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[1] The existence, spatial distribution, and style of
volcanism on terrestrial planets is an expression of their
internal dynamics and evolution. On Earth a physical link
has been proposed between hot spots, regions with
particularly persistent, localized, and high rates of
volcanism, and underlying deep mantle plumes. Such
mantle plumes are thought to be constructed of large
spherical heads and narrow trailing conduits. This plume
model has provided a way to interpret observable
phenomena including the volcanological, petrological, and
geochemical evolution of ocean island volcanoes, the
relative motion of plates, continental breakup, global heat
flow, and the Earth’s magnetic field within the broader
framework of the thermal history of our planet. Despite the
plume model’s utility the underlying dynamics giving rise to
hot spots as long-lived stable features have remained
elusive. Accordingly, in this review we combine results
from new and published observational, analog, theoretical,
and numerical studies to address two key questions: (1) Why
might mantle plumes in the Earth have a head-tail structure?
(2) How can mantle plumes and hot spots persist for large
geological times? We show first that the characteristic head-
tail structure of mantle plumes, which is a consequence of
hot upwellings having a low viscosity, is likely a result of
strong cooling of the mantle by large-scale stirring driven
by plate tectonics. Second, we show that the head-tail
structure of such plumes is a necessary but insufficient

condition for their longevity. Third, we synthesize
seismological, geodynamic, geomagnetic, and geochemical
constraints on the structure and composition of the
lowermost mantle to argue that the source regions for most
deep mantle plumes contain dense, low-viscosity material
within D00 composed of partial melt, outer core material, or
a mixture of both (i.e., a ‘‘dense layer’’). Fourth, using
results from laboratory experiments on thermochemical
convection and new theoretical scaling analyses, we argue
that the longevity of mantle plumes in the Earth is a
consequence of the interactions between plate tectonics,
core cooling, and dense, low-viscosity material within D00.
Conditions leading to Earth-like mantle plumes are highly
specific and may thus be unique to our own planet.
Furthermore, long-lived hot spots should not a priori be
anticipated on other terrestrial planets and moons. Our
analysis leads to self-consistent predictions for the longevity
of mantle plumes, topography on the dense layer, and
composition of ocean island basalts that are consistent
with observations. INDEX TERMS: 8121 Tectonophysics:

Dynamics, convection currents and mantle plumes; 1060

Geochemistry: Planetary geochemistry (5405, 5410, 5704, 5709,

6005, 6008); 8125 Tectonophysics: Evolution of the Earth; 7207

Seismology: Core and mantle; 1522 Geomagnetism and

Paleomagnetism: Paleomagnetic secular variation; KEYWORDS:

hot spots, mantle plumes, thermochemical convection, ocean

island basalt geochemistry.
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1. INTRODUCTION AND MOTIVATION

[2] One of the most enduring problems in Earth science

is the persistence of hot spot volcanoes over geological

time. Indeed, apparently negligible relative motion between

individual hot spots motivated early proposals that hot

spots are fixed within the mantle [e.g., Wilson, 1963] and

that hot spots may be linked to mantle plumes [e.g.,

Morgan 1971, 1972, 1981]. Over the last few decades

this presumed hot spot–plume connection has provided a

basis for using geological, geophysical, and geochemical

observations at the Earth’s surface to study the Earth’s

deep interior and evolution. From such a conceptual link,

there evolved, for example, bold suggestions of an abso-

lute ‘‘hot spot reference frame’’ for plate motions [e.g.,

Morgan, 1972], estimates of core cooling rate [e.g.,

Davies, 1988; Sleep, 1990], explanations for the chemistry

and volume of flood basalts and hot spot tracks [e.g.,

White and McKenzie, 1989; Campbell and Griffiths, 1990,

1993; Farnetani and Richards, 1994, 1995; Cordery et

al., 1997], and mid-ocean ridge basalts [e.g., Schilling et

al., 1983; Allegre et al., 1984; Schilling, 1986; Langmuir

et al., 1992; Jellinek et al., 2003]. Mantle plumes have

been proposed to contribute strongly to the anomalously

high elevation of southern Africa [e.g., Lithgow-Bertelloni

and Silver, 1998] and the central Pacific basin [e.g.,
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McNutt, 1998], to the topography and geometry of the

global mid-ocean ridge system [Morgan et al., 1987;

Parmentier and Morgan, 1990; Small, 1995; Abelson

and Agnon, 2001; Ito et al., 2003] and to cause litho-

spheric instabilities leading to continental breakup [e.g.,

Morgan, 1974; White and McKenzie, 1989; Arndt and

Christensen, 1992]. Viewing mantle plumes as an intrinsic

part of how the Earth cools led also to efforts toward self-

consistent models for the thermal and compositional evo-

lution of the planet as a whole [e.g., Christensen, 1984a;

Zindler and Hart, 1986; Turcotte and Kellogg, 1986;

Kellogg and Wasserburg, 1990; Davies and Richards,

1992; Davies, 1990, 1993; Campbell and Griffiths, 1992,

1993; Christensen and Hofmann, 1994; O’Nions and

Tolstikhin, 1996; Albarede, 1998; Tackley, 1998a, 1998b;

Coltice and Ricard, 2002; van Keken and Ballentine, 1999;

Coltice et al., 2000; Tackley and Xie, 2002; Korenaga,

2003; Samuel and Farnetani, 2003]. The plume–hot spot

model is also useful for comparative planetology. Basic

differences in the nature of volcanism on the Earth, where

most volcanism occurs at plate boundaries, compared with

Venus and Mars, both of which have hot spot– like

features but no plate tectonics, likely reflect fundamental

differences in the way these terrestrial planets have

evolved thermally and compositionally.

[3] Perhaps because of the riveting appearance of hot

spot tracks on the Earth’s surface (Figure 1), the apparent

fixity of hot spots relative to moving plates has historically

captured the greatest attention and been often considered a

defining characteristic of such features. In recent years,

however, an improved resolution of hot spot motion has

challenged, or at least redefined, the notion of hot spot

fixity. For example, a number of paleomagnetic studies have

shown that hot spots may be divided into at least two global

families that move relative to each other at a rate currently

less than about 1 cm yr�1: the Pacific family and the Indo-

Atlantic family, which may or may not include Iceland [e.g.,

Raymond et al., 2000; Norton, 2000; Courtillot et al.,

2003]. Within each group, however, there is negligible

relative motion between individual hot spots [e.g., Burke

et al., 1973; Molnar and Atwater, 1973]. Furthermore,

building on earlier work by Gordon and Cape [1981] and

Morgan [1981], Tarduno et al. [2003] find that the paleo-

latitude of the Hawaiian hot spot is not fixed. Consequently,

these authors argue that the well-known bend in the

Hawaiian-Emperor seamount chain, and possibly that in

the Louisville hot spot track, may be dominated by motion

of the underlying plumes relative to the Pacific plate rather

than the reverse, which is the conventional explanation. The

movement of the hot spots is thus interpreted to reflect

the influence of lower mantle flow on the plume source at

the base of the mantle [e.g., Steinberger, 2000; Steinberger

and O’Connell, 1998, 2000; Steinberger et al. 2004].

Although it is a contentious study [Gordon et al., 2004],

the conclusion of Tarduno et al. [2003] that hot spots move

relative to overlying plates is not surprising. Mantle con-

vection and stirring is expected to be time-dependent, and

plumes that originate at the base of the mantle should drift

Figure 1. A map of hot spots that have both well-defined hot spot tracks and flood basalts at their
origins [from Duncan and Richards, 1991].
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in response to transient variations in the lower mantle

velocity field. Moreover, changes in hot spot position can

also occur if the plume buoyancy flux or conduit rise

velocity varies in time [e.g., Richards and Griffiths, 1988;

Griffiths and Campbell, 1991]. Several studies have shown

that the eruption rate at Hawaii has likely increased over the

last 40 Myr [e.g., Davies, 1992], reflecting such transient

behavior [Vidal and Bonneville, 2004].

[4] Regardless of the reality of hot spot fixity, the

longevity of hot spots remains undisputed. Thus the con-

nection of hot spots to underlying mantle plumes is prob-

ably a vital component of the Earth’s thermal evolution. The

origin of long-lived hot spots within the context of plate

tectonics and mantle stirring, however, remains elusive. Our

current understanding of the dynamics of surface plates and

their role in Earth’s evolution is significantly advanced over

our knowledge of processes governing the style of convec-

tion due to core cooling [e.g., Richards et al., 2000]. In

large part, this imbalance in knowledge is due to the fact

that we can observe the top boundary of the planet much

more readily than the core-mantle boundary (hereinafter

abbreviated CMB). Over mostly the last 10 years, however,

improved observational and modeling constraints on the

composition, structure, and physical properties of the CMB

region, and particularly D00, together with dynamic models

of mantle convection, have yielded new insight into the

dynamics of mantle plumes. In this review we synthesize,

develop, and extend these results with two goals in mind.

First, we show that the dynamical conditions leading to

mantle plumes in the Earth are unusual and likely unique to

this planet. Second, we argue that the origin and longevity

of Earth-like mantle plumes are a result of the interaction

between plate tectonics, mantle stirring, core cooling, and a

dense, low-viscosity chemical boundary layer within D00.

[5] Our review is organized in the following way. In

section 2 we summarize the observational and modeling

constraints on the structure and dynamics of mantle plumes

rising from the CMB. The mechanics of plumes are

discussed within the context of theoretical studies, labora-

tory experiments, and numerical simulations of convection

in fluids with strongly temperature-dependent viscosities. A

key result of all of these studies is that the inferred head and

tail structure of mantle plumes in the Earth requires large

viscosity variations in the thermal boundary in the source

region of plumes. We show that the presence of such

viscosity variations is unusual and likely a particular

consequence of plate tectonics. Although buoyant low-

viscosity upwellings will have the requisite head-tail struc-

ture, this does not guarantee their longevity or persistence

over timescales that are large in comparison to their

risetime. In section 3 we summarize the observational

constraints for the structure and composition of D00 and

review evidence that the source region for deep mantle

plumes is composed partly of dense, low-viscosity material.

In sections 4 and 5 the quantitative influence of such a

dense layer on convection from the base of the mantle is

considered in detail with a combination of laboratory

experiments and new theoretical scaling analyses. We show

that the entrainment of dense, low-viscosity material from

the base of the mantle enhances the head and tail structure

of mantle plumes and will likely influence the geochemistry

of magmas erupted from hot spot volcanoes. Moreover, we

find that deformation of this dense layer by flow into

plumes can stabilize the positions of plumes for hundreds

of millions of years or longer. We thus argue that ultimately

the existence and longevity of hot spots and mantle plumes

in the Earth are a consequence of interactions among plate

tectonics, core cooling, and D00.

2. THERMAL BOUNDARY LAYER THEORY AND
THE UNCERTAIN ORIGIN OF MANTLE PLUMES

2.1. Hot Spots Associated With Deep Mantle Plumes

[6] A spatial link between flood basalts and hot spot tracks

on the Earth (Figure 1) is most commonly attributed to the

ascent and melting of mantle plumes constructed of large

heads and long-lived, narrow underlying conduits (Figure 2a)

[Richards et al., 1989]: Whereas melts from the voluminous

head lead to flood basalt volcanism and large igneous

provinces, melts from the tail result in features such as hot

spot island chains. Although alternative models for large

igneous provinces have been proposed [e.g., King and

Anderson, 1995; King and Ritsema, 2000], to many geo-

scientists this hypothesis is assumed to be as well established

at the theory of plate tectonics [DePaolo and Manga, 2003],

and the plume model is featured in many introductory text-

books [e.g., Hamblin and Christiansen, 1998; Tarbuck and

Lutgens, 1999; Plummer et al., 1999; Skinner and Porter,

2000]. Nevertheless, the mantle plume origin of hot spots

remains controversial and a topic of very active research

[e.g., Anderson, 1998; Foulger and Pearson, 2001; Foulger

and Natlund, 2003].

[7] Over the years since the inception of the mantle plume

hypothesis the catalog of possible hot spots has grown to be

very large. Consequently, in recent years, there has been an

effort to define those hot spots explicitly related to mantle

plumes ascending from the core-mantle boundary (i.e., deep

mantle plumes). Campbell and Griffiths [1992] define such

hot spots as being associated with particularly high MgO

contents (i.e., picrites), indicative of high melting temper-

atures and large extents of melting. The identification of

picrites necessarily depends on the available exposure in the

field and is thus not a rigorous guideline. Nevertheless, these

authors identify a small number including Hawaii, Reunion,

Kerguelen, and Tristan deCunha. More recently, Courtillot et

al. [2003] develop a set of new criteria for a hot spot related to

a deep mantle plume that reduces a popular tally of �49

[e.g., Richards et al., 1988; Duncan and Richards, 1991] to

perhaps 7–15, including those recognized by Campbell and

Griffiths [1992]. Following Courtillot et al. [2003], hot spots

related to deep mantle plumes are expected to exhibit at least

three of five defining characteristics:

[8] 1. Hot spots are associated with an island chain with a

monotonic age progression [e.g., Morgan, 1972, 1981]. The

age progression implies that there is relative motion be-

tween the plate on which the hot spot is found and an
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underlying plume [Morgan, 1972; Molnar and Stock, 1987;

Muller et al., 1993; Courtillot et al., 1999; Raymond et al.,

2000]. The longevity of plumes implied by the length of hot

spot tracks implies that hot spots are long-lived relative to

the time it takes for a plume to rise through the mantle.

[9] 2. Flood basalts mark the start of island chains [e.g.,

Richards et al., 1989]. Clouard and Bonneville [2001] and

Courtillot et al. [2003] note, however, that the flood basalts

that would have been associated with several Pacific hot

spots such as Hawaii and Louisville would probably have

been subducted.

[10] 3. Hot spots should have a strong buoyancy flux in

excess of 103 kg s�1. Smaller buoyancy fluxes may be

insufficient for mantle plumes to remain robust or intact

over the depth of the mantle [Griffiths and Campbell, 1991;

Olson et al., 1993]. The buoyancy flux, which is a weight

deficiency per unit time, reflects the strength of upwelling

flow in a plume and is determined from dynamic models for

the associated topographic swells [e.g., Davies, 1988; Sleep,

1990] as well as by addressing the magma production rate

in terms of upwelling velocities in the mantle [e.g., Ribe and

Christensen, 1999]. At Hawaii, for example, the high

magma production rate in a small area implies an upwelling

velocity of around 50 cm yr�1, which is about 5 times faster

than the average spreading rate of the Pacific plate. In

general, hot spot volcanism related to deep mantle plumes

should reflect melt production rates that are so large that

they cannot be explained by any other origin.

