number I1. (Eqn. 26). Modified from Albers and Christensen (2001). Reproduced

with permission from Elsevier.

strengthening. At this point, it seems fair to say that melting processes be-
neath ridges are sufficiently complicated that any given observation can be
explained by a variety of different models.

The nonsteady dynamics of ridge-centered plumes that result from a time-
varying buoyancy flux have been studied numerically by Albers and Chris-
tensen (2001) and Ito (2001). The motivation for both studies is the “V-
shaped” topographic ridges and gravity anomalies observed around the Reyk-
janes Ridge south of Iceland, which Vogt (1971) suggested were due to rapid
channelized flow of plume material along the ridge away from the hotspot.
Albers and Christensen (2001), using a model with a high channeling number
II. = 1.9, showed that a pulse of excess buoyancy flux introduced at depth
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travels up the plume stem and then along the ridge in both directions with
a speed greatly exceeding the half-spreading rate. In Ito’s (2001) model, by
contrast, channelization is suppressed by a layer of high-viscosity dehydrated
material, and pulses of plume material are dispersed radially away from the
hotspot. In both models, the speed of ridge-parallel plume flow relative to the
half-spreading rate is sufficient to account for the observed inclination of the
V-shaped ridges relative to the Reykjanes ridge.

We move now from ridge-centered plumes to the next level of complexity:
“off-axis” plumes located at some distance from a ridge. New dynamical ques-
tions now arise: how does the intensity of plume-ridge interaction (as measured
e.g. by the waist width W) vary as a function of the plume-ridge separation
x,?7 What is the critical value of z, beyond which interaction ceases? The first
dynamical investigation of such questions was the analog laboratory study of
Kincaid et al. (1995), who used a fluid with temperature-dependent viscosity
to generate a lithosphere that thickened by conductive cooling as it moved
away from a spreading ridge. Plume-ridge interaction was documented by
observing particle trajectories and by measuring the temperature anomalies
generated beneath the ridge by the hot plume. Based on the observed correla-
tion between the temperature anomalies and the slope of the base of the model
lithosphere, Kincaid et al. (1995) concluded that upslope flow was the critical
factor responsible for the interaction. The lubrication theory solutions of Sleep
(1996) also suggested that upslope flow could be important near ridges. How-
ever, more systematic studies based on lubrication theory Ribe (1996) and full
3-D modeling of thermal plumes (Ito et al. 1997) suggest that self-spreading is
the primary cause of interaction, variations in lithospheric thickness playing
a secondary role. Fig. 15b shows the shape of the plume head predicted by
the lubrication theory model (Ribe 1996) for a plume located at a distance
xp = 0.64W, from a spreading ridge. Interaction between the two is indicated
by the finite waist width W and the “leakage” of plume material across the
ridge.

Both Ribe (1996) and Ito et al. (1997) find that the waist width pro-
gressively decreases as the plume-ridge separation x, increases, eventually
diminishing to zero when x,, reaches a critical value () maz = C (11}, II.)Wy,
where C is a dimensionless function of IT, and II. of order unity. Physically,
(Zp)mas is the distance which the buoyant plume material can spread “up-
stream” against the plate motion, which tends to advect the plume material
away from the ridge. Examples of the variation of W as a function of z, for
a nonmigrating ridge is shown by the curves labelled U,,/U = 0 in Fig. 17.
These curves are symmetric about the ridge because it does not matter which
side of a (stationary) ridge the plume is on.

The dynamics of plume-ridge interaction become still more complicated
when the ridge migrates relative to the plume, as is the case for nearly all real
plume-ridge systems. For simplicity, we assume here that the migration veloc-
ity is parallel to the spreading velocity. The main effect of ridge migration is
to break the across-ridge symmetry of the system, so that the dynamics now
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Fig. 17. Waist width W as a function of plume-ridge separation z,, for IT, = 10 and
several values of the ridge migration speed U,,. The solid curves are the predictions
of a lubrication theory model with channeling number II. = 0 (Ribe and Delattre
1998). The dashed curves are the predictions of the 3-D convection model of Ito et
al. (1997). Figure adapted from Ito et al. (2003). Copyright 2003 by the American
Geophysical Union. Reproduced by permission of the American Geophysical Union.

depend on whether the ridge is approaching or receding from the plume. This
is because the velocity of the overriding plate relative to the plume is different
in the two cases, being U + U, when the ridge approaches the plume and
U — U,, when it recedes from it. The “wind” that advects the plume material
is therefore stronger in the former case, with the consequence that both the
stagnation distance and the width of the plume head are smaller during the
“approaching” stage than during the “receding” stage. Now the maximum
plume-ridge interaction distance (xp)mae iS proportional to the stagnation
distance, and will therefore be greater in the latter case: plume-ridge interac-
tion is stronger, and lasts longer, when the ridge is receding from the plume.
This is illustrated in Fig. 17, which shows how the curves of waist width W
as a function of plume-ridge separation x, are shifted strongly toward the
“receding” side as U, increases. Moreover, the amplitude of the curves de-
creases as U, increases, reflecting the fact that the width of the plume head
as it approaches the ridge varies inversely with the “wind speed” U + U,,.
However, this decrease was not seen in the 3-D convection model of Ito et al.
(1997), for reasons that are not yet clear.
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The investigations of plume-ridge interaction described above focus on the
uppermost mantle, and treat the plume essentially as a source of buoyancy. An
alternative approach (Kincaid et al. 1995; Jellinek et al. 2003) is to extend the
boundaries of the model domain downward to include the thermal boundary
layer from which the plumes originate. The question then becomes one of how
a plume-dominated free convective flow interacts with a large-scale passive
flow driven by plate motions. The most detailed study of this kind is that of
Jellinek et al. (2003), who performed laboratory experiments using a fluid with
temperature-dependent viscosity heated from below and driven at its surface
by a ridge-like velocity boundary condition. They documented three different
flow regimes, depending on the ratio V' of the spreading rate to the typical
plume rise velocity and the ratio 7 of the interior viscosity to the viscosity of
the hottest fluid. When V' <« 1 and v > 1, the plume distribution is random
and unaffected by the large-scale flow. The opposite extreme is represented by
V' > 10 and v > 100, where plume formation is suppressed entirely and the
large-scale flow carries all the heat flux. Interaction of the two flows occurs for
intermediate values of V'; established plume channels are now advected along
the bottom boundary and focussed towards an upwelling beneath the ridge.

To conclude, we return to the hypothesis of Morgan (1978) and Schilling
(1985) that off-axis plumes communicate with nearby ridges via a “channel”
in the base of the lithosphere. Unlike ridge-parallel channels, whose origin is
easy to understand dynamically (Albers and Christensen 2001), significant
ridge-perpendicular channels have not been seen in any of the numerical or
laboratory models discussed above. The existence of such channels thus re-
mains an open question. Perhaps the observations that seem to suggest their
existence can be explained by other means; or perhaps channels can be created
by mechanisms not yet identified. One possibility that requires further study
is the onset of small-scale convection in the asthenosphere, which might delay
the thickening of the lithosphere between a hotspot and a ridge receding from
it (Davaille and Lees 2004).
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