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[1] The mantle plume hypothesis provides explanations for several major observations of surface
volcanism. The dynamics of plumes with purely thermal origin has been well established, but our
understanding of the role of compositional variations in the Earth’s mantle on plume formation is still
incomplete. In this study we explore the structures of plumes originating from a thermochemical boundary
layer at the base of the mantle in an attempt to complement fluid dynamical studies of purely thermal
plumes. Our numerical experiments reveal diverse characteristics of thermochemical plumes that
frequently deviate from the classic features of plumes. In addition, owing to the interplay between the
thermal and compositional buoyancy forces, the morphology, temperature, and flow fields in both the
plume head and plume conduit are strongly time-dependent. The entrainment of the dense layer and
secondary instabilities developed in the boundary layer contribute to lateral heterogeneities and enhance
stirring processes in the plume head. Our models show that substantial topography of the compositional
layer can develop simultaneously with the plumes. In addition, plumes may be present in the lower mantle
for more than 70 million years. These features may contribute to the large low seismic velocity provinces
beneath the south central Pacific, the southern Atlantic Ocean, and Africa. Our model results support the
idea that the dynamics of mantle plumes is much more complicated than conventional thinking based on
studies of purely thermal plumes. The widely used criteria for mapping mantle plumes, such as a vertically
continuous low seismic velocity signature and strong surface topography swell, may not be universally
applicable. We propose that the intrinsic density contrast of the distinct composition may reduce the
associated topography of some large igneous provinces such as Ontong Java.
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1. Introduction

[2] Several major observations of surface volca-
nism are not explained by the paradigm of plate
tectonics. These features include intraplate volca-
nism commonly with a linear age progression (e.g.,
Hawaii), large igneous provinces (e.g., Deccan
Traps, Ontong Java Plateau), sections of spreading
centers with over-thickened crust (e.g., Iceland),
excess magmatism in rift zones (e.g., East Africa)
and the distinctive geochemistry between the oce-
anic island basalts (OIB) and mid-oceanic ridge
basalts (MORB). The hypothesis of mantle plumes
has been a widely accepted model to account for
these features by a single mechanism [e.g.,
Morgan, 1971; Richards et al., 1989; Sleep,
1990; Davies, 1999; Condie, 2001]. Plumes are
likely to be generated from the base of the mantle
which contains a significant thermal boundary
layer with a temperature increase of �1000 K or
more at the base of the lower mantle [e.g., Jeanloz
and Morris, 1986; Boehler, 2000; Steinle-
Neumann et al., 2001]. The dynamics of the
thermal plumes have been well established by
laboratory and numerical experiments [e.g.,
Whitehead and Luther, 1975; Olson and Singer,
1985; Griffiths and Campbell, 1990; van Keken,
1997; Kellogg and King, 1997] and has led to the
hypothesis that a voluminous plume head followed
by a narrow feeding conduit explains both the
formation of the large igneous provinces and the
age progression of the subsequent hot spot tracks.

[3] Notwithstanding some progress in recent years
[e.g.,Wolfe et al., 1997; Shen et al., 1998;Montelli et
al., 2004], direct detection of mantle plumes by
seismic methods has been proven difficult. This is
partly expected due to the low velocity and small
scale nature ofmantle plumes, combinedwith sparse
seismometer coverage near oceanic islands. A num-
ber of geodynamical and seismological studies pro-
vide quantitative explanations for the difficulties in
mappingmantle plumes [e.g., Tackley, 2002;Goes et
al., 2004; Farnetani and Samuel, 2005].

[4] Several alternative hypotheses exist for the
formation of aforementioned magmatism [e.g.,
Anderson, 1998, 2004; Foulger and Natland,
2003; Ingle and Coffin, 2004] but it is difficult to
understand how the heat for long-lived volcanism
can be supplied in area that away from active
rifting or how the excess magma can be formed
in spreading centers or rift zones without substan-
tial and long-lived vertical advection of hot mate-
rial (i.e., a mantle plume).