[11] 4. Hot spots are associated with high 3He/4He

relative to mid-ocean ridge basalt (MORB). Data from Kurz

et al. [1982], Craig [1990], and Farley and Neroda [1998]

show that whereas mid-ocean ridge basalts carry uniform
3He/4He ratios in the range 7–9 Ra (Ra denotes ratio in air),

individual ocean island basalt (OIB) volcanoes are charac-

terized by ratios either exclusively greater than or equal to

MORB or less than or equal to MORB. Strong hot spots,

most notably Hawaii and Iceland, are generally character-

ized by maximum 3He/4He ratios that are far in excess of

MORB [e.g., Kurz et al., 1983]. Noble gases are highly

incompatible and volatile and are thus expected to enter

melt and be outgassed during eruption [e.g., Farley et al.,

1992; Porcelli and Wasserburg, 1993]. Thus a conventional

explanation for elevated 3He/4He ratios is that the plume

source is enriched in 3He, undegassed, and therefore ‘‘prim-

itive.’’ However, variations in 3He/4He should be reflected

also by changes in 3He/U because U decays to produce 4He.

That is, elevated 3He/4He ratios can arise from either lots of
3He or little 4He. A number of recent studies show, for

example, that elevated 3He/4He ratios can be explained if

the plume source contains an eclogite component that is

depleted in U and Th and segregated from subducted

lithosphere. A depletion of U and Th in eclogite appears

counterintuitive because both elements are incompatible and

expected to be concentrated in mid-ocean ridge basalts

forming the oceanic crust from which eclogite is derived.

However, experiments show that U and Th are highly

mobile in the aqueous fluids released by dehydration

reactions occurring as subducting slabs descend to, and

cross, the transition zone [Tatsumi and Eggins, 1995].

Indeed, this mechanism has been used to explain U and

Th enrichments in arc basalts derived from subduction-

related processes [e.g., Tatsumi et al., 1986; Gill and

Williams, 1990; McCulloch and Gamble, 1991; Brenan et

al., 1995]. An additional consequence critical to this dis-

cussion is that apparently high 3He/4He can be preserved if

the dense eclogite is stored for a substantial period of time

while the rest of the mantle outgasses 3He [Anderson, 1993;

Albarede, 1998; Coltice and Ricard, 1998; Coltice et al.,

2000; Ferrachat and Ricard, 2001]. This model may be

supported by models of melting in mantle plumes in which

an eclogite component is required in order to produce

melting rates consistent with the formation of flood basalts

for reasonable (i.e., �200�C) plume-mantle temperature

differences [e.g., Cordery et al., 1997].

[12] 5. Hot spots are characterized by a significant

reduction in shear wave velocity associated with underlying

hot mantle. To date, limitations in the global distribution of

seismic stations have generally limited the lateral resolution

of global tomographic models of the lower mantle to spatial

scales of the order of 103 km, which is likely a factor of 10

or more greater than plausible conduit diameters [Loper and

Stacey, 1983; Griffiths and Campbell, 1991; Olson et al.

1993]. Consequently, although thermal anomalies appear to

be present beneath most strong hot spots in the upper mantle

Figure 2. Shadowgraphs illustrating convection from
planar heated boundaries in fluids with strongly tempera-
ture-dependent viscosities in the form of (top) thermals and
(bottom) plumes. Discrete thermals (inset, top) are faint
because variations in refractive index, which correspond
to the small temperature differences carried by these
upwellings, are small. Ra > 106; Pr > 104. The photograph
of a single blue plume (inset, bottom), showing a classical
head-tail form, is generated from a point source of hot fluid
(image courtesy of R. W. Griffiths).
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to a depth of a few hundred kilometers, the seismic evidence

for plumes in the lower mantle remains equivocal [e.g.,

Allen et al., 2002; Ritsema and Allen, 2003]. Continued

refinements in seismic data reduction and modeling [e.g.,

Montelli et al., 2004], however, have produced P wave

velocity maps of a low-velocity structure beneath Hawaii,

Louisville, and several other plumes to near the CMB. One

caveat to accepting this result as proof of any kind is that a

natural bias toward ‘‘seeing is believing’’ makes this result

deceptively convincing [e.g., Kerr, 2003]. That is, although

low–seismic velocity material exists, whether such a struc-

ture reflects a plume conduit remains to be proved.

2.2. Dynamical Requirements for Deep Mantle
Plumes From Observations and Models

[13] Analyses of hot spot swells [Morgan, 1972; Davies,

1988; Sleep, 1990], the geochemistry of associated basalts

[e.g., Schilling et al., 1991], and numerical studies of plume

formation [Farnetani, 1997] indicate that temperature dif-

ferences between plumes and ambient mantle are a few

hundred degrees, implying that the there may be more than

a factor of 100 reduction in viscosity across the hot thermal

boundary layer in the plume source. Laboratory [Whitehead

and Luther, 1975; Olson and Singer, 1985; Griffiths and

Campbell, 1990; Kincaid et al., 1996; Jellinek et al., 1999,

2003] and numerical [e.g., Sleep et al., 1988; Olson et al.,

1993; Kellogg and King, 1997; van Keken, 1997] studies

show that under such conditions plumes will be constructed

of large spherical heads, which preferentially draw the

hottest fluid at the base of the thermal boundary layer,

followed by narrow conduits with approximately Gaussian

internal temperature distributions (Figure 2) [Yuen and

Schubert, 1976; Loper and Stacey, 1983; Morris and

Canright, 1984; Loper, 1984; Sleep et al., 1988; Olson et

al., 1993]. The large head reflects the dynamical require-

ments for a plume to form and ascend from a thermal

boundary layer into a higher-viscosity environment [e.g.,

Selig, 1965; Whitehead and Luther, 1975; Lister and Kerr,

1989]. A narrow trailing conduit is formed ultimately

because the low-viscosity fluid within this structure rises

faster than the plume head itself. That is, a smaller diameter

is required in order to conserve mass. For a given buoyancy

flux the relative difference in diameter between the head and

trailing conduit is thus governed mostly by the ratio of the

viscosity of the ambient mantle to the viscosity of the fluid

within the conduit [e.g., Griffiths and Campbell, 1990].

[14] Although large viscosity variations are necessary for

a head and tail structure, and are likely a prerequisite for

long-lived plumes [Jellinek et al., 2002], such conditions at

the hot boundary are not sufficient to guarantee the longev-

ity of plume conduits and hot spot volcanism. In particular,

weak plumes may be sufficiently deflected by large-scale

mantle flow driven by subduction and plate tectonics that

they break up into diapirs [e.g., Skilbeck and Whitehead,

1978; Olson and Singer, 1985; Richards and Griffiths,

1988]. One important criterion for a long-lived plume

conduit is that it maintains its structure over the full depth

of the mantle. Because plumes are hotter than their sur-

roundings, heat transfer and entrainment of surrounding

mantle, which is enhanced by any inclination produced by

mantle shear flow, can cause ascending conduit fluid to cool

and become more viscous [Griffiths and Campbell, 1991;

Olson et al., 1993]. Assuming that the buoyancy flux is

fixed, cooling and entrainment has two effects. First, as we

have already alluded, significant decreases in the conduit-

mantle temperature anomaly can reduce the buoyancy of the

conduit itself such that it becomes prone to the large

deflections by mantle flow that, in turn, can result in its

breakup into diapirs [e.g., Ihinger, 1995]. Second, an

increase in viscosity leads to a reduction in conduit flow

velocity, resulting in a broadening of the structure. Indeed, a

number of studies have shown that the conduit radius is

proportional to mh
1/4, where mh is the viscosity of the hot

thermal boundary layer [Loper and Stacey, 1983; Griffiths

and Campbell, 1990; Olson et al., 1993].

[15] One condition identified by Olson et al. [1993] for

establishing robust narrow conduits is that rise velocities are

sufficiently high that radial conductive cooling in the

conduit has a negligible effect on the temperature, and thus

viscosity variations within the conduit over the full mantle

depth. Consequently, velocity gradients, which are confined

a narrow region at the edge of the conduit [cf. Morris, 1982;

Loper and Stacey, 1983; Morris and Canright, 1984],

remain largely unperturbed over the depth of the mantle.

Thus equating the characteristic timescale for radial con-

duction, r2/k, to the characteristic timescale for the vertical

advection of buoyant fluid within the conduit, H/w, gives a

scale for maximum height to which a vertical conduit may

extend. Here r and w are relevant length and velocity scales

for radial conduction and vertical velocity within the con-

duit, Hm is the mantle depth, and k is the thermal diffusivity.

However, as conduits can be deflected into a parabolic

shape by ambient mantle motions [Richards and Griffiths,

1988; Griffiths and Campbell, 1991], a more appropriate

criterion is that the influence of conductive cooling be

negligible over several mantle depths. Following Olson et

al. [1993], the maximum height of a stable narrow conduit

is

Zmax ¼ rLRa1=3L =4 � Hm: ð1Þ

In addition, the corresponding conduit diameter is

dw ¼ 2=Lfð Þ1=2dt; ð2Þ

where the temperature drop at Zmax is

f ¼ exp �4ZmaxRa
1=3
L =L

� �
ð3Þ

and the thickness of the thermal halo surrounding the

conduit is

dt ¼ rL1=2 exp Lf=4ð Þð ÞRa�1=6
L : ð4Þ

Here L = ln(mi/mh), where the subscripts ‘‘h’’ and ‘‘i’’ refer

to the hot thermal boundary layer fluid and interior mantle,

respectively. Here r is taken to be approximately one half the
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lateral spacing between adjacent plume conduits, and Rar is a

Rayleigh number based on this length scale. This parameter

is discussed in more detail below. It should be noted that

whereas this picture is accurate for vertical conduits [see also

Loper and Stacey, 1983], Griffiths and Campbell [1991] find

that buoyancy-driven azimuthal stirring around the margins

of inclined conduits can lead to significantly thinner halos.

Thus this scale for dt is likely an upper bound.

[16] A major constraint on the strength of plumes is the

buoyancy flux or heat flow obtained from studies of hot

spot swells. Accordingly, applying their results to the

Earth’s mantle, Olson et al. [1993] find that the total heat

flow from a given conduit must exceed about 30–40 GW in

order for the plume conduit to remain narrow over the depth

of the mantle, which is comparable to the �10 GW

estimates by Griffiths and Campbell [1991] for inclined

conduits. Thus, whereas the Hawaiian plume is expected to

remain narrow for many mantle depths, much weaker hot

spots are unlikely to be associated with deep mantle plumes,

which is in accord with the criteria for identifying plume-

related hot spots proposed by Courtillot et al. [2003]. An

additional useful result obtained by Olson et al. [1993] that

is of particular interest to seismologists is that the ratio of

the width of the thermal halo to the conduit diameter for the

Hawaiian plume, dt/dw, is expected to be around 2.3.

[17] The predicted head and tail structure is consistent with

the observation that hot spot tracks associated with deep

mantle plumes have flood basalts at their initiation [e.g.,

Richards et al., 1989]. In addition, mantle plume models in

which melting is considered have led to predictions for the

geochemistry of flood basalts and hot spots that are in accord

with geochemical observations [e.g.,Campbell and Griffiths,

1992; Farnetani et al., 1996; Cordery et al., 1997; Samuel

and Farnetani, 2003]. However, although the structure of

low-viscosity plumes ascending through the mantle appears

to explain many of the qualitative characteristics of hot

spot volcanism on the Earth, for reasons we will outline in

section 2.3, the presence of the requisite large viscosity

variations is unusual and may reflect conditions unique to

our planet.

2.3. A Simple Model for Planetary Mantle
Convection: Benard Convection in a Fluid
With a Temperature-Dependent Viscosity

[18] A key feature of most models of mantle plumes is

that large viscosity variations in the thermal boundary layer

at the CMB are required to form axisymmetric plumes with

large heads and narrow trailing conduits. In this section we

review some of the major results from studies of thermal

convection in fluids with strongly temperature-dependent

viscosities. A central aim here is to show that the large

viscosity variations required to form Earth-like mantle

plumes are not expected and require special circumstances.

In this and subsequent sections we will show that either

plate tectonics or the entrainment of dense, low-viscosity

material from D00 is probably required.

[19] For the forthcoming discussion it is useful to distin-

guish ‘‘plumes’’ from ‘‘thermals’’ (Figure 2). We use

‘‘plume’’ to describe buoyant upwellings that are constructed

of large spherical heads and narrow underlying tails (con-

duits) [e.g., Richards et al., 1989]. Plume conduits remain

connected to the hot boundary layer for timescales that are

long in comparison to the time for an upwelling to ascend

from a hot boundary through the full depth of an overlying

fluid layer (i.e., one plume risetime). In very viscous (Stokes)

flows this regime occurs only if the viscosity variations in the

hot boundary layer are >102 [e.g., Whitehead and Luther,

1975;Griffiths and Campbell, 1990;Olson and Singer, 1985;

Jellinek et al., 1999; Lithgow-Bertelloni et al., 2001; Jellinek

et al., 2003]. In contrast, ‘‘thermal’’ [Sparrow et al., 1970;

Griffiths, 1986] is used to indicate a discrete buoyant

upwelling or an upwelling with a transient trailing tail that

persists for less than about one plume risetime. In order for

this regime to occur, vertical viscosity variations in the hot

boundary layer must be about order 1.

