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[1] Density variations due to changes in bulk chemistry in the lowermost mantle play an important role in
the dynamics and chemistry of plumes. In this study we perform a series of high-resolution numerical
experiments in an axisymmetric spherical shell to systematically investigate the formation of plumes from
a thermochemical boundary layer and the entrainment of the dense material by plumes. In particular, we
investigate the effects of the temperature dependence of viscosity, the chemical density contrast, and
thickness of the compositionally distinct layer. Our results show that all three factors influence the nature
of plume formation and entrainment of dense material. The complexity of the evolution of the plumes and
of the entrainment process increases profoundly with increasing viscosity contrast. The entrainment
commonly becomes a transient process for models with variable viscosity. It is generally stronger in the
isoviscous models, but the development of plumes is easier in the models with variable viscosity, which is
mainly determined by the mechanical coupling between the dense material and the surrounding mantle.
Our model results indicate that the compositionally distinct region in D00 can survive in the Earth’s history
if the intrinsic density contrast of the compositionally distinct layer is greater than about 2%. We also
present a series of benchmark tests for thermochemical convection problems in an axisymmetric spherical
shell. Our tests indicate that high-resolution models are necessary for the thermochemical convection
systems in which strongly temperature-dependent viscosity is considered.
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1. Introduction

[2] The fundamental difference of the isotope
ratios between oceanic island basalts (OIBs) and
mid-oceanic ridge basalts (MORBs) is convention-

ally attributed to the long-term isolation of the
distinctive chemical reservoirs [e.g., Depaolo and
Wasserburg, 1976; Hofmann, 1997; Kellogg et al.,
1999; van Keken et al., 2002]. The nature of these
chemical reservoirs in terms of the length scale,
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distribution and origin is, however, under debate
[e.g., van der Hilst et al., 1997; Kellogg et al.,
1999; Morgan and Morgan, 1999; Becker et al.,
1999; Tackley, 2000; van Keken et al., 2002, 2003].
The most significant and perhaps only global deep
boundary layer within the mantle is the D00 layer in
the lowermost 200–300 kilometer of the mantle.
The D00 layer is generally invoked as the source
region of mantle plumes with deep origin. Seismic
observations reveal the strongly lateral heterogene-
ities with complicated details in the D00 layer
including large-scale features that may extend into
the region of 500–1000 km above the core-mantle
boundary (CMB) [e.g., Lay and Helmberger, 1983;
Dziewonski et al., 1993; Lay et al., 1998; Kuo et
al., 2000; Fisher et al., 2003; Hung et al., 2005].
The compositionally distinct layer in the lowermost
mantle may better explain features that cannot be
attributed to thermal effects alone: (1) the decorre-
lation between the bulk sound and shear wave
velocity structures with the horizontal length scale
of at least several hundred kilometers in the well
sampled regions such as the central Pacific [e.g.,
Masters et al., 2000; Lay, 2005]; (2) the presence
of the regional shear wave discontinuity atop D00

layer [e.g., Wysession et al., 1998]; (3) the estimate
of large density increase (+10%) of the regional
ultra low velocity zones (ULVZs) with a sharp
upper boundary located a few tens of kilometers
above CMB [e.g., William and Garnero, 1996;
Wen et al., 2001; Rost et al., 2005]; (4) the sharp
boundary of the large low velocity province
beneath the southern Atlantic Ocean, Africa and
southern Indian Ocean inferred from shear wave
and geodynamics studies [e.g., Ni et al., 2002; Ni
and Helmberger, 2003]; (5) the constraints
based on analysis of normal-mode and free-air
gravity data [Ishii and Tromp, 1999]. The compo-
sition, length-scale, physical properties and lateral
heterogeneity of this compositional layer are still
controversial.

[3] It has been proposed that the compositional
layer in the lowermost mantle results from the
accumulation of subducted oceanic crust [e.g.,
Christensen and Hofmann, 1994; van der Hilst et
al., 1997]. The plumes may entrain the subducted
crust and contribute to the diversity of isotope
ratios of OIBs [e.g., Hofmann and White, 1982;
Lassiter and Hauri, 1998; Sobolev et al., 2000].
The chemical reaction between core and mantle
and partial melting can also increase the material
density by iron enrichment [e.g., Manga and
Jeanloz, 1996; William and Garnero, 1996; Wen
et al., 2001; Rost et al., 2005]. These mechanisms,

along with the differentiation processes of the
metallic minerals in a chemical boundary layer at
the base of the mantle [e.g., Manga and Jeanloz,
1996] may also contribute to the formation of the
dense layer in the lowermost mantle. An alternative
hypothesis for the compositionally dense layer at
the base of the mantle is that it formed during the
early differentiation of Earth, by the formation and
recycling of a mafic crust in the Archaean, or by
processes associated with a deep magma ocean
[Kellogg et al., 1999].

[4] Both laboratory and theoretical approaches
have been used to investigate the dynamics of the
compositionally dense layer in a convecting sys-
tem. General findings are that dense material is
swept toward the upwelling flow rising from the
basal thermal boundary layer (TBL) causing a
nonuniform thickness of the dense layer and sub-
sequent entrainment of dense material in plumes
[e.g., Christensen and Hofmann, 1994; Montague
and Kellogg , 2000; Jellinek and Manga ,
2002; Tackley, 1998, 2002; Davaille et al., 2002;
McNamara and Zhong, 2004]. If any compositional
layer does exist and has persisted in the lowermost
mantle for a significant period of time, previous
studies suggest its intrinsic density is denser than
the overlying mantle in the range of 1%–6% [e.g.,
Sleep, 1988; Christensen and Hofmann, 1994;
Montague et al., 1998; Kellogg et al., 1999;
Gonnermann et al., 2002; Samuel and Farnetani,
2003; Zhong and Hager, 2003]. The chemical
stratification across D00 may be responsible for
the discrepancy between the plume excess temper-
ature in the upper mantle (�200–300 K) and the
estimated temperature increase across the TBL
(�1000 K or more) [Farnetani, 1997; Farnetani
et al., 2002]. Zhong and Hager [2003] and Oldham
and Huw Davies [2004] conclude from isoviscous
models that the entrainment is mainly controlled by
the radius of the thermal plume and the ratio of
compositional to thermal buoyancy, but is relatively
insensitive to the thickness of the dense layer.
Laboratory experiments have been able to approach
the dynamics more systematically, but mainly
focused on the longevity and the shape of the
chemical layer and its role on the fixity of the plumes
in experiments with a thick dense layer (��300 km)
[e.g.,Gonnermann et al., 2002] or a dense layer with
higher viscosity [e.g., Davaille, 1999].