[5] A number of criteria can be used to characterize
whether certaingeographic areas fit themantleplume
theory. These include (1) linear age progression of
intraplate volcanism, (2) the presence of a flood
basalt at the origin of the volcanic track, (3) vertically
continuous low seismic velocity signatures associ-
ated with the proposed hot spot, (4) elevated topog-
raphy associated intraplate volcanism, (5) high
helium ratio signature and distinct geochemistry in
the volcanism [e.g., Ritsema and Allen, 2003;
Courtillot et al., 2003]. Recent studies show that
only less than ten previously proposed hot spotsmay
fulfill these criteria [e.g., Ritsema and Allen, 2003;
Courtillot et al., 2003]. However, the large igneous
provinces at the origin of the hot spot tracks in some
cases may have entered the deep interior of the
Earth’s mantle by subduction (e.g., Hawaii). The
age progression pattern may not be generated be-
cause the magmatism may not align with the path of
the plume center due to topography of base of the
lithosphere that can modulate the melt generation
[e.g., Ebinger and Sleep, 1998; Lin et al., 2005].

[6] Thermal plumes rising from the thermal bound-
ary layer at the core-mantle boundary will be
influenced by the physical and chemical properties
of this boundary layer. There is increasing consen-
sus of a compositionally distinct layer in the lower
mantle [e.g., Loper and Lay, 1995; van der Hilst,
2004; Lay and Garnero, 2004; Rost et al., 2005].
The origin of the compositional layer remains
controversial and several mechanisms, such as the
accumulation of the recycled oceanic crust, partial
melting of mantle, chemical reaction between core
and mantle, or the early differentiation of Earth,
have been proposed to contribute to its formation
[e.g., Christensen and Hofmann, 1994; Manga and
Jeanloz, 1996; William and Garnero, 1996;
Kellogg et al., 1999; Rost et al., 2005]. The struc-
ture and behavior of mantle plumes is expected to
be strongly modified in the presence of such a dense
layer in the lowermost mantle. Previous studies
reveal that superswells and hot spots can be formed
simultaneously in a thermochemical convection
system [e.g. , Davail le , 1999; Farnetani
and Samuel, 2005]. Farnetani and Samuel [2005]
show that a headless plume of deep origin can
produce volcanism with distinct age progression.

[7] In order to better understand the role of the
proposed dense layer at the base of the mantle on
plume dynamics we have developed plume models
in an axisymmetric spherical shell in which we
systematically vary the thickness and density con-
trast of the dense layer. In a companion paper [Lin
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and van Keken, 2006] we have detailed the meth-
odology and provided an overview of the general
characteristics governing the formation of thermo-
chemical plumes and the entrainment of the dense
layer. For the isoviscous case we have found that
this provide good agreement with previous work,
as is shown in the Appendix. In this paper we
particularly focus on the morphology of thermo-
chemical plumes and the consequences of the
dense layer on the detailed plume structure and
evolution in models with strongly temperature-
dependent rheology.

2. Model Formulation

[8] We will build on the work of two previous
studies [Lin and van Keken, 2005, 2006] in which
we systematically investigate plume evolution from
a thermal boundary layer in the presence of a dense
chemical layer. We assume this to be recycled
oceanic crust and refer to this as ‘‘eclogite’’ for
simplicity in the rest of the paper. Seismic tomo-
graphic models indicate significant mass exchange
between the upper mantle and lower mantle by
coherent, anomalous high-velocity structures from
upper mantle to the lower mantle which correspond
to regions of paleosubduction [e.g., Grand et al.,
1997; van der Hilst et al., 1997;Gu et al., 2001; Tan

et al., 2002]. The subducted oceanic crust trans-
forms into eclogite at about 70 km depth and
subsequently the high-pressure mineral assemblage
at greater depths. The density of subducted oceanic
crust is estimated to be 2%–4% denser than the
surrounding mantle except for a density inversion
in the mid-mantle [e.g., Christensen and Hofmann,
1994; van Keken et al., 1996; Ono et al., 2001]. In
our modeling we assume that the layer with distinct
composition is a variable mixture between eclogite
and the surrounding mantle material. The reference
excess density of the eclogite is 200 kg/m3 through-
out the mantle, except for a density inversion of
�200 kg/m3 at 670–1000 km depth and excess
density of 100 kg/m3 at 400–670 km depth
(Figure 1) [e.g., Christensen and Hofmann, 1994;
van Keken et al., 1996; Ono et al., 2001].