[20] Estimates of the temperature of the CMB are typi-

cally in the range of 3000–4500 K [e.g., Williams, 1998;

Boehler, 2000; Anderson, 2003]. The conduction of heat

from the core to the base of the mantle and from the mantle

to the atmosphere and ocean drives natural thermal convec-

tion. At thermal equilibrium (heat in equals heat out), and in

the absence of plate tectonics, the simplest approximation

for such a flow is Benard convection, in which a plane layer

of incompressible fluid of height H is bounded above and

below by cold and hot isothermal boundaries. Because the

Prandtl number, Pr = m/kr, for planetary mantles is effec-

tively infinite, the viscous response to motions is instanta-

neous, and flow is driven by a balance between buoyancy

and viscous forces. In this limit the pattern and heat transfer

characteristics of mantle convection are characterized with a

Rayleigh number based on the depth of the mantle

Rai ¼ rgaDTH3=mik; ð5Þ

where r is the average density of the fluid, g is gravity, a is

the coefficient of thermal expansion, DT is the temperature

difference across the layer, H is the layer depth, m is the

viscosity, and k is the thermal diffusivity. The subscript i

again indicates properties evaluated at the interior tempera-

ture of the convecting fluid. Rai is essentially a ratio of the

driving buoyancy force, modulated by thermal diffusion, to

the retarding viscous force arising from the diffusion of

momentum. In the diffusion creep limit, a reasonable

approximation for the viscosity law is

m ¼ mc exp �gTð Þ: ð6Þ

Differentiating with respect to T thus gives a rheological

temperature scale g = �(dln m/dT ), which is a constant

determined from laboratory measurements on the relevant

materials. Thus an additional dimensionless parameter that

characterizes the temperature dependence of the viscosity is

P ¼ gDT ; ð7Þ

where DT is the full temperature difference between the hot

and cold boundaries. It will be useful to introduce a
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dimensionless internal temperature, q = (Ti � Tc)/(Th �Tc),

the ratio of the viscosity at the cold boundary to that at the hot

boundary, lt = mc/mh, and the ratio of the viscosity in the

interior fluid to the viscosity at the hot boundary, l = mi/mh. In
the high-Pr limit, as Ra increases from 103, which is the

critical Ra required for convection to begin, to >106, which is

typical for planetary mantles, the flow evolves from steady

two-dimensional overturning motions to unsteady three-

dimensional flow and ultimately to a regime dominated by

the intermittent formation and rise and fall of thermals from

the hot and cold boundaries, respectively [Krishnamurti,

1970a, 1970b; Weeraratne and Manga, 1998].

[21] An important characteristic of flows for which

Ra > 106 is that the flow can be divided into three regions

(Figure 3): a well-mixed interior in which the horizontally

averaged temperature Ti is approximately constant and two

thin thermal boundary layers with thickness dc and dh. In
this regime the formation of thermals is governed only by

the internal dynamics of each boundary layer, and thus heat

transfer across the layer is to a first approximation indepen-

dent of the layer depth. Said differently, convective heat

transport is more important than conductive heat transport

over most of the depth of the fluid by a factor wH/k � 1,

where w and k/H are convective and conductive velocity

scales. Conductive heat transfer is, however, a critical

component to any convecting system because the conduc-

tion of heat across thin thermal boundary layers at the hot

and cold boundaries governs the heat flux that must

ultimately be carried by the fluid motions in the interior.

At high Ra in a Newtonian isoviscous fluid with no-slip

boundaries, symmetry requires that Ti be the mean of the hot

and cold boundaries and also that dc = dh � HRa�1/3. In a

fluid with a viscosity that varies strongly with temperature,

however, this is no longer the case. Figure 3 shows that

convection from the cold upper boundary occurs beneath a

thick stagnant lid of relatively viscous fluid and involves

only a fraction of the temperature drop across the cold

thermal boundary layer [Booker, 1976; Weinstein and

Christiansen, 1991; Stengel et al., 1982; Richter et al.,

1983; Christensen, 1984a; Ogawa et al., 1991; Davaille

and Jaupart, 1993; Giannandrea and Christensen, 1993;

Solomatov, 1995; Moresi and Solomatov, 1995, 1998;

Solomatov and Moresi, 1996, 2000; Trompert and Hansen,

1998]. Moreover, viscosity varies by at most a factor of

5–10 across the active or convecting part of the cold

thermal boundary layer [e.g., Richter et al., 1983; Davaille

and Jaupart, 1993; Deschamps and Sotin, 2000; Korenaga

and Jordan, 2003]. Using a scaling analysis that is in broad

agreement with the results of experiments and numerical

simulations, Solomatov [1995] finds that for P � 1, the

scale dc/P characterizes the thickness of both the hot and

cold thermal boundary layers and that dh � dc/P.
[22] The presence of a stagnant lid has significant impli-

cations for convective heat flow. Consequently, the rela-

tionship between the dimensionless global convective heat

flux or Nusselt number Nu and Ra is a focus of many

studies of thermal convection in variable viscosity fluids

[e.g., Booker, 1976; Richter et al., 1983; Christensen,

1984a; Manga and Weeraratne, 1999] and of the thermal

evolution of planets [e.g., Giannandrea and Christensen,

1993] because it relates global heat transfer characteristics

to the physical properties and boundary conditions of a

convecting system. For our purpose, a quantitative under-

standing of the heat transfer properties of thermal convec-

tion in the stagnant lid regime is important because this

characteristic governs the temperature and viscosity struc-

ture in the hot thermal boundary layer which, in turn,

determines the structure of ascending plumes.

[23] The most general Nu-Ra relationship is

Nu ¼ aRabg: ð8Þ

In the stagnant lid regime the temperature difference driving

convection scales with 1/g and is much less than the full

temperature drop DT. Thus a Rayleigh number based on the

temperature difference across the active part of the

convecting system is Rag = rgad3/mikg, where the constant
a depends mostly on boundary conditions and b is a

generalized power law exponent determined on theoretical

grounds or from empirical fits to experimental measure-

ments or results from numerical simulations.

[24] A heuristic theoretical model developed by Howard

[1964] suggests that at high Rag, conductive thermal

boundary layers are inherently unsteady with cold or hot

material breaking away intermittently with a frequency that

is proportional to Rag
2/3. Consequently, the mean thickness d

of a thermal boundary layer is such that the Rayleigh

Figure 3. A schematic illustration of the horizontally
averaged variation of temperature (solid line) and viscosity
(bold dashed line) with depth during an experiment. Also
shown are the active thermal boundary layers (thin dashed
lines) at the top and bottom of the fluid layer. The high
viscosity of the coldest region makes the upper part of the
cold thermal boundary layer stagnant. Resultant weak
cooling keeps the actively convecting region nearly
isothermal and, in turn, the viscosity ratio across the hot
thermal boundary layer small.
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number based on the boundary layer thickness d, Rad, is
always close to critical or of the order of 103. In this regime,

heat transport is governed by processes local to the thermal

boundary layers and is independent of the layer depth (see

review by Turner [1973]). Thus, on dimensional grounds, it

is expected that b = 1/3 and

Nu ¼ H=d 	 Rag=Rad
� �1=3	 0:1Ra1=3g ; ð9Þ

where d is the thickness of either the hot thermal boundary

layer or the active part of the cold thermal boundary layer,

respectively. Several experimental studies of convection at

high Rag in variable viscosity fluids validate this model. In

particular, Schaeffer and Manga [2001] show that the

frequency of thermal formation at the hot or cold boundary

is approximately proportional to Ra2/3, which verifies that

processes responsible for the formation of thermals are local

to the boundary layers [cf. Howard, 1964]. However,

although the 1/3 exponent apparently captures the basic heat

transfer characteristics of these unsteady flows, experimen-

tal measurements and numerical simulations for high Ra

flows in the high- or infinite-Pr limit find that b can be

slightly smaller, depending mostly on the upper and lower

mechanical boundary conditions [e.g., Christensen, 1984a;

Giannandrea and Christensen, 1993; Solomatov, 1995;

Moresi and Solomatov, 1998; Niemela et al., 2000].

[25] Figure 4 shows that the internal temperature and

viscosity ratio across the hot thermal boundary layer

approaches a factor of 3–4 (no-slip experiments) or about

1.5 (free-slip experiments) as the total viscosity ratio lt
becomes large [Manga et al., 2001; Jellinek et al., 2002],

which is consistent with theoretical predictions [Morris and

Canright, 1984] as well as experimental studies [Manga et

al., 2001]. One key implication of all of the experiments and

numerical results is that the dynamics associated with large

viscosity variations in the cold thermal boundary layer lead to

weak convective cooling that, in turn, limit the viscosity ratio

in the hot boundary layer lh to order 1. A second and more

important result with regard to this discussion is that Earth-

like mantle plumes cannot form in the stagnant lid limit.

[26] Nataf [1991] was among the first to speculate that

one way to increase the cooling of the interior fluid, and

hence increase the temperature and viscosity variations in the

hot thermal boundary layer, is to stir in the stagnant lid itself.

On Earth this is thermally equivalent to subduction. Indeed,

from results of an early series of two-dimensional numerical

calculations, Lenardic andKaula [1994, p. 15,697] argue that

the ‘‘introduction of (mobile) plate-like behavior in a con-

vecting temperature-dependent medium can increase the

temperature drop across the lower boundary layer.’’ These

authors go on to speculate that (1) the resultant increase in

viscosity variations therein causes a change in the morphol-

ogy of buoyant upwellings and (2) the nature of mantle

convection in one-plate planets will thus be different than

that in planets with active plate tectonics (which will be

addressed next).

Figure 4. The variation of the (a) dimensionless internal temperature qi and (b) the viscosity ratio l, as a
function of the total viscosity ratio lt. Circles are data from Schaeffer andManga [2001]; diamonds are data
from no-slip experiments. The square is datum from a free-slip experiment. Solid and dashed curves in
Figure 4a are theoretical predictions for qi assuming steady flow and a no-slip and free-slip lower boundary
condition, respectively [Morris and Canright, 1984; Solomatov, 1995; Manga and Weeraratne, 1999].
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[27] Figure 5 shows the potentially fundamental impor-

tance of subduction and mantle stirring to producing large

viscosity variations within the thermal boundary layer at the

CMB (A. Lenardic, personal communication, 2003). In these

simulations the mantle has a viscoplastic rheology [Moresi

and Solomatov, 1998], which can self-consistently allow for

an active lid mode of convection for the oceanic lithosphere

(i.e., subduction) and for an internal mantle viscosity consist-

ent with the diffusion creep limit (see equation (6)). If

convective stresses within the cold thermal boundary layer

remain below a critical yield stress, the flow remains in a

stagnant lid regime. Alternatively, larger than critical con-

vective stresses lead to shear localization, weak plate mar-

gins, and subduction of the cold boundary layer. Comparison

of the results for the stagnant lid and active lid cases shows

that in the absence of subduction (Figure 5a) the viscosity

ratio at the base is of the order of 1 and quantitatively identical

to the experimental results presented byManga et al. [2001].

In contrast, the strong cooling following the subduction and

stirring of the stagnant lid (Figure 5b) leads to large viscosity

variations in the hot thermal boundary layer that are approx-

imately the square root of the total variation in viscosity

Figure 5. Two-dimensional numerical simulations of convection under statistically steady state
conditions in the (a) stagnant lid and (b) active lid regimes (A. Lenardic, personal communication, 2003).
Ra = 106; lt = 106. In the stagnant lid limit, weak cooling leads to a small temperature difference between
the mantle and underlying core and, in turn, to a hot boundary layer viscosity ratio, l = 4. In contrast,
strong cooling due to subduction and stirring of the cold lithosphere into the underlying mantle produce
large temperature variations in the hot thermal boundary layer and to a viscosity ratio l = 103.
(c) Shadowgraphs of plumes with large heads and narrow trailing conduit from (three-dimensional)
laboratory experiments in which the stagnant lid is stirred into an underlying convecting layer using a
conveyor belt under thermally steady state conditions. Ra = 106; l 	 102.
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across the convecting system. Two-dimensional calculations

cannot accurately capture the axisymmetric head-tail struc-

ture of Earth-like mantle plumes. Figure 5c is a shadowgraph

image from a laboratory experiment on convection in a

temperature-dependent fluid in which the cold stagnant lid

is mechanically stirred into the underlying layer using a

conveyor belt. The resulting strong cooling of the interior

leads to axisymmetric plumes with large heads and narrow

trailing conduits.

3. COMPOSITION, STRUCTURE, AND PHYSICAL
PROPERTIES OF THE PLUME SOURCE WITHIN D000000

[28] The results from a number of laboratory studies of

transient high Ra convection indicate that even when the

flow is composed of low-viscosity upwellings with head-tail

structures, complicated and destructive interactions between

such plumes lead to their being spatially and temporally

unstable and short-lived (Figure 6) [e.g., Jellinek et al.,

1999; Lithgow-Bertelloni et al., 2001; Jellinek et al., 2003].

That is, the presence of large viscosity variations is a

necessary but insufficient condition for long-lived Earth-

like mantle plumes. We have argued that large viscosity

variations arise from plate tectonics and thus that these

conditions are a consequence of the upper boundary condi-

tion for mantle convection in the Earth. An additional

natural question to consider is whether plume stability is a

consequence of the physical state of the plume source

region, that is, the lower boundary condition for mantle

convection.

[29] Over the last 5 decades, explanations for D00, which

constitutes the lowermost 200 km of the mantle, have

evolved in complexity in response to a growing number of

inferred constraints derived from seismological, geody-

namic, geomagnetic, and geochemical studies. The original

conceptual picture of D00 as essentially a global phase

boundary [cf. Bullen, 1949, 1950] has expanded to variously

include (Figure 7) a thermal boundary layer [cf. Stacey and

Loper, 1983] locally modulated by subduction [e.g., Houard

and Nataf, 1993; Nataf and Houard, 1993; Sidorin and

Gurnis, 1998], chemical components left over from the

formation and early differentiation of the planet (e.g., see

discussions by Ringwood [1975] and Anderson [1989]), a

‘‘slab graveyard’’ [e.g., Dickinson and Luth, 1971; Chase,

1981; Hofmann and White, 1982; Ringwood, 1982; Davies

and Gurnis, 1986], chemical ‘‘dregs’’ segregated from sub-

ducted lithosphere [e.g., Chase, 1981; Hofmann and White,

1982; Zindler et al., 1982; Christensen and Hofmann, 1994;

Marcantonio et al., 1995], partial melt [e.g., Williams and

Garnero, 1996], and metals from the outer core [e.g., Knittle

Figure 6. A laboratory experiment with compositional
convection in which low-viscosity water (blue) is injected
through a permeable plate into high-viscosity glucose syrup.
In a way that is dynamically similar to thermal convection,
water collects in a gravitationally unstable compositional
boundary layer at the base of the syrup and then drains
intermittently as plumes with large heads and narrow
underlying conduits. Despite the presence of robust low-
viscosity conduits, complicated interactions among rising
plumes prevent their becoming long-lived stable features.

Figure 7. Schematic illustration of several models for D00.
Within the context of plate tectonics, D00 has been explained
variously as (a) a phase change, (b) a thermal boundary layer,
(c) a compositional boundary layer, (d) ponded chemical
dregs from subducted lithosphere, and (e) a slab graveyard.
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and Jeanloz, 1989, 1991] to the general picture today of

simply ‘‘a region of unusual structural complexity’’ [Buffett

et al., 2000, p. 1338] (Figure 7).