[5] The main purpose of this work is to systemat-
ically study the entrainment of a dense layer by
plumes and to explore the characteristics of the
plumes in a thermochemical convection system by
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numerical experiments that cover a wide parameter
space. In particular, we focus on a thermochemical
boundary layer that is formed by mixing between
recycled and dense oceanic crust and ambient
mantle. For simplicity we will refer to the recycled
oceanic crust as eclogite.

[6] We examine models with a compositionally
distinct layer with a compositional excess density
Dr in the lowermost mantle ranging from 0 to
400 kg/m3 and the initial thickness d ranging from
10 to 200 km. We will consider both isoviscous and
temperature-dependent rheology. In the later case
we will vary the maximum viscosity contrast (Dh)
between ambient mantle and the hottest plume
material between 100 and 1000. As shown below
our models reveal the complexity of the entrain-
ment process and its influence on plume structure.
Both depend strongly on the viscosity contrast as
well as the thickness and the excess density of the
compositional layer. In the remainder of this paper
we will discuss the modeling approach in detail
before presenting the results. Ideally, we would like
to investigate the dynamics of entrainment from
the thermochemical boundary layer using three-
dimensional spherical models. Yet, the accurate

numerical modeling of thermochemical convection
is a daunting task and the use of full three-dimen-
sional calculations is still difficult at present due to
limited computational resources [e.g., van Keken et
al., 1997; Tackley, 2002; McNamara and Zhong,
2004]. In order to make a substantial number of
highly resolved model studies possible we use an
axisymmetric spherical shell geometry (Figure 1)
which is an appropriate geometrical simplifications
for plume modeling [Kellogg and King, 1997]. The
use of the finite element method also allows us to
use strong grid refinement in the TBL and at the
plume axis (Figures 1b and 1c). The general char-
acteristics of the entrainment process and of the
plume formation are presented in this paper. More
details of the plume structure and the corresponding
flow field will be discussed in a companion paper
[Lin and van Keken, 2006]. A series of tests for the
thermochemical convection problems are presented
in Appendices A, B, and C.

2. Numerical Models

[7] Our numerical experiments are conducted by
considering the thermochemical convection in a

Figure 1. (a) Axisymmetric spherical geometry for finite element models. Segment in gray shows the model
domain used in this study. (b) Finite element mesh for high-resolution models in this study. The resolution of the
models shown here is �2–5 km in the regions near the corner of the plume axis and core. (c) A close-up of the mesh
near the core and plume axis. Length scale is rescaled by the thickness of the mantle (2885 km).
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Boussinesq fluid at infinite Prantdl number in an
axisymmetric spherical shell geometry. The non-
dimensional equations governing the flow can be
expressed by the equations of motion,

r � h _�ð Þ � rP ¼ RaT � RbGð Þẑ ð1Þ

the continuity equation,

r � u ¼ 0 ð2Þ

the energy equation,

@T

@t
þ u � rð Þ T ¼ r2T ð3Þ

and the advection equation for composition,

@G
@t

þ u � rð ÞG ¼ 0 ð4Þ

where h is viscosity, _� is the deviatoric strain rate
tensor, P is the dynamic pressure, u is velocity, t is
time, T is temperature, G is the composition
function, ẑ is the unit vector in the direction of
gravity. Ra and Rb are the thermal and composi-
tional Rayleigh numbers, respectively, and given
by

Ra ¼ ar0gDTh
3

kh0
; Rb ¼ Drgh3

kh0
ð5Þ

The definitions and the quantities on the right-hand
size are given in Table 1 along with the dimen-
sional values.

[8] Equations (1)–(4) are solved numerically using
software based on finite element package Sepran
[Cuvelier et al., 1986]. A markerchain method is
used to incorporate the compositional buoyancy
[van Keken et al., 1997]. A filter is used for the
calculation of the thermal field to avoid the over-
shooting problem for the region surrounding the
plume head [Lenardic and Kaula, 1993]. More
details for the computation are described in

Appendix A. Tests of the accuracy of our calcu-
lations for the thermochemical convection in an
axisymmetric spherical shell are presented in
Appendices B and C. Figure 1 shows the geometry
and the finite element mesh we used for models
with strongly temperature-dependent viscosity as
well as some models with moderately temperature-
dependent viscosity (mesh 1). The average resolu-
tion of regular elements is about 8 km. The
resolutions of elements are refined to be �2–
5 km for regions near the plume axis and the
bottom. The grid point spacing is half that of the
quadratic elements. We assume a Newtonian fluid
and the viscosity is defined by

h ¼ h0 exp �b Tð Þ ð6Þ

where b = log(10n) and n is varied from 0
(isoviscous) to 3 (maximum viscosity contrast
Dh = 1000).