[9] The nondimensional equations for the conser-
vation of mass, momentum and energy and the
advection equation of the compositional field in an
incompressible fluid at infinite Prandtl number in
an axisymmetric spherical shell are solved numer-
ically by a code based on finite element package
Sepran [Cuvelier et al., 1986; van Keken and
Ballentine, 1999; Lin and van Keken, 2006]. The
dense layer is characterized by its thickness d (10–
200 km) and density contrast Dr(0–400 kg/m3 in
the lowermost mantle). In our models we assume a
Newtonian fluid and the viscosity is defined by h =
h0 exp(�bT) where b = log(103), corresponding to
a maximum viscosity contrast Dh of three orders of
magnitude. The thermal boundary Rayleigh num-
ber is Ra = 2.1 � 106 [Lin and van Keken, 2006],
which is based on a reference mantle viscosity of
1022 Pa s, a thickness of the model domain (H) of
2885 km, a thermal diffusivity k of 10�6 m2/s, an
expansivity a of 3 � 10�5 1/K, and reference
density r of 4000 kg/m3 and a temperature contrast
DT of 750 K. The initial thermal boundary layer
(TBL) thickness is assumed constant at 130 km and
the maximum density variation due to thermal
expansion of �90 kg/m3. The temperature contrast
across the TBL is at the lower end of reasonable
estimates (�500–2000 K). Increasing the temper-
ature contrast to the high end of the estimates will
change the effective Rayleigh number by a factor
of 2.5, which is well within the uncertainty of the
density excess and lower mantle viscosity. We will
specify the dimensional values for parameters and
provide the corresponding buoyancy number to
allow comparison between our calculations and
the published models. The buoyancy number is
given by B = Dr/raDT, where Dr is the intrinsic
density difference between the compositionally

Figure 1. Reference depth profile for excess density of
eclogite [Lin and van Keken, 2005].
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distinct material in the lowermost mantle and the
overlying mantle. The corresponding compositional
Rayleigh number follows as RaB.

3. Results

[10] Plumes originating from the thermochemical
boundary at the base of the mantle were catego-
rized to fall into two end-member regime (regimes
I and II) and an intermediate regime (regime III) in
previous studies [Lin and van Keken, 2005, 2006].
To summarize, the first end-member regime is
characterized by low temperature plumes with a
negligible amount of entrainment. The second end-
member regime features high temperature plumes
with substantial amount of entrainment. Compli-
cated intermediate behavior is observed in regime
III. In this paper, we divide our variable viscosity
models into three categories based on plume mor-
phology. Most of the models presented here are in
regime III. Table 1 summarizes the model param-
eters of the initial thickness and intrinsic density
contrast of the compositional layer for models in
Figures 2–11. All these models are models with
strongly temperature-dependent viscosity (Dh =
1000). The models with moderate viscosity con-
trast can be divided into the same categories in
general, except that the flow pattern and temper-
ature field are less complicated. For clarity we
show the mirror image of the plume and indicate
the dimensional time of the snapshots for the
plume evolution. We also supply animations to
better display the development of the intricate
morphology in these strongly time-dependent
cases.

3.1. Category I: Voluminous Head–Narrow
Tail Structure

[11] The first category of plumes occurs when the
thickness or density is not sufficient to strongly
modify the formation of the thermal plume. The
overall plume morphology is similar to that of
plumes with purely thermal origin when the thick-
ness of the dense layer is ��80 km, or the intrinsic
density contrast is ��40 kg/m3 and the thickness