[30] Significant advances in our understanding of the

nature of D00 have been summarized in a number of thorough

papers and reviews [e.g., Loper, 1984; Young and Lay, 1987;

Campbell and Griffiths, 1992; Hart et al., 1992; Loper and

Lay, 1995; Hofmann, 1997; Farley and Neroda, 1998;

Gurnis et al., 1998; Lay et al., 1998a; Silver et al., 1998;

Garnero, 2000; Garnero and Wysession, 2000; Buffett et al.,

2002; Lay et al., 2004]. In line with current thinking we

review the main controls on the composition, structure, and

physical properties of this region. In particular, we identify

those features that are presently well accepted and those that

remain topics for speculation. Our goal is to establish a

picture of the structure, composition, and physical properties

of D00 and particularly the plume source region in order that

we may address the dynamics of this layer and their influence

on convection from the CMB in section 4.

3.1. Seismological Observations

[31] The most numerous constraints on the structure and

composition of D00 come from seismological studies of the

lower mantle. A now well-established result is that lateral

variations within D00 and vertical variations across the D00

discontinuity are much stronger than those found in the

mid-mantle. Moreover, whereas velocity anomalies in the

mantle overlying D00 can be explained reasonably as being

dominated by temperature effects [e.g., Lay et al., 2004],

several features of the D00 region require a combination of

thermal and compositional variations.

[32] D00 is laterally heterogeneous over a wide range of

length scales (Figure 8a). At the largest spatial scales

(thousands of kilometers) most models of shear and com-

pressional wave velocity indicate high velocities beneath the

circum-Pacific rim and low velocities beneath the central

Pacific and Africa [e.g., Dziewonski, 1984; Dziewonski and

Woodhouse, 1987; Young and Lay, 1987; Inoue et al., 1990;

Tanimoto, 1990; Su and Dziewonski, 1991; Garnero and

Helmberger, 1993; Grand, 1994; Su et al., 1994; Wysession,

1996; Garnero and Helmberger, 1996; Vasco and Johnson,

1998; Ritsema et al., 1999; Masters et al., 2000; Kuo et

al., 2000; Megnin and Romanowicz, 2000; Castle et al.,

2000; Romanowicz, 2001; Zhao, 2001]. In addition, whereas

high-velocity regions appear to correspond to the positions of

subduction zones [e.g., Richards and Engebretsen, 1992;

Grand et al., 1997; van der Hilst et al., 1997; van der Hilst

and Karason, 1999; Fukao et al., 2001; Grand, 2002], low-

velocity regions correlate to the surface position of hot

spots [Weinstein and Olson, 1989; Williams et al., 1998] as

well as to the positions of inferred buoyant deep mantle

upwellings [e.g., Forte and Mitrovica, 2001; Forte et al.,

Figure 8. Seismological models showing that the base of the mantle is laterally heterogeneous. (a) Map
of shear wave velocity along with the surface position of hot spots (circles) [cf. Garnero et al., 1998;
Ritsema et al., 1999]. (b) Sightings (blue) and nonsightings (tan) of ultralow-velocity-zone material as
reported by Castle et al. [2000].
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2002; Romanowicz and Gung, 2002] and superswells [e.g.,

McNutt, 1998] in the mid-Atlantic and central Pacific. The

slow regions are also marked by ‘‘sharp-sided’’ [Ritsema et

al., 1999; Ni et al., 2002] long-wavelength topographic relief

with maximum amplitudes likely around 300–450 km above

the CMB [e.g., Wysession et al., 1998; Wen et al., 2001; Ni

and Helmberger, 2001a; Lay et al., 2004], although heights

as large as 1000 km above the CMB have been suggested

beneath the Pacific and Africa [e.g., Ritsema et al., 1999;

Breger and Romanowicz, 1998]. Studies of the scattering

characteristics of short-wavelength seismic waves [e.g.,

Bataille et al., 1990; Bataille and Lund, 1996; Earle and

Schearer, 1997; Schearer et al., 1998; Thomas et al., 1999] as

well as variations in shear wave velocity [e.g., Vidale and

Benz, 1993; Lay et al., 1997; Wysession et al., 1998] show

that smaller-wavelength (<102 km) structures are superim-

posed on these broad swells and may also occur within D00

and on the CMB itself [e.g., Doornbos, 1978, 1988; Menke,

1986; Buffet et al., 2000; Garnero and Jeanloz, 2000; Rost

and Revenaugh, 2001].

[33] In addition to spatial and topographic variability the

heterogeneity along the D00 discontinuity and within the layer

is complex. The D00 discontinuity is characterized by approx-

imately stepwise vertical and (where there is topographic

relief ) lateral changes in seismic velocity [e.g., Loper and

Lay, 1995; Lay et al., 2004]. In high-velocity regions, Swave

velocity Vs and Pwave velocity Vp increase by about 1.5–3%

and 0.5–3%, respectively, over a vertical distance of only 0–

30 km. Within D00, similarly extreme vertical and lateral

variations in Vs, Vp, and the bulk sound speed Vf occur

and are accompanied by widespread but locally intense

anisotropy, which is generally characterized by horizontally

polarized shear wave components traveling faster than ver-

tically polarized shear wave components [e.g., Lay et al.,

1998b; Kendall and Silver, 1998; Russell et al., 1998;

Kendall, 2000; Fouch et al., 2001; Lay et al., 2004; Panning

and Romanowicz, 2004]. Beneath the Pacific and Africa,

however, anisotropy can be complex and characterized by

local patches in which the vertical shear wave components

travel faster than the horizontal shear wave components

[Panning and Romanowicz, 2004]. Systematic variations in

Vs and Vp also occur between regions that have undergone

subduction in the last 120 Myr and those that have not.

Moreover, Vs and Vf are anticorrelated in the lowermost

mantle [Saltzer et al., 2001]. In addition, at the bases of the

slow regions beneath Africa and the central Pacific, there are

5–40 km thick ultralow-velocity zones (ULVZ) (Figure 8b)

marked by sharp 5–10% and 10–30% reductions in Vp

and Vs, respectively [e.g., Mori and Helmberger, 1995;

Garnero and Helmberger, 1993; Sylvander and Souriau,

1996; Revenaugh and Meyer, 1997; Garnero et al., 1998;

Wen and Helmberger, 1998; Vidale and Hedlin, 1998; Ni and

Helmberger, 2001b], and a monotonic increase in Poisson’s

ratio with depth [Lay et al., 2004].

[34] This complex suite of observations has several

important implications. First, the presence of both positive

and negative anomalies in Vs and Vpwithin D
00 is inconsistent

with the layer being simply a global phase change [e.g.,

Bullen, 1949]. The occurrence of acute lateral and vertical

velocity gradients, anisotropy, and ULVZ within D00, along

with steep velocity gradients across the D00 discontinuity,

preclude D00 as a simple thermal boundary layer due to the

conduction of heat from the core [cf. Stacey and Loper, 1983;

Loper and Stacey, 1983]. Rather, that strong lateral variations

in Vs and Vp correspond to regions where subduction has

occurred suggests lateral chemical heterogeneity related to

this process, a conclusion which is supported further by the

associated anticorrelation in Vs and Vf. Because both Vs and

Vfare proportional to 1/
ffiffiffi
r

p
, where r is the mantle density, an

anticorrelation of Vs and Vf is inconsistent with temperature

variations alone and can be explained by changes in consti-

tution and mineralogy.

[35] Ishii and Tromp [1999] use a combination of normal

mode and free-air gravity constraints to argue that well-

defined low-velocity structures beneath Africa and the

Pacific are underlain by dense, compositionally distinct

material near the CMB. Although the resolution of such

high-density material remains controversial [e.g., Kuo and

Romanowicz, 2002], the proposed ‘‘buoyant top, dense

bottom’’ structure for these upwelling structures is sup-

ported by Ni et al. [2002], who infer the presence of

compositionally dense material at the base of a buoyant

upwelling beneath Africa using variations in Vs. Finally,

ultralow but nonzero shear wave velocities combined with a

monotonic increase in Poisson’s ratio with depth in ULVZ

are consistent with the average physical properties being

due to a mixture of a solid and a fluid phase. Currently, the

preferred explanation is that the fluid phase is silicate melt

[Williams and Garnero, 1996; Revenaugh and Meyer, 1997;

Wen and Helmberger, 1998; Vidale and Hedlin, 1998;

Simmons and Grand, 2002], although the data do not

demand this interpretation. Other possible fluid phases

include an iron-rich fluid leaked from the outer core [e.g.,

Knittle and Jeanloz, 1989, 1991; Goarant et al., 1992;

Poirier, 1993; Jeanloz, 1993; Song and Ahrens, 1994;

Dubrovinsky et al., 2001], although the viability of such a

process remains a matter for debate [e.g., Poirier et al.,

1998], or a mixture of partial melt and outer core fluid

[Garnero and Jeanloz, 2000].

[36] One reason for the current popularity for partial melt

models is their inherent simplicity. Lay et al. [2004] show

that most of the observational database can be explained in a

simple and self-consistent way if D00 is a dense, partially

molten, thermochemical boundary layer. Partial melting

may occur within D00 if the solidus temperature, Ts, is

between the temperature at the CMB, Tcmb, and the tem-

perature of the interior mantle, Tm. Assuming that the

Earth’s liquid outer core is well mixed (i.e., adiabatic) and

that the boundary with the solid inner core is approximately

at thermal equilibrium, Tcmb can be estimated using the

phase diagram for the outer core, which remains uncertain

in detail owing to unknown concentrations of O, S, and

other light elements [e.g., Anderson, 2003]. However, an

upper bound for Tcmb can be obtained from the freezing

temperature for pure iron at the inner core–outer core

boundary and projection of this temperature along an
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adiabat. Combined experimental and theoretical studies

[e.g., Birch, 1972; Williams, 1998; Boehler, 1996, 2000;

Anderson, 2003] have constrained this value to be close to

4850 K. An addition of 20 mol % S, which is probably too

large [Anderson, 2003], gives what we will assume to be

lower bound of around 3300 K (see review by Williams et

al. [1998]). Ts depends on the choice of bulk composition,

which remains contentious. However, one simple analog that

satisfies seismic observations, and that is broadly consistent

with experimental studies [e.g., Kesson et al., 1998], is a

(Mg,Fe)SiO3-perovskite–(Mg,Fe)O-magnesiowustite (i.e.,

pyrolite) binary system. Lay et al. [2004] argue that whereas

Ts for the end-member compositions is greater than Tcmb,

for many plausible mixtures of these components the result-

ing freezing point depression should lead to Ts < Tcmb. On

extrapolating the pyrolite solidus of Zerr et al. [1998] to

CMB conditions Lay et al. find that Ts 	 4300 K, signifi-

cantly below possible CMB temperatures. It should be

noted that the pyrolite composition of Zerr et al. is an

approximation of the actual thermodynamic system. Addi-

tional components, especially volatiles, will likely lead to

greater freezing point depression and thus a lower Ts and

more extensive melting.

[37] One implication of the partial melt model is that if

D00 has a uniform composition, then the partially molten

layer must be global because the temperature at the core-

mantle boundary is the same everywhere. If the ULVZ

does represent a partially molten region, because the

ULVZ is discontinuous or at least not detectable in many

regions (Figure 8b), it implies a chemically heterogeneous

D00. Moreover, areas with a ULVZ have a composition

with a lower melting temperature than regions without a

ULVZ.

[38] Incorporating additional topographic observations of

the D00 discontinuity, the following conceptual picture of D00

emerges [cf. Lay et al., 2004]: It is a piecewise continuous

global feature characterized by lateral variations in thick-

ness and composition due to interaction with mantle flow.

Thickening beneath Africa and the central Pacific and

thinning around the Pacific rim is due to a combination of

material being pushed aside into piles by downgoing slabs

and that which is entrained into upwelling plumes and

mantle return flows beneath the central Pacific and Africa

[e.g., Tackley, 1998b, 2000; Zhong et al., 2000; Jellinek et

al., 2003; Gonnermann et al., 2004]. Thus sharp boundaries

between slow and fast regions in D00 reflect the transition

from ponded slab material to partially molten regions. A

conceptual model in which subduction and convection from

the CMB interact with a partially molten thermochemical

boundary layer satisfies the majority of the observable

constraints for ULVZ outlined above, at least in a qualitative

way. In particular, an increase in the extent of the partial

melt fraction with temperature is consistent with the

observed monotonic increase in Poisson’s ratio. Moreover,

the ratio of 3–3.5:1 shear to compressional wave velocity

reduction can be reconciled with >6 vol % partial melt,

where the estimate of melt fraction depends on the geometry

of the melt itself [Williams et al., 1998].

[39] A further observation that will be useful for analysis

of the dynamics of D00 is that Vs 6¼ 0 in ULVZ on spatial

scales comparable to or greater than the wavelengths of the

seismic waves. Thus, over these length scales the viscosity

and density can be interpreted in an average sense in terms

of homogeneous mixtures of melt and solid matrix. Qual-

itatively, the presence of even very small amounts of melt

can substantially lower the viscosity of mantle rocks

deforming by diffusion creep [e.g., Hirth and Kohlstedt,

1995], and thus we can conclude that partially molten

material in D00 will be significantly less viscous than

overlying mantle. Quantitatively, the absolute reduction of

viscosity depends on the phase assemblage, the grain size

within the solid phase, and the geometry of the melt

inclusions, for which there are no constraints. Constraints

on the density of such a partially molten layer are indirect.

Comparison of the results from a wide range of experiments

on silicate liquids at very high pressures has shown that

whether melts are dense, neutrally buoyant, or even buoyant

under lower mantle–CMB conditions depends critically on

the detailed chemistry and physical properties of the liquid

phase and possibly the solid phase with which it equilibrates

[e.g., Brown et al., 1987; Rigden et al., 1984, 1989; Knittle,

1998; Ohtani and Maeda, 2001; Moore et al., 2004; Akins

et al., 2004]. Given this uncertainty, the main constraint on

the density of the partially molten material is the probable

longevity of the layer over geological time, which is

governed ultimately by the rate at which it is eroded by

either large-scale mantle motions or by flow into plumes. A

buoyant or neutrally buoyant layer is unlikely to persist. We

return to this issue in section 3.4.