[9] The surface and the core-mantle boundary are
represented by isothermal boundaries. The side
wall is insulating. The initial temperature distribu-
tion is homogeneous throughout the mantle, except
for a 130-km thick thermal boundary layer at the
bottom with a perturbation in the region near the
pole. The mechanical boundary condition for
the bottom is free-slip. To isolate the physics of
the formation of plumes, we impose the no-slip
boundary condition on the top and the side wall to
reduce the large-scale convection and the second-
ary instabilities in the calculation domain. Our tests
show that the general features for models with a
wider calculation domain (90 degrees) are similar
to those in our paper (45 degrees) except that the
secondary instabilities can develop earlier in the
regions other than the initial thermal perturbation.
It shows that the boundary is far enough and the
choice of the boundary condition should not influ-
ence our conclusions. We will keep the ambient
mantle viscosity and temperature contrast between
CMB and mantle fixed (Table 1). We assume that
the distinct composition is a mixture of various
proportion between the eclogite and the ambient
mantle material. The reference density profile of
the eclogite is Dr0 denser than the ambient material
throughout the mantle, except that it is 0.5Dr0
denser between 400–670 km depth and Dr0 lighter
than the surrounding mantle between 670–1000 km
depth. For eclogite the density contrast Dr0 is
estimated to be 200 kg/m3 [e.g., Christensen and
Hofmann, 1994; van Keken et al., 1996; Ono et al.,
2001; Lin and van Keken, 2005]. We will assume
that variable proportions of the eclogite are mixed
in with ambient mantle and we will use Dr0 as a

Table 1. Symbols and Dimensional Reference Values

Symbols Quantity Value

a thermal expansivity 3 � 10�5 K�1

r0 reference mantle density 4000 kg m�3

g gravitational acceleration 9.8 m s�2

k thermal diffusivity 10�6 m2 s�1

DT temperature contrast across
thermal boundary layer

750 K

h depth of the mantle 2885 km
h0 reference mantle viscosity 1022 Pa � s
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free parameter that ranges from 0 to 400 kg/m3.
While this is larger than that based on a 100%
eclogite composition, it will allow us to better
understand the sensitivity of our modeling results
to the density contrast.

3. Results

[10] We will first present the models for plumes
formed by purely thermal origin as a reference. The
thermochemical model results that follow can be
categorized into two end-member regimes (regimes
I and II) and an intermediate regime (regime III)
[Lin and van Keken, 2005]. We will show the
representative cases to demonstrate the general
characteristics of the plumes that originate from a
thermochemical boundary layer and the entrain-
ment of a dense layer by plumes. We then show the
influence of the properties of the compositional
layer and the viscosity on the entrainment process
and temperature and upward velocity of plumes.
We will show snapshots of the evolution of the
plumes and indicate the dimensional time, using
the dimensional parameters of Table 1. For clarity
we show the mirror image of the plume as well. We
will use a range of dimensional values for param-
eters such as thickness, density contrast and tem-
perature contrast that we think is reasonable for the
properties of the D00 layer. The models can be
compared with published models by converting
the dimensional parameters into the buoyancy
number, B = Dr/raDT, where Dr is the intrinsic
density difference between the dense layer in the
lowermost mantle and the overlying mantle; for
reference, the thermal boundary Rayleigh number
in our calculations based on the dimensional values
in Table 1 is Ra = 2.1 � 106. Noted that Ra is based
on the assumed values for temperature increase
across the boundary layer (750 K) and lower
mantle viscosity 1022 Pa � s. Both the temperature
increase across the D00 layer and the average
ambient lower mantle viscosity are potentially
higher. On the basis of present-day estimates for
these values we can assign a factor of 2–3 uncer-
tainty to Ra. As we will show below the sensitivity
of the dynamics to the chemical density contrast
and in particular the temperature dependence of
viscosity is much stronger, and we have chosen to
keep the Rayleigh number constant in this series of
experiments.

3.1. Plumes With Purely Thermal Origin

[11] The centerline temperature of the plumes is
approximately as high as the maximum thermal

perturbation of thermal boundary layer (Figure 2).
In addition, flow in the plume axis is strong due to
the convergence at the pole which results in thick-
ening of the thermal boundary layer [Leitch et al.,
1996]. The mobility of the plume material is con-
strained by the viscosity of the surrounding mantle.
The coupling within the plume becomes weaker and
the plume tail becomes thinner when the viscosity
contrast increases (Figures 2b and 2c). The velocity
in the plume axis is significant faster in the variable
viscositymodels. The plume conduit can provide hot
material to the plume head more efficiently. This
increases the volume of the plume head and therefore
the upward velocity of plume head significantly. The
morphology of the plume heads changes from
sprout- tomushroom-shapedwhen viscosity contrast
increases as shown in previous studies [e.g.,Griffiths
and Campbell, 1990; van Keken, 1997; Kellogg and
King, 1997; Bercovici and Kelly, 1997]. The general
features are consistent with the models with the
same geometry by Kellogg and King [1997],
except that the development of plume is faster
and the effect of diffusion is smaller for the models
with variable viscosity in our calculation. The
differences can be attributed to the differences in
rheological description.

3.2. End-Member Regimes

[12] Representative models for the evolution of the
plumes and the entrainment of a dense layer in
the end-member regimes I and II are shown in
Figure 3. When the excess density of the compo-
sitional layer is large enough the dense material
prevents the lowermost portion of TBL to parti-
cipate in the formation of the plume (regime I)
(Figures 3a and 3b). The plume head is formed by
the material originally a few tens of kilometers
above CMB. The plume temperature is therefore
generally much lower than the total temperature
increase across the TBL as was noted earlier by
Farnetani [1997]. Only a negligible amount of the
dense material is entrained by the thermal plumes.
The upward velocity is much lower because of its
lower temperature.

[13] When the thermal effect dominates the plume
formation, plumes entrain a substantial volume of
the dense material and the centerline temperature
remains high (regime II). The presence of the dense
layer lowers the net buoyancy force of the plume
and slows its upward motion compared to the
purely thermal case. The shape of the plume is
generally significantly distorted. For the isoviscous
plume model with d = 150 km, Dr = 50 kg/m3, B =
0.56 (Figure 3c), it forms a root with a wide radius

Geochemistry
Geophysics
Geosystems G3G3

lin and van keken: thermochemical plumes, 1 10.1029/2005GC001071

5 of 21



in the lower mantle during about 250–320 Myr. In
the model with temperature-dependent viscosity
(Figure 3d: Dh = 100, d = 100 km, Dr = 50 kg/m3,
B = 0.56) the temperature of the plume center is
much higher than the rest of plume head with
resultantly higher velocity. The shape of the plume
head is stretched during its ascent because of the
significant difference of upward velocity between
the plume center and the rest of the plume head.