of the compositional layer is �100 km. The radius
of the plume head is significantly larger than that of
plume tail and the TBL around the plume tail is
often drained by the formation of plume. Figure 2a
and Animation 1 show an example in which the
development of the plume is similar to that of
thermal plumes (Dr = 25 kg/m3, B = 0.28, d =
25 km), except that the development of the plume
is initially slightly delayed. This leads to higher
temperature in the plume head and conduit and a
slightly wider radius of the plume conduit. The
entrainment of the compositional layer occurs at
the time of plume head formation. The dense
material in the plume head induces small-scale
circulation and subsequently generates lateral het-
erogeneity. Dense material in the plume head
significantly distorts the morphology of the
plume head when the compositional buoyancy
force is larger (e.g., Figure 2b and Animation 2:
Dr = 40 kg/m3, B = 0.44, d = 100 km). Frequent
pulsations and complicated flow in plume can
develop due to interplay between the compositional
and thermal buoyancy forces (e.g., Figure 3a and
Animation 3:Dr= 50 kg/m3,B= 0.56, d= 70 km and
Figure 3b andAnimation 4:Dr = 55 kg/m3,B = 0.61,
d = 100 km) [see also Lin and van Keken, 2005].
Replenishment of the plume by the secondary insta-
bilities stirs the plume head frequently and may
cause significant lateral heterogeneity in the plume
head if intrinsic heterogeneity is present in the
compositional layer. When the thickness of the
compositional layer is larger and the intrinsic density
contrast is smaller, the compositional layer is
dragged up both within and outside the thermal
plume (e.g., Figure 4 and Animation 5: Dr =
15 kg/m3, B = 0.17, d = 200 km).

[12] When the thickness of the compositional layer
is ��50 km and the intrinsic density is �50 kg/m3,
the dense material is entrained only from the hot
portions of the TBL where temperature is high
enough to provide a net positive buoyancy. It forms
a high-temperature plume center which is sur-
rounded by material with lower temperature (e.g.,
Figure 5a andAnimation 6:Dr = 50 kg/m3,B = 0.56,
d = 50 km). Secondary instabilities develop at

Table 1. Model Parameters

Model

I II III IV V VI VII VIII VIIII X XI XII XIII XIV

Dr, kg/m3 25 40 50 55 15 50 50 65 60 60 75 75 40 40
d, km 25 100 70 100 200 50 25 100 150 175 125 80 150 125
Category I I I I I I I II II II II II III III
Regime II II III III II III III III III III III III III III
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the early stages in this model. Figure 5b and
Animation 7 show that the entrainment of a
thinner layer causes a much more complicated
flow pattern and generate significant lateral compo-
sitional heterogeneities in the plume head (Dr =
50 kg/m3, B = 0.56, d = 25 km). The entrainment of
the dense material induces a counter circulation.
Downward flow in the plume head and a stagnation
point at the plume axis are present from10 to 20Myr.
This leads to a lower-temperature region at the center
of the plume head. The counter circulation is grad-
ually replaced by the upwelling when the plume is
established and the TBL supplies more high temper-
aturematerial to the plume tail. Note that the velocity
of the dense material shows significant acceleration

at depth of 670–1000 km because of the density
inversion of the eclogitic material in our models.

3.2. Category II: Substantial Topography
at the Base of the Plume

[13] When the thickness of the compositional layer
is ��80 km and intrinsic density contrast is
�60 kg/m3, a significant volume of the dense
material is sucked toward the plume and piles up
at the base of the plume. It forms a large-scale
undulation of the interface between the composi-
tional layer and the overlying mantle. Various types
of the plume development and entrainment of dense
material associated with this large-scale undulation
are observed. Figure 6 and Animation 8 show the

Figure 2. Examples for plumes in category I. The white color marks the distribution of the distinct composition.
Length is rescaled by the thickness of the mantle (2885 km). The nondimensional values marked on the east boundaries
(1.2083, 1.976, 2.2083) and the corresponding black lines at three depth levels represent CMB, 670-km discontinuity,
and surface, respectively. Same notation is used throughout the paper. Model parameters: (a) Model I at five time steps:
Dr = 25 kg/m3, B = 0.28, d = 25 km; (b) Model II at five time steps: Dr = 40 kg/m3, B = 0.44, d = 100 km.
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formation of a large plume head and substantial
topography at the base of the plume starting at
50 Myr (Dr = 65 kg/m3, B = 0.72, d = 100 km). The
compositional layer is weak due to the strongly
temperature-dependent viscosity, which allows sig-
nificant deformation of the TBL and strong small-
scale convection at the base of the plume. The
upward velocity of the plume head is significantly
decreased because the compositional density
reduces the positive thermal buoyancy. The tem-
perature of plume head and plume conduit becomes
lower as the plume spreads during its ascent. At
�70 Myr, another instability of relatively small
volume but with high temperature develops from
the base of the plume tail. It propagates along the
plume conduit and subsequently elevates the
temperature of plume tail. The large-scale undu-
lation is a persistent feature and lasts for more
than 100 million years. The topography formed
by the distinct composition is on the order of
1000 km and its shape is concave upward.