3.2. Geodynamic and Geomagnetic Constraints
Derived From Observations

[40] Geodynamic and geomagnetic studies present addi-

tional constraints on the nature of D00 as well as the CMB

and may provide the most stringent requirements for the

composition of ULVZ. One heuristic constraint is that core

cooling is required to drive the geodynamo and produce the

magnetic field observed at the surface of the Earth [e.g.,

Verhoogen, 1961; Gubbins, 1977; Stevenson, 1981; Loper,

1989; Buffett et al., 1996; Stevenson et al., 1983;

Buffett, 2002; Stevenson, 2003]. Thus D00 must include a

thermal boundary layer across which heat is conducted to

the mantle [e.g., Stacey and Loper, 1983; Loper and Stacey,

1983; Stacey and Loper, 1984]. In addition, a joint analysis

of current uplift rates and the dynamic topography of

southern Africa by Gurnis et al. [2000] shows that the

underlying mantle upwelling flow may be both buoyant and

constructed of anomalously dense material near the base of

the mantle, a result that is consistent with the findings of

Ishii and Tromp [1999] discussed in section 3.1. That the

underlying mantle is buoyant and not simply a passive

return flow is supported also by a number of studies [e.g.,

Forte and Mitrovica, 2001]. Notably, the ellipticity of the

CMB, as determined from observational and theoretical

studies of the origin of the Earth’s retrograde free-core

nutation, can be explained as a result of viscous stresses
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generated by mantle upwellings beneath the central Pacific

and Africa [e.g., Forte et al., 1994].

[41] The results of increasingly detailed studies of the

influence of electromagnetic coupling between the outer

core and lower mantle on gravitationally forced periodic

variations in the orientation of the Earth (i.e., nutations)

[Mathews and Shapiro, 1992; Buffett, 1992, 1993; Buffett et

al., 2000; Mathews et al., 2002; Buffett et al., 2002] and of

the Earth’s rate of rotation (i.e., the length of day) [e.g.,

Holme, 1998] require a thin, immobile (relative to fluid in

the outer core) layer of high conductance (electrical con-

ductivity multiplied by layer thickness) at the base of the

mantle in order to reconcile very long baseline interferom-

etry observations with inferred, well-constrained magnetic

field intensities at the CMB [cf. Langel and Estes, 1982].

Such a layer may be on either side of the CMB and �200 m

thick if constructed of pure Fe.

[42] This layer must have a conductance >108 S rather than

of the order of 103–105 S expected for a comparably thick

layer of silicate rocks or melt. Buffett et al. [2002] show that

in the absence of a high-conductivity layer the low conduc-

tivity of solid or even partially molten mantle demands

magnetic field intensities at the CMB that are probably more

than a factor of 10 too large. Nutation data are also well

explained if ULVZ is composed partly or completely of a

mush of silicate sediments, precipitated within the outer core

on inner core growth, and interstitial outer core fluid. Such a

mush is expected to collect and compact on the core side,

within radially displaced segments of the CMB or basins

[Buffett et al., 2000], the presence of which is supported by

the observational and theoretical constraints on CMB ellip-

ticity mentioned above [e.g., Forte et al., 1994]. Buffett et al.

[2002] estimate that the sharp lateral reduction in Vs from the

lower mantle to the compacted sediment is about a factor of

2 larger than the reduction in Vp, which, given uncertainties,

is comparable to the factor of 3 reduction obtained from

seismological studies.

[43] Although a layer with high electrical conductance

may be required at the CMB, the analysis of the Earth’s

nutations is insensitive to the spatial connectivity of such

material because the net exchange of angular momentum

between the outer core and the lower mantle depends only

on its total surface area. Potential support for the high

electrical conductivity of observed ULVZ patches, however,

may come from studies of the positions of the pole for the

dipole component of the magnetic field (i.e., virtual geo-

magnetic pole (VGP)) during polarity reversals. A number

of studies have shown that VGP reversal paths are confined

to longitudes through the Americas and Asia over the last

few million years [e.g., Clement, 1991; Laj et al., 1991;

Constable, 1992; Gubbins and Coe, 1993; Love, 1998,

2000; Constable, 2003]. As the dipole field decays during

a magnetic reversal, currents are generated in the highly

conductive patches of ULVZ, resulting in a secondary

magnetic field in addition to that due to the geodynamo.

Runcorn [1992] suggests and Aurnou et al. [1996] argue

that the confinement of VGP paths can be explained by

resulting electromagnetic torques acting at the CMB to

rotate the core such that the net torque at the CMB is zero.

Brito et al. [1999] have subsequently argued that such a

mechanism is unrealistic because such torques are insuffi-

ciently large to influence core rotation. In a recent study,

however, Costin and Buffett [2004] show that the geometry

of the secondary field, which is superposed onto the

transitional field because of the geodynamo, can, indeed,

govern VGP paths during reversals. Moreover, the observed

longitudinal confinement of VGP paths during reversals can

be explained by the mapped spatial distribution of highly

conductive ULVZ beneath the central Pacific and Africa.

[44] Analyses of the secular variation of the geomagnetic

field suggest that this property is also influenced by lateral

heterogeneity at the CMB, although rigorous constraints on

CMB structure are at an early stage and remain speculative.

A number of studies of the historic and paleomagnetic fields

[e.g., Bloxham et al., 1989; Gubbins and Kelly, 1993;

Johnson and Constable, 1997; Gubbins, 1998] identify

persistent hemispheric asymmetries in the average value

and secular variation of the field over the last 5 Myr.

Specifically, these studies find low secular variation in the

Pacific hemisphere and anomalously low radial magnetic

field centered on Hawaii [e.g., Johnson and Constable,

1998]. That these anomalous features persist for timescales

much longer than the timescale for outer core overturn

suggests that they are related to the details of core-mantle

coupling [e.g., Gubbins, 2003] rather than to the style of

flow in the outer core. In addition, this structure corresponds

spatially with the location of ULVZ beneath the Pacific,

and consequently, the longevity of the field structure in

the Pacific has been variously explained as being due

to ‘‘screening’’ by a thin, high-conductivity shell [e.g.,

Runcorn, 1992], the influence of a variable temperature

[e.g., Bloxham et al., 1989], and variable heat flux [e.g.,

Olson and Glatzmaier, 1996; Gibbons and Gubbins, 2000]

condition at the CMB. The extent to which any of these

effects is uniquely responsible for the structure of the

observed field has not yet been established, but this avenue

of research remains promising.

3.3. Geodynamic Constraints Derived
From Dynamic Models

[45] Another approach to developing constraints on the

composition and structure of D00 is to investigate the geo-

dynamical consequences of inferred properties for this layer

in models of mantle convection and the Earth’s thermal and

compositional evolution (see reviews by Tackley [2002] and

Tackley and Xie [2002]). In particular, the results of such

studies yield bounds on the density and viscosity structure

of D00. Numerical, experimental, and theoretical studies of

the dynamics of D00 generally assume that this layer has

existed over the bulk or all of the history of the Earth in

spite of erosion by mantle flow. Thus a goal of such work is

to identify conditions in which D00 may persist for geolog-

ical time. Layered mantle convection models can generally

be divided into two groups. In one group of models, D00 is a

compositionally distinct layer that predates the onset of

mantle convection, and so its composition, thickness, and
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physical properties are specified as initial conditions. In this

case the results of numerical simulations [e.g., Christensen,

1984b; Davies and Gurnis, 1986; Hansen and Yuen, 1988,

1989, 2000; Tackley, 1998b; Sidorin and Gurnis, 1998;

Farnetani, 1997; Montague et al., 1998; Kellogg et al.,

1999; Montague and Kellogg, 2000; Tackley, 2000; Tackley

and Xie, 2002; Solomatov and Moresi, 2002; Samuel and

Farnetani, 2003; McNamara and Zhong, 2004a, 2004b],

analog experiments [Olson and Kincaid, 1991; Davaille,

1999a, 1999b; Gonnermann et al., 2002; Davaille et

al., 2002; Namiki, 2003], and analytical studies [e.g., Sleep,

1988] show that for plausible thicknesses a layer must be

around 2–6% denser than overlying mantle if it is to persist

over timescales comparable to the age of the Earth. Fur-

thermore, models in which these density differences are

applied show that D00 will be thin or nonexistent beneath

subducting slabs [e.g., Sidorin and Gurnis, 1998; Tan et al.,

2002], which push the dense material and thermal boundary

layer fluid aside and into ‘‘piles’’ beneath upwelling mantle

return flow [e.g., Tackley, 1998b; Jellinek et al., 2003;

Gonnermann et al., 2004], and plumes [e.g., Manga and

Jeanloz, 1996; Davaille, 1999a; Gonnermann et al., 2002;

Jellinek and Manga, 2002].

[46] In alternative models, D00 is generated continuously

through the ponding of dense material from subducting slabs

or the infiltration of outer core fluid. Analog [Olson and

Kincaid, 1991] and numerical simulations [e.g., Kellogg and

King, 1993;Christensen and Hofmann, 1994;Kellogg, 1997;

Coltice and Ricard, 1998] show that dense, low-viscosity

eclogite components from slabs are likely to pond at the

CMB. Moreover, Christensen and Hofmann [1994] and

Coltice and Ricard [1998] show that such a process can be

reconciled with Nd, Pb, and He isotopic characteristics of

OIBs. In contrast, Kellogg and King [1993] investigate the

upward percolation from the CMB of outer core fluid and

find that an appropriate stabilizing density difference is

possibly larger. We note that a viable mechanism by which

core fluid leaks into the lower mantle to form a significant

thickness (>1 km) of dense material remains controversial

[e.g., Poirier, 1993; Poirier et al., 1998]. However, this

model cannot be discarded because explanation for both

the Earth’s gravitationally forced nutations and VGP reversal

paths (see section 3.2.) apparently require high-conductivity

material at the base of the mantle. Moreover, Os isotopic

characteristics and platinum group element geochemistry of

lavas related to a number of plumes may suggest entrainment

of core material into the silicate source material for plumes.

This is discussed in section 3.4.

3.4. Geochemical Constraints on the Source Region
for Deep Mantle Plumes

[47] Geochemical studies of ocean island basalts (OIBs)

can provide additional, albeit indirect, information on the

thermal state and composition of the plume source region

within D00. In order to appeal to geochemical observations to

provide such insight, however, two assumptions must first

be made. The first is that hot spots related to deep mantle

plumes sample the base of the Earth’s mantle. The second is

that the bulk composition of plume material is not signif-

icantly influenced by entrainment from the mantle during

ascent such that the signature of the plume source is pre-

served [e.g., Farnetani and Richards, 1995]. Bearing in mind

these caveats, in addition to the He isotope systematics

discussed in section 2, lavas from hot spot volcanoes gener-

ally have major element concentrations that reflect large

(200�C) temperature differences [e.g., Schilling, 1991], are

enriched in light rare earth elements and the radiogenic

isotopes of Sr, U, and Pb, and are depleted in radiogenic

isotopes of Nd [e.g., Schilling, 1973; Schilling et al., 1983;

Schilling, 1986; Langmuir et al., 1992; Campbell and

Griffiths, 1992; Hofmann, 1997; Jellinek et al., 2002].

[48] A number of distinct mantle components have been

identified and systematized within a geological context in a

number of thoughtful reviews to explain the isotopic com-

position of hot spot lavas [e.g., Zindler and Hart, 1986; Hart

et al., 1992; Hofmann, 1997; Farley and Neroda, 1998]:

[49] 1. Depleted MORB mantle, characterized by low
206Pb/204Pb, low 87Sr/86Sr, and high 143Nd/144Nd, is chon-

dritic mantle from which the material forming continents

has been removed.

[50] 2. Three ‘‘enriched’’ mantle sources include HIMU

(i.e., high 238U/234U, high 206Pb/204Pb, high 143Nd/144Nd,

and low 87Sr/86Sr); enriched mantle 1 (EM1) (i.e., low
87Sr/86Sr and 143Nd/144Nd, high 207Pb/204Pb, and high
208Pb/204Pb for a given 206Pb/204Pb); and enriched mantle

2 (EM2) (i.e., EM2, which is EM1 with high 87Sr/86Sr).

Explanations for these compositions include recycled lower

continental crust, recycled oceanic crust and sediment, and

metasomatized mantle.

[51] 3. ‘‘Focus Zone,’’ or FOZO, is marked by EM and

high 3He/4He mantle (see section 2).

[52] Understanding the origin, dynamics, and evolution

of the various geochemical reservoirs remains an active area

of research. Explanations usually permit multiple interpre-

tations, and thus many of the conclusions are controversial.

Consequently, we focus specifically on geochemical char-

acteristics potentially diagnostic of the source region within

D00 alone and, particularly, of the compositionally dense

(ULVZ) material inferred to exist beneath African and the

central Pacific hot spots. We adopt this approach because, as

will be discussed in section 4, entrainment from this dense

material into rising plumes is expected to influence the bulk

and trace element composition of associated lavas.

[53] From the discussion in section 2.1, characteristic

high 3He/4He values for hot spots are thought to be

indicative of the silicate lower mantle part of the plume

source. Geomagnetic and geodynamic studies (section 3.2)

also require an additional electrically conductive outer core

component in the lowermost mantle. Thus the main aim of

this section is to complement the He isotopic systematics in

hot spot lavas outlined in section 2.1 and to identify

possible evidence of core-mantle interaction in these

regions. In addition, characterization of outer core compo-

nents in the source will help constrain whether the unusual

properties of ULVZ material are related to partial melt, outer

core material, or a mixture of both. We review arguments
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for core-mantle interaction based on recent and ongoing

studies of highly siderophile elements concentrated in the

Earth’s core [Shirey and Walker, 1998]. In particular, we

consider whether such evidence is consistent with the dense

ULVZ material being a reasonable mixture of outer core

fluid and solid (or partially molten) lower mantle. The

physical properties of such a mixture are briefly explored

along with the extent to which their behavior is coupled to

variations in 3He/4He values.

[54] Although contentious [e.g., Schersten et al., 2004],

currently, the most compelling case for core-mantle interac-

tion in regions where ULVZ material occurs, as well as the

entrainment of outer core material into ascending mantle

plumes, is based on studies of the Os isotope systematics

of Gorgona Island komatiites, which are related to the

Caribbean flood basalts and possibly the Galapagos plume

[Brandon et al., 2003], and Hawaiian picrites [Brandon et al.,

1998]. Similar characteristics occur also in ores from intru-

sive rocks associated with Siberian flood basalt lavas [e.g.,

Walker et al., 1995], although the source region for these

lavas is unclear. Notably, lavas from Iceland contain no

evidence of core material [Brandon, 2002], and this hot spot

is apparently not underlain by ULVZ material at the CMB.