3.3. Intermediate Regime: Regime III

[14] For isoviscous models, the flow field is basi-
cally dominated by the concentric flow drawn to

the plume [Zhong and Hager, 2003]. However, the
complexity of the entrainment process and
the plume formation gradually increases with the
increase of viscosity contrast and we see the
development of complicated behavior, that falls
between the two end member regimes. Figure 4
shows an example where the thermal effect still
dominates the plume formation but the intrinsic
density contrast affects the entrainment (Dh = 100,
d = 25 km, Dr = 100 kg/m3, B = 1.11). The
concentric flow draws the material of TBL to the
axis. The dense material prevents the development
of plume head from the lowermost portion of TBL
where the dense material presents. Most of the

Figure 2. Plume models with purely thermal origin in an axisymmetric spherical shell geometry. Length scale is
rescaled by the thickness of the mantle (2885 km). The nondimensional values marked on the right axes (1.2083,
1.976, 2.2083), and the corresponding black lines at three depth levels represent the CMB, the 670-km discontinuity,
and the surface, respectively. The same notation is used throughout the paper.
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dense material accumulates around the foothold of
plume and induces a counter circulation [e.g.,
Kellogg and King, 1993; Christensen and
Hofmann, 1994; Farnetani, 1997]. Only a negligi-
ble amount of dense material is entrained by the
plume head and it forms a thin tendril in the plume
axis at the earlier stages (e.g., Figure 4, 20 Myr,
40 Myr). This feature is commonly observed in the
models with temperature-dependent viscosity and a
relatively thin (��50 km) and heavy (��50 kg/m3)
dense layer. The pile-up of the dense material at the
base of the plume and the entrained material in
the plume conduit caused by the high buoyancy
number is similar to that observed by Jellinek and

Manga [2002]. The shape of the plume head is
similar to that of the purely thermal plume, but the
internal plume structure is modified. A consider-
able volume of dense material is entrained until its
temperature becomes high enough so the net buoy-
ancy of this material parcel is positive. The vis-
cosity of the dense material is low due to the high
temperature. This allows the material to be sheared
and to be detached from the dense layer. The
velocity of this parcel is higher than that of the
plume head. This is caused by a combination of
effects of (1) the deceleration of the plume head by
the effect of the top surface, (2) the entrained dense
material traveling along the preexisting, low-

Figure 3. Representative models showing the evolution of plumes in regimes I and II with isoviscous rheology:
(a) regime I: Dr = 300 kg/m3, d = 50 km, B = 3.33 and (c) regime II: Dr = 50 kg/m3, d = 150 km, B = 0.56, and
moderately temperature-dependent viscosity: (b) regime I: Dr = 200 kg/m3, d = 25 km, B = 2.22; (d) regime II: Dr =
50 kg/m3, d = 100 km, B = 0.56. The white color marks the distribution of the dense material. The notation for the
compositional field is used throughout the paper.

Figure 4. The entrainment of the dense material shows a transient behavior in the transitional regime (regime III).
Both the temperature and composition are heterogeneous in time and space. The entrained dense material has a higher
temperature in general. Model parameters for this calculation: Dh = 100, Dr = 100 kg/m3, d = 25 km, B = 1.11.
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viscosity conduit, and (3) the density inversion of
the entrained material in the mid-mantle. It reaches
the top of the plume head and then migrates away
from the plume axis. The compositional density
causes a form of small-scale convection in the
plume head away from the axis. This process
generates the spatial and temporal heterogeneity
of both the temperature and compositional fields.

[15] When the volume of the dense material in the
region of contour circulation increases, the lower
portion of TBL is entrained into the upper portion
of the TBL by the counter flow. It increases the
temperature of the accumulated material near the
base of the plume axis and eventually induces
the development of secondary instabilities when
the compositional and thermal effects are
compatible [Lin and van Keken, 2005] (Figure 5).
The development of the secondary instabilities
becomes a common feature in the models with
strongly temperature-dependent viscosity.

3.4. Another ‘‘Regime’’: No Plume

[16] When the dense layer is sufficiently thick or
dense, the formation of the plume is strongly
retarded or completely prohibited. We consider

the plume formation prohibited if the plume that
is formed from the initial thermal perturbation does
not reach the subsurface region within 300 million
years in our models. In the case of constant
viscosity, models with a thickness of the dense
layer that is similar or larger than that of the
thermal boundary layer (��100 km) show that a
large portion or even the entire TBL is prohibited
from developing plumes (e.g., isoviscous model,
Dr = 200 kg/m3, d = 200 km, B = 2.22). The
temperature of the TBL increases slowly and the
thickness of TBL gradually becomes thicker mainly
by conduction in time when the formation of plume
is initially suppressed. The upper portion of the
TBL eventually is able to move laterally toward the
central axis and gradually increases the thermal
perturbation near the pole when the thickness of
TBL becomes thicker by conduction. This forms
an unsteady stagnation streamline, which separates
the upper portion and the lower portion of the TBL
as that in models of regime I. In some models with
high-density contrast, small-scale convection
occurs and counter flows develop in the middle
portion of the TBL. In a particular case, the counter
circulation separates the upper portion and the
lower portion of TBL in a transient matter during

Figure 5. Representative models showing the development of secondary instabilities (regime III). Model
parameters: (a) Dr = 60 kg/m3, d = 100 km, Dh = 100, B = 0.67; (b) Dr = 40 kg/m3, d = 150 km, Dh = 1000, B = 0.44.
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�60–130 million years (Figure 6: isoviscous, d =
150 km, Dr = 150 kg/m3, B = 1.67). The circu-
lations then emerge with the lower portion of the
TBL to be a large, sluggish counter circulation in
the middle-lower portion of the TBL near the pole
at �130 million years. Eventually, a plume with
temperature about only less than 15% of maximum
excess temperature is formed when the TBL is
developed to be thicker after about 300 million
years, which would not survive as a mantle plume
in the convective mantle. We assume that under
these conditions the thermal boundary layer cannot
generate plumes.