[14] When the thickness of the dense material
increases further, the small-scale convection in
the compositional layer is suppressed. This leads
to a lower temperature in the TBL and consequently
a plume with relatively low temperature (e.g.,
Figure 7a and Animation 9: Dr = 60 kg/m3, B =
0.67, d = 150 km, and Figure 7b and Animation
10: Dr = 60 kg/m3, B = 0.67, d = 175 km). The
irregular topography of the TBL extends to several
hundred kilometers above the CMB. Plumes are
nearly ‘‘stagnant’’ for tens of million years in the
lower mantle due to their nearly neutral buoyancy.

When the intrinsic density increases, the dense
material initially forms a dome (e.g., Figure 8 and
Animation 11: Dr = 75 kg/m3, B = 0.83, d =
125 km). A cool and well-rounded thermal plume
head is formed from the upper portion of TBL.
This is followed by a warmer pulse with subse-
quent entrainment of the dense material. The to-
pography of the compositional layer is relatively
flat. A similar two-stage plume is generated with a
thinner and denser layer. In this case, a larger blob
of dense material is entrained (e.g., Figure 9 and
Animation 12: Dr = 75 kg/m3, B = 0.83, d =
80 km). The upward velocity of plume head is
much higher. A downward flow develops within
the ascending plume head before the plume head
reaches the depth range of 670–1000 km similar to
the plume shown in Figure 5. Upwellings at the base
of the plume axis are suppressed and the upper
portion of the TBL supplies material to the plume
starting at �70 million years. Similar processes are
also observed in some of the previous models. It
shows that the plume material can be entrained from
different areas of the TBL during the evolution of the
plume.

3.3. Category III: Multiple Pulsations
With Large Material Flux

[15] The third category of plumes is characterized
by multiple, large pulsations that occur when the
density and thickness of the compositional layer is
in between that of models in categories I and II.
Dense material accumulated around the plume axis
induces secondary instabilities with large volume

Figure 4. Example of plumes with thick dense layer in category I. Model parameters: Model V at five time
steps, Dr = 15 kg/m3, B = 0.17, d = 200 km.
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and eventually migrate laterally and converge to
the plume conduit when the thickness of composi-
tional layer is ��100 km and the intrinsic density
contrast is �50 kg/m3 or if the thickness is
��125 km and the density contrast is �40 kg/m3.
This leads to subsequent pulses within the plume in
which the material flux is similar to that of the
primary plume head (e.g., Figure 10 and
Animation 13: Dr = 40 kg/m3, B = 0.44, d =
150 km, and Figure 11 and Animation 14: Dr =
40 kg/m3,B= 0.44, d= 125 km). The convergence of
the secondary instabilities forms a temporary large-
scale undulation of the TBL. The plume conduit
becomes significantly wider when the subsequent
material supplement propagates along the conduit.
The topography of the TBL at the base of the plume,
the radius of the plume conduit and the temperature

field in the plume are strongly time-dependent.
Plumes can no longer be described as consisting
of a single plume head with a steady conduit.
The entire plume is dominated by entrained
material.