The presence of core material in the Hawaiian plume source

is further supported by new high-precision measurements of

Fe/Mn ratios. Initial results indicate that this ratio is uniform

in MORB and elevated in Hawaiian picrites, consistent with

the presence of outer core material [Humayun, 2003, also

unpublished data, 2004]. Variations in platinum group ele-

ment geochemistry of Ontong Java plateau lavas [Ely and

Neal, 2003] and in unradiogenic W in southern African

kimberlites [Collerson et al., 2002] also suggest core-mantle

exchange in source regions containing ULVZ material.

[55] Two key observations are at the heart of arguments

based on Os isotopic studies for outer core material being in

the plume source but absent from the mantle sampled at mid-

ocean ridges. First, samples from these locations have cou-

pled suprachondritic 187Os/188Os and 186Os/188Os values

(i.e., ‘‘excesses’’). Second, the Pt-Re-Os systematics for

Hawaiian, Gorgonan, and Siberian samples are identical

[Brandon et al., 2003], implying that the Os isotopic reser-

voir is homogeneously distributed over large spatial scales.

[56] The outer core readily satisfies the requirement of a

spatially extensive reservoir. The main issue is, then, whether

it is reasonable to expect the observed Os isotopic excesses to

occur in the outer core. Rhenium 187 decays to 187Os with a

half-life of around 45 Gyr and 190Pt decays to 186Os with a

half-life of about 500Gyr. Thus the observed 187Os and 186Os

anomalies require long-term (>1 Gyr) radiogenic Os growth

in a reservoir that is moderately enriched in Re relative to Os

and strongly enriched in Pt relative to Os. Qualitatively, Pt/Os

must bemuch larger than Re/Os because 190Pt is composed of

only around 0.01% of all isotopes of Pt and decays to 186Os

with a very long half-life. Quantitatively, the coupled

excesses in the Hawaiian data demand Pt/Re 	 88–100

[Brandon et al., 1999].Walker et al. [1995] propose that one

way such large Pt/Re values can be produced in the outer core

is if Os is concentrated more strongly into the solid inner core

than Re and much more strongly than Pt during inner core

growth. The magnitudes of the resulting 187Os and 186Os

anomalies thus depend on the bulk composition of the core,

the timing and rate of inner core growth, and the extent to

which the absolute and relative partitioning of behaviors of

Pt, Re, and Os are known under core conditions. All models

ascribing coupled Os excesses to the outer core ultimately

rely on three conditions:

[57] 1. The Earth has a chondritic bulk composition, and

	99.9% of all Re, Os, and Pt are concentrated into the core

during its formation.

[58] 2. The inner core began to grow by about 3.5 Ga

[e.g., Brandon et al., 2003].

[59] 3. Os is concentrated relative to Re and Pt in the

inner core, consistent with the partition coefficients, DOs >

DRe � DPt. This partitioning behavior is derived from

analytical and experimental studies of Fe-meteorites [e.g.,

Pernicka and Wasson, 1987; Morgan et al., 1995; Smoliar

et al., 1996; Shirey and Walker, 1998] as well as pure liquid

iron conducted at low (i.e., atmospheric to upper mantle)

pressures (e.g., see discussions by Walker et al. [1995,

1997] and Walker [2000]).

[60] The first condition is widely accepted and the second

is reasonable on geochemical grounds [e.g., Walker et al.,

1995; Brandon et al., 2003], although geodynamical con-

straints on the timing and rate of inner core growth are

model-dependent [e.g., Labrosse et al., 2001; Labrosse,

2002]. The most significant unknown is the partitioning

behavior of Pt, Re, and Os at core pressures in pure iron or

appropriate iron alloys and in the presence of light elements

such as S or O (see discussion by Walker [2000]). Despite

this uncertainty, however, Walker [2000, p. 2908] notes in

his review that

‘‘the group II meteorites remain the best guide to the expected

fractionations [and that] this guide leads us to expect that the

fractionations of Pt, Re and Os required to explain the Os-isotopic

anomalies can occur in the Earth’s core as proposed by Walker et al.

[1995] and Brandon et al. [1998].’’

[61] Two other results of the work by Brandon and

colleagues support the existence, and constrain physical

and chemical properties of, a mixture of solid or partially

molten silicate with outer core material in the Hawaiian

plume source. First, in order to explain the Os isotope

geochemistry of erupted picrites, �0.8–1.2 wt % outer core

material must be added, depending on the rate at which the

inner core grows [Brandon et al., 1999]. Assuming that this

material is homogeneously distributed, this additional core

material plausibly increases the density of ambient lower

mantle by 2–3%. This stabilizing density increase is consist-

ent with this dense material persisting for the age of the Earth

(see section 3.3), which is, in turn, compatible with possible

evidence of core material in plume-related Archaean komati-

ites and Proterozoic picrites [Shirey and Walker, 1998;

Puchtel et al., 1999; Puchtel and Humayun, 2000; Walker

et al., 1997]. A second result suggesting an iron-silicate

mixture in the Hawaiian plume source is indicated in

Figure 9. Figure 9a shows that variations in 3He/4He and
186Os/188Os are linearly correlated. This behavior is expected
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from linear mixture theory, assuming variations in both

components reflect differing contributions of plume source

and upper mantle (MORB source) material to erupted lavas.

Whereas the highest 3He/4He and 186Os/188Os values corre-

spond to a maximum concentration of plume source material,
3He/4He	 7–9 is indicative of upper mantle MORB source.

Figure 9b, based on results ofDepaolo et al. [2001], shows an

additional spatial correlation between the 3He/4He and dis-

tance from the inferred center of the Hawaiian plume that

supports this proposed mixing. The largest 3He/4He values

and the highest 186Os/188Os values occur in lavas from Lohi,

which is inferred to nearly overlie the highest-temperature

central part of the plume. As the central part of a plume

conduit is expected to be composed of the lowest-viscosity

material from near the bottom of the thermal boundary layer

at the base of the mantle (see section 2.2), Loihi lavas are

probably derived from melting of predominantly plume

source material that is enriched in both 3He and 186Os. In

contrast, MORB-like 3He/4He and the lowest 186Os/188Os

values are recorded in young lavas from Mauna Kea and

likely reflect melting of ambient upper mantle material.

Intermediate 3He/4He and 186Os/188Os values are due to

varying contributions of plume source and MORB source

mantle.

[62] The core-mantle interaction hypothesis derived from

Os isotopic studies is appealing ultimately for its simplicity

and because it is consistent with a number of geophysical

constraints outlined in section 3.3. Assuming Pt-Re-Os

partitioning behavior is compatible with studies of Fe-

meteorites, the model requires only that the inner core begin

growing early in Earth’s history and that the outer core is

well mixed. The data, however, require only that the

coupled 186Os/188Os and 187O/188Os excesses be matched

and that Pt-Re-Os isotope systematics be similar in the

sources for plumes and thus permit alternative interpreta-

tions. One such explanation that continues to receive

Figure 9. (a) Plot showing an approximately linear correlation between 3He/4He and 186Os/188Os in
Hawaiian lavas based on the study of Brandon et al. [1999]. (b) Map of the variation of 3He/4He among
Hawaiian volcanoes superimposed on a model for the Hawaiian plume adapted fromDePaolo et al. [2001].
The center of the plume conduit is inferred to lie beneath the Loihi seamount, where 3He/4He values are
highest. The dashed line is a mantle isotherm corresponding to a potential temperature of 1400�C.
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significant attention is a ‘‘crustal recycling’’ model [e.g.,

Lassiter and Hauri, 1998; Schersten et al., 2004], analogous

to the ‘‘chemical dregs’’ models discussed in section 3. In

this scenario, developed originally to explain Re/Os char-

acteristics of OIBs, basaltic crust or sediment is segregated

into the plume source from subducting lithosphere, resulting

in an elevated Re/Os composition. If this segregated mate-

rial can be stored for the order of 1 Gyr, it is well established

that the decay of 187Re to 187Os can produce observed 187Os

excesses in OIBs [Pegram and Allegre, 1992; Hauri and

Hart, 1993; Roy-Barman and Allegre, 1995;Marcantonio et

al., 1995; Hauri et al., 1996; Widom et al., 1997; Shirey and

Walker, 1998; Schaefer et al. 2002].

[63] Reconciling the addition of basaltic crust with the

observed coupled excess of 186Os remains, however, prob-

lematic for two reasons [cf. Brandon et al., 1999, 2003].

First, whereas Pt/Os excesses can be large in basaltic crust,

owing to Pt being concentrated relative to Os in mantle

melts, the concentration of Pt is usually chondritic, implying

that Os is depleted relative to the lower mantle. Thus, in

order to match the 186Os excess, >70% of the source would

have to be basaltic crust, which is inconsistent with the bulk

chemistry and petrology of the erupted lavas [Norman and

Garcia, 1999]. Second, in the event that the source could

contain this volume of crustal material, the Re/Os ratio of

such material is sufficiently high that the linear correlation

between 186Os/188Os and 187Os/188Os has a slope that is

generally too flat to explain the Hawaiian and Siberian data,

regardless of the age of the crust [Brandon et al., 1999,

Figure 4]. That is, whereas for basaltic crust that is 1–

3 Gyr, Pt/Re 	0.1– 33, the Hawaiian data demand

Pt/Re 	88–100 [Brandon et al., 1999].

[64] A number of studies suggest that the subduction of

sporadically occurring Mn-rich sediments formed as a result

of hydrothermal alteration may account for the coupled Os

excesses. In some cases, Pt/Re ratios are >600 and charac-

terized by high Pt/Os and sometimes by low Re/Os. Ravizza

et al. [2001] thus propose that the incorporation of such

sediment into the plume source may be a plausible alterna-

tive to core-mantle interaction, a suggestion also advocated

by Schersten et al. [2004]. Brandon et al. [2003] test this

proposition and find that >30% of the source would have to

be composed of a metalliferous sediment component to

match the coupled Os excesses in Hawaiian, Siberian, and

Gorgonan lavas. This large concentration is, however,

incompatible with both the petrology and the Fe/Mn ratios

measured in Hawaiian picrites [Humayun, 2003; Humayun,

unpublished data, 2004]. An additional practical issue is that

Mn-rich sediments represent only a small fraction of the

surface area of the oceanic crust. Consequently, it is difficult

to envision how this compositionally diverse material could

form such a large component of the source and also why

the resulting Os-Pt-Re isotope systematics in Siberian,

Gorgonan, and Hawaiian rocks should be similar.

[65] Crustal recycling has received potential indirect

support from a recent study by Schersten et al. [2004] of

the 182Hf–182W systematics in the same Hawaiian picrites

investigated by Brandon et al. [2003]. Hafnium 182 decays

to 182W with a half-life of only about 9 Myr. As a result,

assuming again that the Earth has a chondritic bulk com-

position, all radiogenic 182W was produced in the first

60 Myr of Earth history. If the core is formed within the

first 30 Myr of Earth history [e.g., Yin et al., 2002],

Schersten et al. [2004] argue that the mantle will be slightly

enriched in 182W relative to the core because Hf is concen-

trated there and would continue to decay, producing182W

for an additional 30 Myr (i.e., �Wmantle 	 0 and �Wcore 	
�2). Thus entrainment of core material into mantle plumes

should result in a negative �W, whereas �W 	 0 in Hawaiian

picrites. These authors conclude that the absence of such a

signature may be evidence for the role of crustal recycling.

However, Hauri [2004] points out that this interpretation is

very sensitive to the age of the Earth’s core. In particular, if

the core formed earlier, in the first 5 Myr of Earth history,

say, then the mantle would be more strongly enriched in
182W (i.e., �Wmantle > 30), and thus an �W 	 0 is actually

consistent with core-mantle mixing. Halliday [2004] shows

that in addition to being sensitive to the age of the core,
�Wcore is influenced strongly by the process of core forma-

tion itself. In particular, �Wcore will depend on the extent of

Hf-W isotopic disequilibrium because of the mechanics

of core formation as well as related variations in Hf-W

fractionation between the core and mantle arising from

changing redox conditions. Clearly, uncertainties in W

behavior and evolution must be resolved before it can be

reliably used to test plume models.

[66] In summary, explanation of the Os isotopic system-

atics and Fe/Mn compositions of lavas from a number of hot

spots and flood basalts inferred to overlie patches of ULVZ

probably requires outer core fluid to be incorporated into the

plume source, consistent with geomagnetic constraints out-

lined above, although the data do not presently demand this

interpretation. However, the diffusion rate of outer core

material into solid mantle (as well as the propagation of

associated chemical reactions) is too small for any signifi-

cant transport from the core to the mantle by this mecha-

nism over the age of the Earth. This leaves an intriguing

possibility, namely, that because diffusion through liquids is

much faster than solids, the presence of partial melt may be

required in order to satisfy the geochemical requirement of

1% core material in the plume source as well as the linear

correlation between 186Os/190Os and 3He/4He in Hawaiian

picrites. An absence of core material in Icelandic lavas

correlates with an inferred absence of ULVZ material in the

source. If partial melt is required for a significant flux of

core material into the lower mantle, this result may indicate

an absence of partial melt beneath Iceland.

3.5. An Emerging Picture of D000000 in the Source Region
for Plumes

[67] With the notable exception of Iceland the foregoing

discussion indicates that most hot spots attributed to deep

mantle plumes are correlated spatially with buoyant, deep

mantle upwellings beneath Africa and the central Pacific

that are underlain by patches of ULVZ material. ULVZ

material is compositionally different from ambient lower
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mantle, and thus mantle convection driven by core cooling

involves superposed thermal and compositional boundary

layers. Moreover, the combination of seismological, geo-

dynamic, geomagnetic, and geochemical constraints out-

lined above probably requires that ULVZ material be

composed of solid or partially molten silicate lower mantle,

as well as material from the outer core. Whether the

compositionally distinct component is partial melt, metals,

or a mixture of both, such a layer is likely to be denser and

significantly less viscous than overlying mantle. A new

question thus arises: Does dynamic coupling between con-

vection driven by core cooling and a dense, low-viscosity

chemical boundary layer govern the long-term stability of

mantle plumes and hot spots?

4. DYNAMICS OF A DENSE, LOW-VISCOSITY
CHEMICAL BOUNDARY LAYER AND THE
LONGEVITY OF MANTLE PLUMES

[68] In addition to pushing low-viscosity compositionally

dense material (referred to as ‘‘dense layer’’ hereinafter) and

buoyant thermal boundary layer fluid into piles, consistent

with the view developed in section 3, large-scale mantle

stirring is expected to confine rising mantle plumes to

upwelling regions beneath Africa and the central Pacific

[e.g., Zhong et al., 2000; Tan et al., 2002; Schubert et al.,

2004; Jellinek et al., 2003; Gonnermann et al., 2004].