3.5. Entrainment of a Dense Layer

[17] Figure 7 shows the entrainment as a function
of the excess density and the thickness of the
compositional layer. The entrainment is character-
ized by the total volume of the entrained dense
material in the upper mantle (Ve) as it evolves over
time. For isoviscous models, the entrainment is
sensitive to the excess density and thickness of the
compositional layer. High-temperature thermo-
chemical plumes in regime II can be generated
even when the intrinsically excess density of the
dense layer is much higher than the maximum
negative density variation due to the thermal
expansion (�90 kg/m3) if the layer is thin enough
(e.g., Dr = 250 kg/m3, d = 10 km, B = 2.78). The
entrainment is more sensitive to the density con-
trast for the models with temperature-dependent

Figure 6. Flow field showing counter circulation in
the upper portion of a thick, heavy dense layer for an
isoviscous model of snapshot at 80 Myr. The blue line
outlines the upper boundary of the dense layer, and the
yellow lines show the nondimensional thermal field
with contours of 0.1–0.9 with interval of 0.1.

Figure 7. Entrainment as a function of viscosity
contrast, intrinsic density contrast, and thickness of the
compositional layer. Vertical dashed lines depict the
thickness of the initial thermal boundary layer (130 km).
Horizontal dashed lines mark the maximum density
variation due to thermal expansion (�90 kg/m3) in our
models.
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rheology. The strong coupling between the
dense material and the surrounding mantle in the
isoviscous models allows the plume to entrain
more dense material than that in the models with
temperature-dependent viscosity in which the
mechanical coupling becomes weaker, as proposed
by previous studies [Sleep, 1988; Zhong and
Hager, 2003]. Figure 8a shows the significant
volume of the entrainment of the dense layer (d =
50 km, Dr = 100 kg/m3, B = 1.11) in the isoviscous
models. By contrast, only a small amount of the
dense material is entrained in the corresponding
model with temperature-dependent rheology
(Figure 8b).

[18] For isoviscous models, the temperature of
the TBL slowly increases with time mainly by
conduction if the dense material prohibits the
formation of plume from the lower portion of
TBL. For the temperature-dependent rheology
models, small-scale convection with the length
scale on the order of the thickness of TBL occurs
in the TBL. It elevates the temperature of the upper
portion of the TBL and homogenizes the thermal

structure of TBL. The lower portion of the TBL
feeds the plume conduit after the original plume
head is established and elevates the temperature of
plume axis in those cases where the upward motion
of the high-temperature material is not suppressed
by the counter-circulation near the plume axis. In
addition, the weaker mechanical coupling in the
variable viscosity models reduces the entrainment
and the net buoyancy is mainly determined by the
thermal effects alone. The weaker coupling also
makes the separation between the upper and lower
portions of the TBL easier. These mechanisms
combined make it easier to generate plumes in
regime I for models with temperature-dependent
rheology.

[19] The dense layer influences the plume forma-
tion and hence the radius and temperature of
plume. The radius of the plume conduits is often
much wider than that of purely thermal plumes.
The dense material is entrained approximately with
a constant rate when the effect of the compositional
buoyancy is minimal. The entrainment rate com-
monly varies with time when the compositional

Figure 8. Example for the comparison of the entrainment and evolution of plume between the isoviscous model
(regime II) and model with moderately temperature-dependent viscosity (regime III) for a calculation with Dr =
100 kg/m3, d = 50 km, B = 1.11. The volume of the entrained dense material is significantly lower in the models of
variable viscosity mainly due to the weaker mechanical coupling.
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buoyancy plays a role. The representative cases for
the time evolution of Ve for isoviscous models and
models with moderately temperature-dependent
viscosity are shown in Figures 9 and 10, respec-
tively. In general, Ve increases rapidly at first which
corresponds to the arrival of the plume head in the
upper mantle. Eventually, instabilities in the TBL

will be induced in the regions other than the initial
thermal perturbation near the pole. The flow field
and Ve are modified after the formation of another
plume. Of interest here is the length of time
between the establishment of the primary plume
head in the subsurface region and the initiation of
another plume in regions other than the initial
perturbation (Figures 9 and 10). For isoviscous
models, Ve increases linearly (e.g., Dr = 50 kg/m3,
d = 50 km, B = 0.56) or gradually increases (e.g.,
Dr = 75 kg/m3, d = 100 km, B = 0.83) (Figure 9).
For the models with moderate viscosity contrast,
various slopes of the evolution of Ve are observed
(Figure 10). The slope eventually becomes zero if
only a single blob of dense material is entrained
(e.g., Dr = 75 kg/m3, d = 100 km, B = 0.83). The
slope changes from concave upward to concave
downward after it reaches the subsurface region
when the development of the plume conduit
starts to show transient behavior (e.g., Dr =
50 kg/m3, d = 100 km, B = 0.56). The entrainment
becomes multiple stages in response to the pulses
of material flux if the secondary instabilities
develop (e.g., Dr = 50 kg/m3, d = 150 km, B =
0.56). The characteristics of the entrainment for
the models with strongly temperature-dependent
viscosity are similar to those in the models with
moderately temperature-dependent viscosity,
except that entrainment with multiple stages is
the dominant feature.