3.4. Evolution of Buoyancy Flux

[16] The buoyancy flux is a measure of strength of
plumes and is usually estimated by the associated
surface topography [e.g., Davies, 1988; Sleep,
1990]. Figure 12 shows the temporal evolution of
the nondimensional buoyancy flux (Bc) as a func-
tion of thickness and intrinsic density contrast of
the distinct compositional layer for models with
strongly temperature-dependent viscosity. The rel-
ative buoyancy flux here is calculated according to

Figure 8. Example of plumes in category II with lower temperature. The dense material forms a dome at �50 Myr.
Model parameters: Model XI at five time steps: Dr = 75 kg/m3, B = 0.83, d = 125 km.
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equation Bc =
R
wTdA/B(c, max) at 600-km depth,

where w is the nondimensional normal velocity, T
the nondimensional temperature, dA the nondimen-
sional area and B(c,max) the maximum value of the
buoyancy flux in each model. As can be expected,
plumes reach the upper mantle more slowly when
the thickness of the compositional layer is larger or
its intrinsic density contrast is higher. A great
variety of the evolution for the buoyancy flux is
observed. Similar behaviors for the models with
moderately temperature-dependent viscosity are
observed. The small amplitude variations in the
buoyancy flux are caused by small-volume insta-
bilities. Major secondary pulsations are caused by
significant material flux for models in category III.
The time gap between two major pulses ranges

from a few million to more than one hundred
million years. In a few cases, the secondary pulses
can be stronger than the arrival of primary plume
head in strength. The pulsating plumes may con-
tribute to the multiple episodes of large igneous
provinces [Lin and van Keken, 2005].

4. Discussion and Conclusions

4.1. Diversity of Plume Structures

[17] We observe diverse behavior of the evolution
of plumes in our model system. The thickness and
the intrinsic density contrast both control the for-
mation of plumes. The radius of the plume conduit
ranges from a few tens to a few hundred of kilo-

Figure 9. Example of plumes in category II. Considerable amount of dense material is sheared and entrained into
the plume head. Model parameters: Model XII at five time steps: Dr = 75 kg/m3, B = 0.83, d = 80 km.
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meters. The morphology of the plume head
changes from a sphere to be stretched or elongated.
Average temperature at the plume axis in the upper
mantle ranges from ��20% to 90% of the maxi-
mum thermal perturbation in the TBL [Lin and van
Keken, 2006]. In many cases, plumes can no longer
be described as consisting of a single voluminous
plume head followed by a steady narrow plume
tail. The TBL around the base of the plume can be
drained by the formation of the plume, or pile up at
the base of the plume and form large-scale undu-
lations, in which the interface between the compo-
sitional layer and the overlying mantle has variable
morphology. The radius and shape of the plume
conduit and the substantial topography of the
compositional layer can be strongly time-depen-

dent. The internal structure of the plumes is mod-
ified by the entrainment of the dense material. In
general, the dense material has the highest tem-
perature in the plume. Plumes can ascend and
reach the subsurface within several tens of million
years, but can also be nearly stagnant for tens of
million years in the lower mantle. Secondary
instabilities play an important role in the deforma-
tion and the formation of the lateral heterogeneity
in the plumes in a wide range of parameter space.
The flow field in the plume head is often strongly
influenced by the presence of the dense material or
the material flux of secondary instabilities. The
thermal field and the distribution of dense material
often vary significantly along the plume axis and in
the plume head. The plume head or the outer

Figure 10. Example of plumes in category III. Secondary instabilities with substantial material flux replenish the
plume head. Model parameters: Model XIII at five time steps: Dr = 40 kg/m3, B = 0.44, d = 150 km.
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shell of the plume conduit frequently has a higher
temperature than that in the center of the plume.
Strongly lateral heterogeneity in compositional and
thermal fields is a common feature. The length
scale of the heterogeneity can be as small as a few
kilometers and the time scale can be on the order of
a few millions years. These observations suggest
that the corresponding seismic signatures are likely
much more complicated than the classic plume
structure of a large plume head versus thin plume
conduit.

[18] In our calculations, plumes can consist almost
entirely the entrained intrinsically dense material
under a wide range of conditions. Previous labo-
ratory experiment for purely compositional plumes
show two type of structures, dependent on the
viscosity ratio between plume and ambient fluid
[Kumagai, 2002]. The first type occurs at small
viscosity ratio (D h � 11) and resembles thermal
plumes with high viscosity ratio observed in some
previous experiments [Kumagai, 2002]. The sec-
ond type shows chaotic stirring in the plume head
at high viscosity ratio (104 � Dh � 856). We do
not observe similar structures. In our models, the
stirring in the plume head is mainly determined by
the secondary instabilities when the entire plume is
basically composed by the material from the com-
positional layer. The effects of thermal buoyancy in
our models combined with the different rheologies
and mechanisms of the material supply between
the numerical and analogue experiments likely
cause the differences. Moreover, the axisymmetric
condition in our experiments forces the convection
to two-dimension and may suppress the nonlinear-
ity in the system. This may result in the less chaotic
behavior in our models.

