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Abstract

A general feature of both isochemical and thermochemical studies of mantle convection is that horizontal plume velocities
tend to be smaller than typical convective velocities, however, it is not clear which system leads to a greater fixity of mantle
plumes. We perform two- and three-dimensional numerical calculations and compare both thermochemical and isochemical
cases with similar convective vigor to determine whether presence of a dense component in the mantle can lead to smaller ratios
of horizontal plume velocity to surface velocity. We investigate different viscosity and density contrasts between chemical
components in the thermochemical calculations, and we perform isochemical calculations with both free-slip and no-slip bottom
boundary conditions. We then compare both visually and quantitatively the results of the thermochemical and isochemical
calculations to determine which leads to greater plume fixity. We find that horizontal plume velocities for thermochemical
calculations are similar to those from isochemical calculations with no-slip bottom boundary conditions. In addition, we find
that plumes tend to be more fixed for isochemical cases with free-slip bottom boundary conditions for two-dimensional
calculations, however, in three dimensions, we find that plume fixity is similar to that observed in thermochemical calculations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Ocean—island tracks and some continental volca-
nic sequences are generally considered to have formed
by moving tectonic plates over hotspots, which are
generally thought to be surface manifestations of
deep-rooted mantle plumes originating from a thermal
boundary layer in the lower mantle [1].While there
may be approximately 30—100 hotspots observed on
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the Earth’s surface [2,3], the difficulty of seismically
imaging plumes (e.g., [4]) makes this model trouble-
some to test. However, there is evidence that suggests
at least some of these hotspots are derived from a deep
mantle origin [5].

Originally, hotspots were hypothesized to be spa-
tially fixed [6], but it was later discovered that they do
move. Their velocities relative to each other appear to
be an order of magnitude smaller than typical plate
velocities(e.g., [7—10]). Richards [11] first suggested
that the relative fixity of plumes was related to a high-
viscosity lower mantle. In global kinematic mantle
flow models with plate motion and passive plumes,
Steinberger and O’Connell [12] have shown that the
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relative motions of hotspots could be explained with
more than two orders increase of viscosity from the
upper mantle to the lower mantle. Numerical calcu-
lations of isochemical thermal convection in a three-
dimensional spherical geometry [13] have revealed
that plumes tend to form at stagnation points along the
core—mantle boundary, and that the locations and
horizontal motion of plumes are primarily controlled
by the geometry of down welling material. However,
they found horizontal plume motions on average are
about one-third of plate velocities for models with
lower mantle viscosity that is 60 times that of the
upper mantle, suggesting that either a significantly
larger viscosity contrast between the lower and upper
mantle or other physical mechanisms are needed to
reproduce the observed small hotspot motions. Three-
dimensional Cartesian calculations with tectonic
plates [14] also exhibit relatively fixed plumes for
lower to upper mantle viscosity ratios as low as 30,
likely resulting from plumes migrating to stagnation
points.

The plume model has often been extended to
include a more-dense chemical component in the
lower mantle (e.g., [15-20]). In this case, plumes
may originate from the density interface which may
serve to explain the difference in geochemistry ob-
served at hotspots as opposed to mid-oceanic ridge
basalts [21]. In addition, there is some support of a
different chemical component at the base of the
mantle based on seismic evidence [22—-28].

Several fluid dynamical laboratory studies have
studied the influence that a dense component has on
plume behavior. Namiki and Kurita [29] found that
the presence of an aluminum block at the bottom of
their tank experiment, representing a bulge of material
at the base of the mantle, can lead to a stationary
source of upwelling if the block is thicker than the
lower thermal boundary layer. It is difficult to com-
pare this to a thermochemical system, however, in
which the dense material may move in response to
mantle flow.

Jellinek and Manga [30] have performed thermo-
chemical laboratory experiments in which they
injecta dense less viscous layer into the bottom of
the tank. They found that entrainment of the dense
material provides long-lived, low-viscosity conduits
extending from the density interface to the surface.
They also found that the time scale for horizontal

plume motion is much longer than plume rise time.
They suggested that the presence of a dense layer
may provide a mechanism to fix the position of
hotspots.

Davaille and co-workers [20,31,32] have per-
formed numerous thermochemical lab studies in
which they identify two thermochemical flow regimes
based on the deformation of the interface between a
dense and less dense component: a stratified regime
and a doming one. They suggest that the Earth may
presently be in the doming regime, possibly explain-
ing the presence of superplumes (e.g., [33]). They find
that long-lived thermochemical plumes may originate
from the peaks of the domes. They also find that the
thermochemical plumes tend to have horizontal drift
velocities much smaller than typical convective ve-
locities. These plumes appear to be “anchored” to the
dense layer, but they state that any motions imposed
upon the dense layer may cause lateral motion of the
“anchor points” at which the plumes are fixed.
Examples could include lateral motions imposed by
subducting slabs or the rising of domes.