3.6. Average Plume Temperature
and Vertical Velocity

[20] The average plume temperature and velocity
are calculated by averaging the values along the
plume axis in the upper mantle when the plumes
reach the surface. The presence of the chemical
stratification in the lowermost mantle considerably
influences the plume temperature, but does
not always lead to a low temperature plume
(Figure 11). The plume temperature depends on
both the excess density and the thickness of the
dense layer when Dr � 100 kg/m3 (B � 1.11).
The plume temperature is primarily sensitive to the
thickness when Dr � 100 kg/m3. The upward
velocity is general significantly lower than those
of the pure thermal plumes (Figures 2, 3, and 12).
The lower temperature of the plumes in regime I
and the presence of the intrinsically dense compo-
sition within the plumes in regime II both reduce
the total net buoyancy force of plumes. The aver-
age upward velocity of the plumes axis in the upper
mantle is less than 5 cm/yr when the excess density
is greater than �75 kg/m3 or the thickness is larger

Figure 9. Time evolution of entrainment for selected
isoviscous models. Crosses roughly mark the age of the
initiation of the instabilities in the regions other than the
initial thermal perturbation near the pole. The same
symbols as in Figure 7 are used to indicate which
regime each model is in.
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than 50 km for the model with moderate viscosity
contrast.

4. Discussion and Conclusions

[21] We have identified three separate regimes of
plume formation from a thermochemical boundary
layer. The parameter boundaries between these
regimes are sensitive to the density and thickness of

the compositional layer and the temperature depen-
dence of the viscosity. For isoviscous models there is
a direct trade-off between thickness of the layer and
its compositional density. For strongly temperature-
dependent models, which we consider more realistic,
the density is the main parameter controlling the
dynamics. If the compositional density is larger than
the thermal buoyancy plumeswill not form or entrain
only small amounts of dense material. If the compo-
sitional density is much smaller than the thermal
buoyancy the dense layer is nearly completely
entrained which may lead to a reduced velocity and
plume head temperature compared to the purely

Figure 10. Similar to Figure 9, except for models with
moderately temperature-dependent viscosity (Dh = 100).

Figure 11. Average temperature of plume axis in the
upper mantle as a function of the intrinsic density contrast
and thickness of the dense layer. Temperature is normal-
ized bymaximum thermal perturbation (750 K). Symbols
with a lighter color represent models where the plume
does not reach the surface within 300 million years and
the results are obtained by averaging the temperature
along the plume axis in the upper mantle for the snapshot
of 300 Myr. Vertical dashed lines mark the maximum
density variation due to thermal expansion (�90 kg/m3)
in our models. Similar notation is used in Figure 12.
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thermal case. If the compositional density is inter-
mediate between these two end-member regimes
we find complex episodic flow of thermal instabil-
ities up the preexisting plume conduit.

[22] Two-dimensional Cartesian models show that
a dense layer with about 1200 kilometer thickness
is dynamically stable if its intrinsic density is 4%
higher than that of the overlying mantle [Kellogg et
al., 1999]. Zhong and Hager [2003] using axisym-
metric spherical isoviscous models show that 90%
of the dense layer can survive the history of the
Earth if the net negative buoyancy is 1% and the
thickness of the dense layer is 1000 km. We could
extrapolate from these conclusions the consequen-
ces for our models in which we consider the

stability for a compositionally dense layer of 10–
200 km at the lowermost mantle. Our model results
show that only less than 0.1% of the dense layer
will be entrained into the plume within 300 million
years when the intrinsic density contrast is larger
than about 2% for variable viscosity models. In
this case, the dense layer in D00 would be a
persistent feature over significant time. When the
intrinsic density contrast is less than about 1%, the
dense layer in the lowermost mantle in the model
domain will be almost consumed completely at the
time scale of�100–1000million years. In this case,
the survival of the thermochemical boundary layer
at D00 may require constant recharge of the dense
layer or chemical stratification within the boundary
layer. For a compositional layer with an intrinsic
density increase of about 1–2%, the survival of the
dense layer in the time scale of 1 Gyr requires
replenishment in general. However, if the density
contrast is greater than about 1.5% and the thickness
is greater than about 75 km, the dense layer is
dynamically stable in the lowermost mantle.

[23] One disadvantage of the axisymmetric spheri-
cal geometry is that the symmetric condition at the
pole does not allow the plume and dense material
migrate laterally, which may lead to a stronger pile-
up of material. In addition, the axisymmetric
geometry assumes a specific initial perturbation
and the symmetrical development of the plumes.
The compositionally distinct layer in the Earth’s
mantle is likely laterally heterogeneous. The devel-
opment of the plume may be asymmetrical when the
viscosity contrast is larger than about two or three
orders of magnitude, evenwith initially symmetrical
perturbation. However, the current simplification is
necessary so that the extensive high-resolution cal-
culations with variable viscosity are possible to
conduct and still to be able to capture the general
characteristics and to explore the entrainment in a
quantitative sense. The general conclusions should
hold as long as the plumes are formed in a thermal
boundary layer with dense material. Tests in a full
three dimensional geometry would help to further
approach the real features in the deep interior of the
Earth [e.g., Farnetani and Samuel, 2005].

Appendix A: Numerical Approaches
for the Thermochemical Convection
Problems in Axisymmetric Spherical
Geometry

[24] We have tested both a tracer and markerchain
method [van Keken et al., 1997] in the primitive

Figure 12. Average vertical velocity along the plume
axis in the upper mantle as a function of intrinsic density
contrast and thickness of the dense layer. The average
velocity is much lower than the upward velocity of
plume head because the propagation slows down when
it approaches the surface. Symbols with a lighter color
represent the models where the plume does not reach the
surface within 300 million years.
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variable formulation. Both methods are well suited
to track the composition in a nondiffusive manner.
The incorporation of the chemical buoyancy force
is somewhat more involved and both methods have
distinct advantages and drawbacks. In the tracer
method we discretize the dense layer by a large
number of uniform tracers that each carry a pro-
portion of the excess density as point volumes
DVd(x) where DV the volume of the tracer and x
the position of the tracer. The composition function
is then simply the summation over all point masses.
In the finite element formulation the Stokes
equation is discretized into a matrix-vector system
Su = f where S is the stiffness matrix, u the vector
of (unknown) velocity components and f is the load
vector that contains among other the contribution
of the buoyancy forces. The compositional buoy-
ancy adds an incremental load vector with
components

fi ¼ Rb

Z
Gfi xð ÞdV ðA1Þ

where fi is the i-th shape function and the
integration is carried out over the entire domain.
Due to the local support of the shape functions the
assembly of the load vector is most easily carried
out by evaluation of integrals only in the elements
where the shape functions are nonzero. This leads
to element load vectors of the form

f ei ¼ Rb

Z

e

Gfi xð Þde ðA2Þ

which for tracers in Cartesian geometry can simply
be evaluated as

f ei ¼ Rb

Z

e

X
m

DV d xmð Þfi xð Þde ¼ Rb
X
m

DVfi xmð Þ ðA3Þ

where the summation only needs to be carried out
over those tracers that are in the local element. This
approach can be used in axisymmetric geometry as
well, although some care needs to be taken to
implement the geometrical integration factor (2pr)
correctly.