4.2. Large-Scale Undulation of the
Compositional Layer

[19] The compositional layer can be deformed
actively by the small-scale convection when the
compositional layer piles up beneath the base of
the plume tail. Substantial topography of the com-
positional layer is developed in the lower mantle.
Both the intrinsic density contrast and the thickness
of the compositional layer influence the shape of
the interface between the compositional layer and
the overlying mantle. Small-scale convection in the
TBL may contribute to the lateral heterogeneities
observed in the D00 layer. The length-scale of the
strongly lateral heterogeneity of the temperature
field can be on the order of 100 km. The substantial
topography is a persistent feature over the geolog-

ical time. Under certain conditions plumes are
almost stagnant in the lower mantle for tens of
million years.

[20] Two broad low seismic velocity regions be-
neath south central Pacific and beneath the southern
Atlantic Ocean and Africa are correlated to the
major geoid highs and to the concentration of hot
spots [e.g., Hager et al., 1985; Su et al., 1994;
Schubert et al., 2004]. The low seismic velocity
signatures continuously extend from the base of the
mantle to several hundred kilometers above core-
mantle boundary to even the base of the lithosphere.
These features may be related to the presence of a
compositional layer in the lowermost mantle [e.g.,
Su et al., 1994; Ritsema et al., 1999; Romanowicz
and Gung, 2002; Ni and Helmberger, 2003]. They
have been considered as broad mantle upwelling,
superplumes, piles, or plume clusters [e.g., Forte
and Mitrovica, 2001; Davaille, 1999; Davaille et
al., 2002; Tackley, 1998; Jellinek and Manga, 2004;
McNamara and Zhong, 2004; Schubert et al.,
2004]. The features observed in our models, includ-
ing the large-scale undulation of the interface be-
tween the compositional layer and the overlying
mantle, the simultaneous development of plume
with the undulation and the temporarily stagnant
plume in the lower mantle, may contribute to the
formation of these two large low velocity provinces.

4.3. Surface Topography Swell

[21] The uplifted topography associated with intra-
plate volcanism has been used to estimate the
buoyancy flux of mantle plumes and as a criterion
for mapping the mantle plumes [e.g., Davies, 1988;
Sleep, 1990]. It has been argued that some oceanic
plateaux such as Ontong Java were not caused by a
mantle plume because the high elevated surface
topography and expected subsidence rate that
should be associated with the high temperature
material in the upper mantle is not observed [e.g.,
Ingle and Coffin, 2004]. Our model results show
that mantle plumes may consist of large amounts of
hot but compositionally dense material. The pres-
ence of the dense material would reduce the net
buoyancy force within the thermochemical plumes
with subsequent reduction of topographic effects. It
suggests that the use of excess topography may not
always provide an appropriate criterion for map-
ping mantle plumes. In addition, the reduction in
swell topography will cause an underestimate of
the core-mantle boundary heat flux in the approach
of Davies [1988] and Sleep [1990]. This suggests
that the core mantle boundary heat flux could be
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potentially significantly higher than previously
estimated.

4.4. Sensitivity of Model Parameters and
Model Applicability to the Earth’s Mantle

[22] Our result shows that the structures of the
thermochemical plumes can be complicated even
under the relatively simple assumptions for the
initial conditions used in our models. We expect
that the dense basal layer may show undulations
and internal heterogeneity. This would result in
regional differences in the type of plumes that can
be generated.