The focus of this work is to distinguish whether the
presence of a dense thermochemical component in the
Earth’s lower mantle can actually stabilize the location
of plume formation. In particular, we investigate
whether these plumes are more stationary than those
generated in an isochemical convecting system. While
laboratory studies have shown that thermochemical
systems may produce plumes with horizontal veloci-
ties much smaller than convective velocities, it is
important to actually compare to isochemical systems
of similar vigor in order to determine whether the
presence of a dense component can enhance the fixity
of plumes. This is essential to concluding whether a
dense component is required to satisfy geological
constraints of plume fixity. Laboratory studies have
shown that plumes tend to be fixed to upwelling
points along the interface between dense and less
dense components. Given that may be the case, we
are essentially investigating the mobility of this inter-
face and the resulting effect on horizontal plume
velocity.

We perform a series of thermochemical calcula-
tions for two sets of Rayleigh number, multiple values
of chemical buoyancy, and different viscosity con-
trasts between dense and less dense components. We
measure the fixity of plumes by determining the ratio
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of horizontal plume velocity near its interface of
origin to average surface velocities. This ratio is more
useful than looking at horizontal plume velocities
alone because it provides a measure of how plume
velocities relate to plate velocities. We compare each
set of thermochemical calculations to isochemical
calculations with a Rayleigh number equivalent to
the effective Rayleigh number of the top layer of the
thermochemical calculation to determine which will
provide greater plume fixity. The majority of calcu-
lations are performed in two dimensions, however,
four calculations (two thermochemical and two iso-
chemical) are repeated using a three-dimensional
geometry.

Our results indicate that the presence of a dense
component does not promote the fixity of plumes any
more than isochemical convection with no-slip bottom
boundary conditions. Furthermore, in the two-dimen-
sional cases, equivalent isochemical convection cal-
culations with free-slip bottom boundary conditions
generate plumes which appear more stable than those
in thermochemical calculations. This final observation
is not shown in the three-dimensional calculations,
where isochemical and thermochemical plume fixities
are similar.

2. Model setup
2.1. Governing equations

The numerical calculations are performed by solv-
ing the non-dimensional conservation equations of
mass, momentum, and energy in the Boussinesq
approximation.

The equation for mass conservation in incompress-
ible flow is:

V-u=0, (1)

where u is the velocity vector. The momentum equa-
tion is:

—~VP+ V- (5é) = (RaT — RbC)z, ()

where Z is the vertical unit vector, P is the dynamic
pressure, 1 is the viscosity, ¢ is the deviatoric strain

rate tensor, 7 is the temperature, C is the composition,
and Ra is the thermal Rayleigh number defined as:

ATH?
Ra — ocpg_v (3)
nK

where o is the thermal expansivity, p is the density, g
is the acceleration of gravity, AT is the temperature
drop across the mantle, / is the mantle thickness, and
K is the thermal diffusivity.

Rb is the chemical Rayleigh number defined as:

A 3

nK
where Ap is the density contrast between chemical
components.

A useful non-dimensional quantity is the buoyancy
number, B, which is the ratio of chemical to thermal
buoyancy:

B_Rb_ Ap

" Ra  paAT’ ()

The energy equation without internal heating is
expressed as:

oT

V)T = V2T, (6)

where ¢ is time.
The equation for chemical advection is:

oC
a—t+(u-V)C:O. (7)

2.2. Computational method

The convection equations are solved using the
finite element code Citcom [13,35]. The evolution
of composition is tracked using tracer particles.
Tracers have an advantage over field-based methods
in which numerical diffusion is a problem and over
marker chain methods which become computational-
ly expensive for complicated flows [34].We use the
ratio tracer method (described and tested in [36])
which utilizes two sets of tracers, representing each
component. Tracer particles are advected using a
simple predictor—corrector scheme (e.g., [37]), and
the composition of each element is determined by
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calculating the ratio of dense tracers to all tracers in a
given element. Initially, 16 and 10 tracers are placed
in each element for the 2-D and 3-D calculations,
respectively.

The model geometry for the two-dimensional cal-
culations is a Cartesian box of aspect ratio 6. The
velocity boundary conditions are free-slip on the top
and side boundaries of all calculations. The thermo-
chemical calculations have free-slip bottom boundary
conditions whereas the isochemical calculations em-
ploy both free-slip and no-slip bottom velocity bound-
ary conditions for reasons explained below.

The thermochemical calculations are performed on a
mesh with 80 vertical and 480 horizontal rectangular
elements with grid refinement in the bottom fifth of the
box. The isochemical calculations are performed on a
mesh with 64 and 384 elements in the vertical and
horizontal dimensions, respectively. The thermochem-
ical and isochemical calculations are carried out for
20,000 and 40,000 time steps, respectively. Each cal-
culation has been carried out for times far removed from
the initial condition (typically 30—60 transit times).