[25] The implementation of the compositional
buoyancy force for the markerchain method is
slightly more involved since we need to extract
the volume that is occupied by the dense layer from
the markerchain, which only defines the interface
between the dense layer and normal mantle. One
encounters the same problem in extracting the

location of the dense layer for graphical purposes.
We have found it efficient to use a separate regular
high-resolution regular grid containing a large
number of ‘‘pixels.’’ By counting the intersections
with the markerchain for a given column of pixels
we can color the pixels or switch them on or off,
depending on whether they are above or below the
markerchain. Each ‘‘on’’ pixel can then be consid-
ered a point mass with a similar construction of the
load vector as shown above for the tracer method.
We have made extensive comparisons between the
tracer and markerchain methods, which logically
follows previous comparative work [e.g., van
Keken et al., 1997; Tackley and King, 2003].

[26] The tracer method described above (called the
‘‘absolute tracer method’’ by Tackley and King
[2003]) is straightforward, but the accuracy
depends strongly on the number of tracers. There
are two main drawbacks. Each tracer acts as a
‘‘Stokeslet’’ that may cause compaction and
settling of the tracers which violates the conserva-
tion of mass. In addition, the strain that naturally
builds up in the deforming medium leads to tracer
compression and rarefaction, which can cause
significant artificial fluctuations in the local
density. These problems can be partly avoided by
adding a set of neutral tracers that correspond to
the fluid outside of the dense layer and using the
ratio of dense to neutral tracers in the computation
of the local density function, which is the basis of
the ‘‘tracer-ratio method’’ of Tackley and King
[2003]. While this method shows better behavior
for thermochemical convection than the absolute
tracer method at the same tracer resolution, there is
a significant computational increase due to the
need to track neutral tracers. This is a particularly
strong disadvantage in the case of a composition-
ally distinct layer that is small compared to the size
of the model domain.

[27] The markerchain method completely avoids
the tracer compaction issues of the ‘‘absolute’’
tracer method and is much more efficient than
the tracer method when the interface is relatively
undeformed. The main disadvantage of the mar-
kerchain method is that over time the interface
stretches with a concurrent increase in computa-
tional effort. In relevant cases, the mixing is
exponential [e.g., van Keken et al., 1997, 2003]
and the length of the interface increases exponen-
tially with model time, which eventually makes
this method prohibitively expensive.

[28] We have found that the markerchain method is
a more efficient and more accurate than the tracer
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method for the type of models we considered here
and all results presented in the paper (except for a
few comparative models in Appendix B) are based
on the markerchain method.

Appendix B: Benchmark Tests

[29] To validate the accuracy and robustness of the
axisymmetric-spherical, thermochemical convec-
tion code, we compare our model results with both
an analytical solution and published numerical
solutions for two problems. The chemically distinct
material is modeled using the markerchain method.
The calculation relies on the accurate particle
tracing and implementation of chemical buoyancy
in spherical geometry. We first test the accuracy of
particle tracing. Particles are advected passively in
a steady state flow field determined by the analyt-
ical corner flow solution [Batchelor, 1967] with
velocity equal to 100 at y = 0. The stream function
in each marker is calculated on the basis of its
location at a given time and then compared with
the analytic solution. The accumulated numerical
error on this relatively coarse grid is less than

0.1%, except for near the stagnation point where
the stream function is not defined. The numerical
error is determined by the difference between the
analytic solution of the stream function and that
predicted by the numerical result. Numerical errors
can be further reduced by increasing element
resolution. Figure B1 shows that the particle
motion follows the streamline.

[30] The second benchmark problem is the entrain-
ment of a thin dense layer by thermal convection as
described by van Keken et al. [1997]. A similar
model configuration is used by adopting the same
boundary conditions and convective vigor and
scaling the initial temperature field to a quarter of
a sphere in axisymmetric spherical geometry. The
thermal Rayleigh number is 3 � 105 and the
compositional Rayleigh number is 4.5 � 105 in
this calculation. Figure B2 shows an example for
the evolution of the particle distribution by both the
absolute tracer method and markerchain method.
The initial thickness of the dense layer is 0.03. Part
of the dense material piles up near the bottom,
while part of dense material is entrained and mixed
in the interior of the model domain. The general

Figure B1. Comparison between the analytical solution and our model (0 � x � 1.2083) for the region near the
corner (0 � x � 0.4). Particles are passively advected by the steady flow determined by the corner flow solution.
Black lines represent the analytical stream function of corner flow with contours of interval = 1. Two additional
contours (�0.15, �0.4) are included to show the detail near the stagnation point. Blue and purple crosses mark the
traces of the particles, which were initially located on the stream function = �0.15 and �0.4 at x = 1.2, respectively.
Gray lines show the elements used in this calculation. Note that figure shown here has been rotated 90	 clockwise.
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behavior is similar to that in Cartesian geometry.
The root-mean-square velocity Vrms is shown in
Figure B3. The time evolution for cases with
various resolutions is similar until t � 0.012
(�3 Gyr) for the tracer method. The rms velocity
is on the same order of magnitude comparing with
the thermochemical benchmark in Cartesian geom-
etry. The entrainment is more efficient than that in
the Cartesian geometry. The results obtained by
using tracer method (model T4) and markerchain
method (model M1) are similar if the number of
the tracers is large enough, yet the continuity of the
material interfaces can be modeled significantly
better by the markerchain method. The density of
the tracers using absolute tracer method inevitably
becomes too small to accurately describe the dis-
tribution of the distinct composition after the
material is stretched by large strain. Figure B4
shows the comparison of the CPU time between
the model using absolute tracer method (model T4)
and markerchain method model (model M1). The
accumulated CPU time of model M1 increases
exponentially over time due to the increase of
markers in response to the increase in length of