[23] The amount of entrainment predicted in our
models provides some constraints on the properties

of the dense layer since low density contrasts
would lead to rapid entrainment and erosion of
the dense layer. This effect is mitigated if our
assumption that the dense layer is maintained by
subduction of eclogite is correct. We can make a
zeroth order approximation to the rate of erosion
by assuming that plumes in the lower mantle have
a typical radius of 100 km, an entrainment rate of
the dense layer of 10% and an upward velocity of
5 cm/yr. If we further assume that we have 10 such
plumes we find an volumetric erosion rate of
12 km3/yr, which can be compared to the oceanic
crust production (and assumed recycling rate) of
18 km3/yr. The near balance suggests that we can
actively maintain such a dense layer under these
assumptions.

Figure 11. Example of plumes in category III. The shape of the plume head is enlarged at �50 Myr and secondary
instabilities develop and replenish the plume head subsequently. Model parameters: Model XIV at five time
steps, Dr = 40 kg/m3, B = 0.44, d = 125 km.
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[24] The strategy we adopted for this study is to
allow for the exploration of the plume structure in a
thermochemical convection system that covers
plausible range of physical parameters in a system-
atic manner. Several factors should be considered
when apply our model results to Earth’s mantle.
Our calculations are sensitive to the initial condi-
tion. We initiate plumes from a small thermal
perturbation that can be thought of as a bump on
the TBL that naturally develop in the actively con-
vecting mantle. We assumed a thickness of 130 km

for the TBL and a specific thermal buoyancy con-
trast. Clearly, these are expected to vary across the
lowermost mantle. To an extent we can generalize
the conclusions by considering the nondimensional
density ratio (between thermal and compositional
buoyancy) and the nondimensional thickness (be-
tween that of the TBL and the dense layer).

[25] We ignore convection driven by the subduc-
tion of plates which may be reasonable if the small
scale plume flow can indeed be decoupled from the
large scale flow. This decoupling is enhanced by
the strong temperature-dependence of rheology and
the overall sluggishness of mantle convection
expected for a high viscosity lower mantle, but it
is likely that the type of plume behavior we predict
will only occur away from zones of active or paleo
subduction.

Appendix A: Entrainment—A
Comparison With Scaling Theories

[26] The entrainment for flow driven by plumes is
estimated by Sleep [1988]. It can be approximately
described as

F ¼ C0=B
2 ðA1Þ

where C0 is a constant. Figure A1a shows volume
fraction of the entrained dense material as a
function of buoyancy number. The solid line is
equation (A1) with C0 = 0.07. The numerical
experiments with various thickness are consistent
with the scaling relationship. The entrainment is
more profound in the models with lower buoyancy
number as shown in previous studies [e. g., Sleep,
1988; Davaille, 1999; Davaille et al., 2002; Zhong
and Hager, 2003; McNamara and Zhong, 2004].

[27] Davaille [1999] derived the scaling relation-
ship for volumetric flux of entrained material
across the interface based on the balance between
buoyancy forces and viscous forces:

Q ¼ C1kHB�2Ra1=3
1

1þ Dh=B
ðA2Þ

where C1 is an experiment constant. Our results
agree well with equation (A2) with C1 = 1.1 when
B��1 but are significantly smaller if B��1 even
for a thin dense layer (e.g., 25 km) (Figure A1b).
The difference may result from that we use constant
values of B and Rayleigh number to calculate the
value of Q, while the effective B and thermal
Rayleigh number for entrainment would vary with
time and the properties of the dense layer. For
example, in the case with a thin dense layer with

Figure 12. Temporal evolution of nondimensional
buoyancy flux for selected models with strongly
temperature-dependent viscosity (Dh = 1000). The
vertical axis shows the amplitude of plume flux
normalized by the maximum value for each model.
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high chemical density contrast, the dense material
prevents the lowermost portion of the thermal
boundary layer to become involved with plume
formation [e.g., Lin and van Keken, 2006]. This
process would reduce the plume temperature and
effective Rayleigh number and increase the value of
B. The predicted Q value would further approach to
our model results for models with B � 1 when this
effect is considered.

[28] The comparison between these relationships
and our models with temperature-dependent
viscosity is much more difficult because the en-
trainment of these models are commonly strongly
time-dependent [Lin and van Keken, 2006] and our
calculations only consider relatively short time

period (several hundred million years). Represen-
tative values for comparison such as a constant
entrainment rate or average value based on com-
plete erosion of the dense layer cannot be obtained.
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