Consequently, mantle motions due to subduction govern

both the location of convective instabilities and the geom-

etry and distribution of the thermal buoyancy flux from the

core-mantle boundary [Gonnermann et al., 2004]. However,

as alluded to at the start of section 3, such a control on the

location of sources for mantle plumes does not guarantee

the longevity of individual hot spots and mantle plumes. In

this section we address whether temporal stability is the

result of interaction between the dense layer and ascending

mantle plumes. We present new and published experimental

results that are understood, in turn, with new theoretical

scaling analyses. In particular, our scaling theory has the

following aims: (1) to identify a general dynamical criterion

for the long-term spatial stability of mantle plumes; (2) to

constrain the height of topography on dense ULVZ material

resulting from flow into mantle plumes (an analysis of

particular interest to seismologists in search of evidence

for mantle plumes because this topography may be more

easily imaged than narrow plume conduits); (3) to quantify

entrainment from the dense layer such that the bulk and

trace element composition of hot spot lavas may be under-

stood in terms of the dynamics governing plume formation;

and (4) to determine whether the spacing of mantle plumes

at the CMB can be explained in a straightforward way.

Constraints on the spacing of plumes combined with

underlying topography on a dense layer can be applied to

guide seismological investigations of the structure of the

plume source and existence of deep mantle plumes.

[69] It is instructive to discuss why laboratory experi-

ments are used to study thermochemical convection given

the significant advances in both computational speed and

algorithm development that have occurred over the past

decade. Convective motions driven by core cooling have a

structure that is three-dimensional and time-dependent.

Consequently, the dynamics of the interaction between

this flow and an underlying dense layer are complex.

Because of the computational challenge of resolving small

(kilometer) length scales while tracking continuous viscos-

ity and density interfaces [e.g., van Keken et al., 1997;

Tackley and King, 2003], numerical simulations for con-

ditions appropriate to mantle convection are typically lim-

ited to two dimensions [e.g., Christensen, 1984b; Montague

and Kellogg, 2000; Farnetani, 1997; McNamara and

Zhong, 2004a], though three-dimensional simulations are

currently being performed [e.g., Tackley, 2002; Tackley and

Xie, 2002; McNamara and Zhong, 2004b]. Consequently,

laboratory experiments remain an important tool in the

study of thermochemical convection and can lead to new

discoveries as well as provide parametric constraints for

numerical investigations.

4.1. Dynamic Coupling: Results From Laboratory
Experiments

[70] Following Jellinek and Manga [2002] (referred to as

JM2002 hereinafter) we extend previous laboratory inves-

tigations of thermochemical convection [e.g., Olson and

Kincaid, 1991; Davaille, 1999a, 1999b; Davaille et al.,

2002; Gonnermann et al., 2002; Davaille et al., 2003;

Wenzel et al., 2004] to the situation in which a dense layer

is thin and has a low viscosity. In particular, JM2002

investigate the hypothesis that the deformation of an under-

lying dense layer can stabilize mantle plumes such that they

persist for large geological times. Here we investigate this

hypothesis more deeply by analyzing the results of JM2002

as well as new and published data in greater detail.

[71] In order to scale tank experiments to understand the

influence of a dense layer on convection from the CMB of

the Earth it is useful to define several additional dimension-

less parameters. The ratio of the initial height of the dense

layer to the height of the system, z = 0.03, is consistent with

constraints on the thickness of D00 outlined in section 3. The

stabilizing buoyancy effect of the dense layer is expressed

through the ratio of the intrinsic compositional density

difference to the destabilizing thermal density difference

in the overlying thermal boundary layer

B ¼ Drc=raDT‘: ð10Þ

DT‘ is the temperature difference across the thermal

boundary layer, and B in the experiments is in the range

0.7–4.3. The dense layer will be gravitationally stable for

B greater than �0.5. The viscous stresses that govern the

mechanical coupling between the dense layer, thermal

boundary layer, and interior fluid, respectively, are

expressed through two viscosity ratios: the ratio of the

viscosity of the dense fluid to the viscosity of the thermal

boundary layer,

ld ¼ md=mh; ð11Þ
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and the ratio of viscosity of the cold interior fluid to the

viscosity of the thermal boundary layer,

l ¼ mc=mh: ð12Þ

Here m is viscosity and the subscripts d, h, and c refer to

the dense layer, hot thermal boundary layer, and cold

interior fluid, respectively.

[72] Experiments with a dense layer are performed by

introducing dense fluid into the base of a layer convecting at

TABLE 1. Experimental Resultsa

Experiment Form BC Ra B ld lh h/d Tendril Thickness l/d One-Half Spacing L/2H

1 steady FS 6.8 � 104 0.73 ± 0.07 0.00023 4.8 1.1 ± 0.2 - 0.63
2 steady FS 7.1 � 104 0.71 ± 0.07 0.00026 7.9 1.2 ± 0.2 - 0.62
3 steady FS 3.4 � 105 4.1 ± 0.4 0.0058 7.0 0.64 ± 0.32 - 0.47
4 steady FS 1.3 � 106 1.9 ± 0.4 0.0074 5.1 1.2 ± 0.4 0.044 ± 0.013 0.22
5 steady FS 2.1 � 106 1.8 ± 0.2 0.0058 4.2 0.79 ± 0.16 - 0.26
6 steady FS 2.4 � 106 2.1 ± 0.5 0.014 3.8 1.5 ± 0.2 - 0.22
7 unsteady FS 4.4 � 106 2.2 ± 0.3 0.022 1.6 0.46 - -
8 steady NS 1.8 � 104 4.3 ± 0.4 0.00052 3.2 0.53 ± 0.27 0.026 ± 0.003 0.32
9 steady NS 1.2 � 105 1.36 ± 0.14 0.00069 5.6 0.94 ± 0.21 - 0.54
10 steady NS 3.2 � 105 1.30 ± 0.13 0.0014 6.0 1.34 ± 0.27 - 0.39
11 steady NS 3.6 � 105 1.21 ± 0.12 0.0013 3.7 1.1 ± 0.2 0.045 ± 0.015 0.32
12 unsteady NS 1.6 � 106 3.0 ± 0.6 0.34 3.1 1.2 - -
13 unsteady NS 1.9 � 106 2.9 ± 0.4 0.34 3.0 1.2 - -
14 unsteady NS 2.4 � 106 1.5 ± 0.2 0.0063 1.9 0.20 - -
15 steady NS 3.6 � 107 1.88 ± 0.19 0.0090 2.7 1.1 ± 0.2 0.12 ± 0.04 0.26

aBC, boundary condition; FS, free slip; and NS, no slip.

Figure 10. Photographs showing oblique views of the topography formed on a dense low-viscosity
layer emplaced at the base of a vigorously convecting layer with (top) free-slip and (bottom) no-slip basal
mechanical boundary conditions. In both experiments, entrainment from the dense layer by flow into
ascending thermals produces circular embayments, divides, and peaks. Horizontal temperature
differences between hot thermal boundary layer fluid and interior fluid drive flow from the tank floor
up the sides of embayments to peaks on the divides, where upwellings become approximately fixed.
Upwellings persist for the duration of an experiment (hundreds to thousands of plume risetimes) or until
the dense layer is sufficiently eroded that the topography becomes small in comparison to the thermal
boundary layer thickness. In the top photograph Ra = 2.1 � 106, B = 1.84, ld = 0.02, and l = 4.2. In the
bottom photograph Ra = 3.6 � 107, B = 1.88, ld = 0.02, and l = 2.7. The heavy, dark vertical line in the
top photograph is a thermocouple.
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high Ra (see section 2). Quantitative results from both

JM2002 and new experiments are given in Table 1 and will

be analyzed in detail in section 4.2. Qualitatively, regimes in

which long-lived plumes occur are characterized by the

following observations:

[73] 1. Flow into rising thermals deforms the dense layer,

resulting in topographic features such as circular embay-

ments, sharp ‘‘divides,’’ and peaks formed beneath upwelling

flows (Figure 10).

[74] 2. Upwellings become situated on topographic peaks

on divides, where, once formed, they can remain for

hundreds of plume risetimes (Figure 11).

[75] 3. Finite deformation of the dense layer is needed to

stabilize plume locations because a flat boundary permits

only thermals to form.

[76] 4. Once established, the spacing between the centers

of embayments remains approximately constant over the

course of a given experiment. This spacing is apparently

governed by the wavelength of the first Rayleigh-Taylor

instability of the thermal boundary layer (discussed in more

detail in section 4.2.3).

[77] 5. Entrainment of dense, low-viscosity material

establishes narrow, cylindrical, low-viscosity conduits be-

neath ascending thermals. Consequently, there is a tran-

sition from an unsteady flow composed of intermittent

upwelling thermals to a steady flow from the hot bound-

ary layer into axisymmetric plume conduits. We now

develop a quantitative understanding of this coupling

and its influence on the spatial stability, spacing, and

composition of these upwellings.

[78] From these observations, JM2002 conclude that the

dynamic coupling between topography and motions driven

by lateral temperature variations stabilizes the pattern of

flow for large times.

4.2. Theory for Effects of Dynamic Coupling

4.2.1. Dense Layer Topography and Long-Lived
Plumes
[79] Figure 11 shows that long-lived plumes are located on

top of topographic peaks on the dense layer. In order for a

plume conduit to become fixed on top of such a feature it is

clear that thermal boundary layer fluid must flow along the

interface with the dense layer faster than it can rise vertically

into the interior as a new thermal. Said differently, the

timescale for thermal boundary layer fluid to flow laterally

from the center of an embayment to a peak must be less than

the timescale for a new convective instability to grow. The

problem is outlined in Figure 12. Lateral flow in the thermal

boundary layer is driven by buoyancy forces caused by

horizontal temperature variations between the thermal

boundary layer fluid and interior fluid. Assuming that the

thermal boundary layer is very thin relative to the spacing

between adjacent plumes, L, the dominant retarding force is

the viscous stress arising from the vertical velocity gradients

within the thermal boundary layer.

[80] Following the lubrication theory analysis used to

study similar flows [e.g., Koch and Koch, 1995], we write

u zð Þ ¼ U þ u0 zð Þ; ð13Þ

where U is the velocity at the boundary between the interior

and thermal boundary layer fluid, and u0(z) describes the

variations in velocity within the boundary layer. Conse-

quently, the x component of the momentum equation is

@p=@x ¼ m@2u0@z2; ð14Þ

where p is dynamic pressure, implying that

u0 � Drghd2=mL; ð15Þ

where @p/@x 	 Drgh/L. Continuity of viscous stresses at the
interface between the cold interior fluid and the thermal

boundary layer demands that mcU/L � mu0/d and thus that

U � Drghd=mc: ð16Þ

The criterion for stable plumes is that the velocity U must be

greater than the speed at which a thermal can rise through the

mantle, Uth � Drgd2/mc. This condition leads to the

requirement that

h=d > constant: ð17Þ

Figure 11. Photographs illustrating persistent, axisym-
metric, low-viscosity conduits on top of topographic peaks
on the dense layer in experiments with (top) free-slip and
(bottom) no-slip basal mechanical boundary conditions.
Once formed, conduits govern the flow of buoyant fluid
from the hot boundary and persist until the dense layer is
eroded such that the height of the topography becomes
small in comparison to the thermal boundary layer
thickness. The conduits are thus regarded as stable, long-
lived structures. The heavy, dark vertical lines in the
photographs are thermocouples.
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[81] Figure 12c augments results reported by JM2002 with

new experiments and data from Namiki and Kurita [1999]

andDavaille et al. [2002] and identifies conditions leading to

long-term plume stability. JM2002 define a dashed contour in

their Figure 3 separating ‘‘fixed plumes’’ from ‘‘no fixed

plumes,’’ suggesting a strong dependence on the viscosity of

the dense layer. A fixed plume in JM2002 is equivalent to a

long-lived stable plume in this study. Improved topographic

measurements from the experimental data of JM2002, as well

as new data, show that the regime boundary drawn arbitrarily

in JM2002 is not correct and that plume stability is, in fact,

relatively insensitive to the viscosity of the dense layer. In

addition, these experimental results indicate that despite the

simplicity of our analysis, equation (17) captures the essential

physics governing plume stability. From the experimental

results and analysis we thus conclude that the major criterion

for stable long-lived plumes is that the minimum height of

topography on the dense layer be comparable to about one

half the thickness of the thermal boundary layer.

4.2.2. Height of Topography
[82] Knowing the height of the topography on the

dense layer is critical for determining the stability of

Figure 12. (a) Schematic cross section of the deformed dense layer defining variables and the geometry
of the problem addressed in section 4.2.1. (b) Photograph of the dense layer deformed by flow into a
nascent plume instability showing the different regions of the flow. (c) Compilation of experimental
results identifying regimes in which stable long-lived plumes occur (solid circles) and regimes are
dominated by transient plumes or thermals (open circles). Also shown is the theoretical prediction
(dashed line) that h/d � constant, where the constant is found to be 	0.6. The experiments shown in
purple and green (no-slip and free-slip bottom boundary condition, respectively) are from Jellinek and
Manga [2002]. Experiments shown in fuschia, red, and blue are from Gonnermann et al. [2002], Davaille
et al. [2002], and Namiki and Kurita [1999], respectively. All experiments, except those shown with
green circles, have a no-slip bottom boundary condition.
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plumes. The topography on the dense layer beneath long-

lived upwellings is supported by flow into plumes and

declines in amplitude with progressive erosion of the

layer over the course of an experiment. In view of the

large number of seismological investigations of D00

topography a scale constraining the absolute height of

such features is also useful.

[83] One dynamical requirement for stable topography is

that the lateral flow of boundary layer fluid must be

balanced by the opposing flow of dense layer material

(Figure 13). This condition implies that Ud � u0, where

Ud � Drcghd
2/Lm and thus that

h=d � Dr=Drcð Þ1=2� 1=Bð Þ1=2: ð18Þ

[84] Absolute topographic heights are difficult to obtain

in laboratory experiments and are spatially variable, and

thus uncertainties can be large. Figure 13b shows that

available measurements of topography for free-slip and

no-slip bottom boundary conditions are consistent with

the scaling in equation (18).