Figure B3. Evolution of rms velocity for benchmark
test II. (a) Model parameters: For models T1–T4, mesh
resolution ranges from 0.00625 to 0.0125. The initial
intervals of tracers are 0.005, 0.002, 0.001, and 0.0005,
respectively. For models T5–T7, mesh resolution =
0.005625–0.01125. The initial intervals of tracers are
0.005, 0.002, and 0.001. The evolution of the rms
velocity is similar until t � 0.012. (b) Model parameters:
For models M1–M3, same mesh as that in models T1–
T4. The constant interval between markers are 0.005,
0.002, and 0.001, respectively. For model M4–M6,
same mesh as models T5–T7. Intervals between the
markers are 0.005, 0.002, and 0.001, respectively.
Model M7: mesh resolution = 0.005–0.01. Interval
between markers = 0.005. The evolution of rms velocity
agrees well between models. (c) Comparison between
models T4 and M1. The evolution of rms velocity
between the results using the markerchain method and
tracer method is similar only if the initial interval of the
tracers is as high as �0.0005.

Figure B2. Compositional fields for benchmark test II
using both the absolute tracer and markerchain methods.
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the material interface. Nevertheless, the CPU time
of model M1 is about 1/5 of that of model T4 at t =
0.025. Note that the CPU time for the tracer ratio
method, assuming the same concentration of trac-
ers, would be almost 30 times larger than that of
model T4, because of the need to represent the
neutral layer by tracers as well. These benchmark
tests show the advantages of the markerchain
method for the models we considered here.

[31] In addition to the aforementioned tests, we
compare the instantaneous flow fields generated by
thermal effect and compositional effect with vari-
ous perturbation geometries, as well as a wide
range of Rayleigh numbers. The results show good
agreement between the flow fields driven by the
compositional and thermal effects. The accurate
calculations of the particle tracing and composi-
tional effect as well as the good agreement of the
behaviors of the dense layer entrainment with the
well-tested benchmark in Cartesian coordinates
make us confident of the accuracy and robustness
of this code.

Appendix C: Resolution Tests

[32] We have systematically performed conver-
gence tests to ensure the features shown in this
study are reliable. Experiments of various resolu-
tions are examined. Here we show the results with
four different resolutions: (1) mesh 1: nonuniform
mesh with �2.8-km resolution at the intersection of
the pole and the core, and �8-km resolution for the
regular elements (high-resolution mesh) (Figure 1),
(2) mesh 2: nonuniform mesh with �4.3-km reso-
lution at the intersection of the pole and core, and
�9-km resolution for the regular elements (inter-

mediate resolution mesh I), (3) mesh 3: nonuniform
mesh with �5.8-km resolution in the regions near
the pole and the CMB and �12-km resolution for
the regular elements (intermediate resolution mesh
II), (4) mesh4: uniform mesh with 30-km resolution
(low-resolution mesh).

[33] For the isoviscous models and the models with
moderately temperature-dependent viscosity in the
end-member regime, the convergent tests show that
even the low-resolution model (mesh 4) works well
and captures the general characteristics. Both the
temperature and compositional fields are similar to
those in the high-resolution models. For the models
with moderate viscosity contrast in the transitional
regime, the low-resolution model (mesh 4) may no
longer reproduce the result correctly (Figure C1).
The entrainment develops earlier and the lower
resolution leads to numerical instabilities such as
the instabilities in the plume conduit at snapshot of
80 Myr in this particular case. However, it can still
capture the general features. The result of interme-
diate resolution (mesh 3) is similar to the high-
resolution model (mesh 1), except the temperature
is slightly lower due to the numerical diffusion and it
influences the entrainment mildly (Figure C1). For
half of the calculations with strongly temperature-
dependent viscosity, the intermediate resolution
mesh (mesh 3) can reproduce the general features.
However, the thermal structure and the entrainment
are both influenced significantly. In addition, high-
resolution mesh is required for some models in the
transitional regime (Figure C2).

[34] Our resolution tests show that models with the
resolution of a few tens kilometers can generally
reproduce the large-scale features if the viscosity
contrast is equal to or is lower than about two
orders of magnitude. However, our results suggest
that the calculation of thermochemical convection
requires a high-resolutionmeshwhen high-viscosity
contrast is considered. Different numerical tech-
niques may lead to different details in the model
results, but the general conclusion should be sim-
ilar. The calculations presented in this study are
performed with two resolutions. The calculations
for the isoviscous models and most of the models
with moderately temperature-dependent viscosity
are performed on intermediate resolution mesh II
(mesh 3). The thermal plumes with purely thermal
origin, models with strongly temperature-depen-
dent viscosity and models with moderately tem-
perature-dependent viscosity in the transitional
regime are conduced on a mesh with high-resolu-
tion (mesh 1).

Figure B4. Comparison of the accumulated CPU time
between model using absolute tracer method (model T4)
and model with markerchain method (model M1).
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Figure C1. Example of resolution tests for models with moderately temperature-dependent viscosity (Dh = 100, d =
100 km, Dr = 60 kg/m3, B = 0.67) (regime III). Blue color depicts the distribution of the dense layer.
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Figure C2. Example of resolution tests for models with strongly temperature-dependent viscosity (Dh = 1000, d =
150 km, Dr = 40 kg/m3, B = 0.44) (regime III). The dense layer is marked by blue color.
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