4.2.3. Plume Spacing at the Hot Boundary
[85] JM2002 hypothesize that the spacing of persistent

low-viscosity upwellings is governed by topography formed

as a result of flow due to the first Rayleigh-Taylor instability

of thermal boundary layer fluid following the introduction

of the dense material to an experiment. For a critically

unstable thermal boundary layer of thickness �10HRa�1/3

embedded between an underlying low-viscosity dense layer

and overlying more viscous fluid, linear stability theory

[e.g., Lister and Kerr, 1989] predicts the most unstable

wavelength to be

L ¼ C l=Rað Þ1=3; ð19Þ

where the scaling factor C = C(B, l, ld). Figure 14 shows

that measured spacings are consistent with the theoretical

scaling L / (l/Ra)1/3. Because the lateral spacing between

plumes can now be written in terms of externally controlled

parameters, the stability of plumes as well as the topography

on the dense layer can be expressed in terms of externally

controlled and known parameters. In addition, substituting

Figure 13. (a) Schematic cross section of the deformed
dense layer defining variables and the geometry of the
problem addressed in section 4.2.2. In order for topography
to be stable Ud � u0. (b) Relationship between measured
topography, normalized by the thermal boundary thickness,
and B1/2. The solid line shows that the data are consistent
with the theoretical prediction that h/d / B1/2. The large
error bars reflect variability in h within each experiment as
well as intrinsic difficulties with obtaining measurements of
absolute topography.

Figure 14. (a) Photograph showing the spacing between
stable upwellings. (b) Relationship between plume spacing,
(L/2), normalized by the layer depth H, and (l/Ra)1/3. The
data are from bottom-heated experiments and are consistent
with predictions from the linear stability analysis for a
gravitationally unstable layer in which L/H / (l/Ra)1/3. See
section 4.2.3 for discussion.
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L for H in equation (5) and applying this result to

equations (1)–(4) leads to self-consistent scales for the

maximum height to which a vertical conduit may extend in

the mantle, the conduit diameter as a function of height, the

temperature anomaly driving flow up a plume conduit, and

the average thermal boundary layer thickness between

adjacent plumes.

4.2.4. Entrainment of Dense Material
[86] Boundary layer fluid is coupled viscously to the

underlying dense layer. The flow of buoyant fluid into

established conduits thus produces velocity gradients within

the dense layer that, in turn, result in the entrainment or

‘‘dragging’’ of tendrils of dense material into rising plumes

(Figure 15). At the base of the conduit the steady state

thickness of an entrained tendril depends on the vertical

extent of velocity gradients within the dense material,

arising from viscous stresses produced by lateral flow in

the thermal boundary layer, compared with the stabilizing

buoyancy stresses. Balancing viscous and buoyancy stresses

the momentum equation becomes

@p=@z ¼ md@
2ud=@z

2; ð20Þ

where continuity of viscous stresses requires Drcg � mdU/‘
2,

which leads to a scale for the tendril thickness

‘ � mdU=gDrcð Þ1=2� d= Bl1=2
d

� �
: ð21Þ

Equation (21) is similar in form to that derived by Sleep

[1988]. It differs, however, from the theoretical models of

Davaille [1999a, 1999b] and Jellinek and Manga [2002]. It

also differs from the isoviscous numerical results of Zhong

and Hager [2003].

[87] Recalling that at high Ra, d � HRa�1/3, equation (21)

can be rewritten as

‘ � Hl1=2
d = Ra1=3B

� �
: ð22Þ

Accurate measurements of tendril thickness are inher-

ently difficult to obtain because of the small length

scales involved. Nevertheless, Figure 15 shows that

equation (22) is not inconsistent with the data for the

small number of experiments in which we could obtain

measurements.

4.3. Comments on Some Assumptions and Limitations

[88] In developing the foregoing theory a number of

simplifying assumptions are made that require discussion.

First, because we assume ld to be very small, the

viscosity ratios ld and l do not enter the scaling analysis,

but they will affect u0 and Uth by factors of up to 2 (e.g.,

Hadamard-Rybczynski effects). Consequently, the ‘‘con-

stant’’ in equation (17) is expected to be constant to

within a factor of about 4 over the full range of ld and

l. In particular, increased drag due to a higher-viscosity

Figure 15. Relationship between tendril thickness l and Ra. The number of experiments with
measurements is limited by the small size of the entrained tendrils (which requires both good clarity in the
fluid and high resolution in our digital images for measurement). Nevertheless, the limited data are
modestly consistent with equation (22), which predicts that l B/Hld

1/2 / Ra1/3.
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dense layer will reduce lateral velocities within the

thermal boundary layer, and slightly higher topography

will be required to stabilize plumes. A second assumption

is that to first order, convection within the dense layer

itself [e.g., Namiki, 2003] is dynamically unimportant to

the mechanics governing topography on and entrainment

from the dense layer. As noted by JM2002, convection

does occur within the dense layer in the experiments

reported here and is found to influence heat transfer

across the interface between the dense layer and the

thermal boundary layer [see also Namiki and Kurita,

2003]. The reasonable agreement between the data pre-

sented here and our theory, however, lends support to our

simple model. Clearly, additional studies of the impor-

tance of convection within the lower layer are warranted

in future investigations. Last, we ignore the influence of

large-scale mantle flow on the dynamics of the dense

layer, an effect not considered in our experiments. Rela-

tive to the mantle, the outer core is inviscid and presents

an approximately stress-free or free-slip mechanical

boundary condition. Consequently, in addition to causing

dense material and thermal boundary layer fluid to pile

up beneath upwellings (see section 3.4), we expect

patches of dense material to drift according to the lower

mantle flow (see section 1) [see also Davaille et al.,

2002]. The additional influence of large-scale mantle

stirring on the spacing of upwellings and the size and

shape of topography formed on ULVZ is unknown.

5. APPLICATIONS TO LONG-LIVED MANTLE
PLUMES AND THE GEOCHEMISTRY OF HOT SPOTS

[89] If long-lived hot spots are connected to plumes

ascending from the base of the Earth’s mantle, then the

results of geochemical studies of erupted lavas provide

insight into the CMB region. If robust, such a link to

volcanism is particularly powerful because geodynamic,

seismological, geomagnetic, mineral physics, and geochem-

ical observations and models of hot spots and mantle

plumes can be related directly to the composition, structure,

and dynamics of D00.

[90] With constraints on Ra, B, l, and ld, and consider-

ation of the limitations indicated in section 4.3, our exper-

imental results and scaling analyses can be applied to

understand the longevity of mantle plumes, the seismolog-

ically observed height of topography of structures in the

lowermost mantle, and the composition of ocean island

basalts in a self-consistent way. We take Ra for the com-

ponent of mantle convection driven by core cooling to be in

the range 106–108. Geodynamic models (see section 3.4)

Figure 16. Plot showing average 3He/4He values obtained from ocean island basalt samples as a
function of plume buoyancy flux [cf. Sleep, 1990] Q for hot spots associated with deep mantle plumes.
The red circles indicate well-constrained estimates for the buoyancy flux. Orange and yellow circles
indicate buoyancy fluxes that are moderately and poorly constrained, respectively. Variation in the data is
compatible with the theoretical prediction that 3He/4He / Q, and thus the geochemistry of these lavas
may be understood in terms of processes governing the formation of mantle plumes. Data are from the
Petrological Database of the Ocean Floor, Lamont Doherty Earth Observatory, Columbia University
(http://petdb.ldeo.columbia.edu/petdb/), the Geochemistry of Rocks of the Oceans and Continents
database, Max-Planck-Institut für Chemie (http://georoc.mpch-mainz.gwdg.de/georoc/), and Farley and
Neroda [1998].

RG3002 Jellinek and Manga: LONG-LIVED MANTLE PLUMES

25 of 35

RG3002



show that in order to ensure the longevity of dense low-

viscosity material within D00, while still allowing for

entrainment by mantle flow, B is plausibly in the range

1–2, where 2 is extreme. In addition, we take l = 102 (see

section 2) and assume ld � 1. Applying these constraints to

equations (17) and (18), we find that h/d > 0.7 and is larger

than the critical value of about 0.5 identified in Figure 12.

Thus mantle plumes in the Earth are in a regime in which

longevity and spatial stability are expected. Taking

h �0.7 HRa�1/3, this result implies that topography on the

dense layer due to flow into mantle plumes is of the order of

40–200 km high. This is comparable to 5–100 km topog-

raphy inferred to occur on ULVZ patches.

[91] Our analysis shows that the thickness of entrained

tendrils of dense material depends on the upwelling velocity

within a plume conduit. Because this velocity is propor-

tional to plume buoyancy flux, Q � raDTVdw
2 , where V is

velocity, an implication of our results is that the radius of

entrained tendrils of dense material within the source region

for ocean island basalts will vary, depending on the strength

of underlying mantle plumes [cf. Davies, 1988; Sleep,

1990]. From equation (21) we then expect that ‘ / Q1/2

for ‘� dw. If the radial extent of the region from where melt

is extracted is approximately constant, then the increase in

the concentration of any chemical component that is diag-

nostic of the dense layer in the plume source at the base of

the mantle will be proportional to ‘2 and hence Q.

[92] Following the discussions in sections 2 and 3, we

choose 3He/4He as an appropriate tracer for the silicate

component of the dense layer. Figure 16 shows the

variation of 3He/4He with buoyancy flux as determined

by Sleep [1990]. Following Courtillot et al. [2003], data

are taken only from hot spot volcanoes likely related to

deep mantle plumes. Data points are the average of the

full data set obtained from each location, which assumes

that sample collection and analysis are spatially random.

Also included are qualitative estimates of the reliability of

calculated buoyancy fluxes [cf. Sleep, 1990] and the

standard deviation from the means and maximum and

minimum 3He/4He ratios in each data set. Despite signif-

icant uncertainties in buoyancy fluxes, whose estimates

can, in principle, be improved [Zhong and Watts, 2002],

as well as likely inhomogeneous sampling of ocean island

lavas, the data are consistent with the theoretical predic-

tion that the increase in 3He/4He is / Q.

6. SUMMARY AND DIRECTIONS FOR FUTURE
STUDY

[93] Seismological, geochemical, geomagnetic, and geo-

dynamical investigations conducted over the last few

decades constrain the composition, structure, and dynam-

ics of mantle plumes and the D00 region and hence the

origin of hot spots. We have attempted to integrate results

from these diverse studies in order to provide a self-

consistent explanation for the structure and longevity of

hot spots and mantle plumes on Earth. Figure 17 is a

cartoon based on constraints developed in sections 3 and

4 that summarizes our proposed interplay between plate

tectonics, convection driven by core cooling, and D00

that has given rise to conditions in which Earth-like

mantle plumes may occur. Subduction and mantle stirring

driven by plate tectonics leads to strong cooling, to large

viscosity variations in the hot thermal boundary layer, and

to the piling up of thermal boundary layer fluid (red) and

dense layer (blue) at upwelling return flows beneath

Africa and the central Pacific. Upwellings due to large-

scale mantle flow draw in plumes, causing them to cluster

within these regions [Zhong et al., 2000; Jellinek et al.,

2003], resulting in the current distribution of hot spots

[Courtillot et al., 2003] and possibly the African and

Pacific superswells [McNutt, 1998; Schubert et al.,

2004]. Large viscosity variations, which are enhanced by

the entrainment of low-viscosity material, cause plumes

ascending from the base of the mantle to have a head-tail

structure. The interaction between flow into such plumes

and underlying dense layer produces of the order of 10–

102 km high topography on the dense layer, which, in

turn, stabilizes the location of these upwellings for large

geological times.

[94] A general conclusion is that both subduction and a

dense chemical boundary layer in the plume source are

required in order for long-lived, low-viscosity plumes,

with large heads and narrow trailing conduits, to occur.

Earth-like mantle plumes are thus the product of highly

specific physical conditions that may be unique to our

planet. Our review supports several additional specific

conclusions. First, the model for plume dynamics and

entrainment rate allows us to make two quantitative and

ultimately testable predictions: There is a relationship

Figure 17. A cartoon modified from Gonnermann et al.
[2004] showing our proposed interaction between plate
tectonics, core cooling, and D00. That such an interaction
may be required for long-lived mantle plumes and hot spots
to occur suggests that these features are unusual and
probably unique to our planet. Reprinted with permission
from Elsevier.
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between buoyancy flux and plume geochemistry and a

relationship between structure at the base of the mantle

and the location of plumes. Second, with the exception of

Iceland, most hot spots related to deep mantle plumes are

spatially correlated with inferred patches of dense layer

(i.e., ULVZ material indicated in Figure 8b). Third,

geochemical, geomagnetic, seismological, and geody-

namic studies are consistent with the dense layer being

composed of solid or partially molten lower mantle

silicate and outer core material.

[95] Our synthesis and analysis suggest a number of

directions for future research. The most obvious target areas

are related to establishing further quantitative constraints on

the geometry, structure, composition, physical properties,

spatial distribution, origin, and evolution of the dense layer.

There are a number of outstanding issues critical to testing

our proposed picture:

[96] 1. Is there a direct relationship between patches of

dense layer and the temporal and spatial structure of the

geomagnetic field observed in the central Pacific and

possibly Africa? In particular, can the structure and secular

variation of the time-averaged field constrain the geometry

and physical properties of such patches as well as their

influence on core cooling and the geodynamo?

[97] 2. Can the height, shape, and possibly three-dimen-

sional seismic anisotropy potentially characteristic of

topography on ULVZ due to flow into plumes must be

resolved? Along with locating plume conduits our analysis

suggests that careful resolution of these features could be

an important additional test of the mantle plume hypothesis.

[98] 3. What are the density, physical properties, and

constitution of a partially molten layer in the plume source?

In particular, how much melt is expected to be generated

within the thermal boundary layer? How will this melt be

distributed across the implied temperature gradient? How

will the geometric distribution of this melt be influenced by

mantle flow into rising plumes?

[99] 4. What are the physical state and transport prop-

erties of plausible mixtures of solid or partially molten

lower mantle silicate with outer core material? Is the

presence of a melt phase required in order for core material

to penetrate into the lower mantle over kilometer-length

scales on plate tectonic timescales? How might such a

melt–core fluid mixture be interconnected? Is the resulting

average electrical conductivity consistent with geomagnetic

and geodynamic constraints on core-mantle coupling?

What siderophile element tracer(s) is(are) the most diag-

nostic of outer core infiltration into the lower mantle?

What are appropriate chemical diffusivities for these ele-

ments in mantle melts at CMB pressures?

[100] 5. What is the quantitative influence of large-scale

mantle flow on the positions of patches of dense layer and

the resulting implications for plume stability? How is plume

stability influenced by large changes in the geometry of

mantle flow resulting from changing plate configurations

(i.e., Wilson cycles)?

[101] 6. Can geochemical and geodynamic studies be

integrated to infer the structure of flow in plume conduits?

Integrating geochemical measurements with dynamical

models may be particularly useful here.
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