The three-dimensional thermochemical calcula-
tions are performed in 2 X2 X 1 boxes. We found
that isochemical calculations with this aspect ratio
produce plumes which quickly migrate to the edges,
so boxes with size 3 X3 X 1 are used for the iso-
chemical calculations.

The thermochemical 3-D calculations employ 81
elements vertically and 129 elements horizontally, and
the isochemical calculations have 65 and 161 ele-
ments in these directions, respectively. The thermo-
chemical calculations are carried out for times after
that in which the dense layer is fully entrained, and the
isochemical calculations are carried out for times
longer than this.

Table 1
Sets of thermochemical calculations

We investigate lateral plume velocities along a
horizontal line (plane for 3-D) at a vertical non-
dimensional distance of 0.1 above the interface. This
line/plane will be referred as the plume line/plane.
The interface is the bottom boundary for the iso-
chemical cases and the average contact depth between
the dense and less dense components for thermo-
chemical cases. We determine relative horizontal
plume velocities with two different methods. First,
qualitatively, we generate plots of temperature along
the plume line/plane versus time. This type of repre-
sentation has been used in [19] and provides a useful
measure in a relative sense when comparing calcu-
lations of similar convective vigor. Second, quantita-
tively, we integrate the horizontal velocities along the
plume line/plane, filtered by including only nodes
which have a residual temperature exceeding a given
threshold temperature. We then integrate over approx-
imately 12 transit times and divide by the average
surface velocity, (vp), to determine the plume ve-
locity ratio:

1 1 1=t¢ x=L
L F(T)|Valdcdt (8
<Vtop> Ly - 127 /tt1\121 /x:0 ( Y) ( )
where
0 : T, <Ty
F= 9)
1 . T,>Tw

where L¢ is the length along the plume line with
temperatures exceeding Ty, 7 is the transit time de-
fined by the depth of the model divided by the average
surface velocity, # is the final time, 7; is the residual
temperature, Vy is the horizontal velocity, and Ty, is

Rayleigh Viscocity Viscocity Range of B Estimated AT Effective Rayleigh
number of top layer of bottom layer numbers of top layer number of top layer
5x10° 1.0 1.0 0.8-1.6 0.5 1.8 x 10°

5x10° 1.0 25.0 0.7-1.0 0.4 1.5x10°

5% 10° 1.0 0.04 0.9-1.2 0.7 2.6 x 10°

107* 1.0 1.0 0.8-1.6 0.5 3.6 x 10°

107 1.0 25.0 0.7-1.0 0.4 2.9 x 10°

107* 1.0 0.04 0.8-12 0.7 5.1%x10°

*Indicates where 3-D calculations were also performed (B=0.8 for the isoviscous case and B=0.9 for the weak dense layer case).
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Table 2
Isochemical rescaling
Ra tdim " Gdim q" Tim T" Vdim v”
1.8 x 10° (0.97)*/xc 0.81¢ k(0.5AT)/(0.9h) 0.556q4" 0.5AT 0.51" x/(0.9h) L1y’
1.5%10° (0.9hy*/xc 0.81¢ k(0.4AT)/(0.9h) 0.444q' 0.4AT 041" «/(0.9h) L1y
2.6 x 10° (0.97)*/xc 0.81¢ k(0.7AT)/(0.9h) 0.778q’ 0.7AT 0.717" x/(0.9h) 111y’
3.6 x 10° (0.9h)/xc 0.81¢ k(0.5AT)/(0.9h) 0.556q" 0.5AT 057" ©/(0.9h) L1/
2.9 x10° (0.97)*/xc 0.81¢ k(0.4AT)/(0.9h) 0.4444' 0.4AT 0.41" k/(0.9h) L1y’
5.1 x10° (0.9h)/x 0.81¢ k(0.7AT)/(0.9h) 0.778¢’ 0.7AT 0.77" 1/(0.9h) L1y

Where the subscript dim represents dimensional values of time, #, heat flow, ¢, temperature, 7, and velocity, v for isochemical cases. Primed
quantities are non-dimensional values from the isochemical case, and double primed quantities are those rescaled to match the same non-
dimensional units as the thermochemical cases. x and k are thermal diffusivity and conductivity, respectively. AT and 4 are the temperature drop

and thickness across the entire mantle for thermochemical models.

the threshold residual temperature. In this study, we
define the threshold residual temperature as 0.1.

We concentrate on comparing plume velocities
using the more qualitative temperature versus time
plots, however, because it is not possible to show all
our results in this visible fashion, we also present the
integrated plume velocity ratios for all calculations.

We note that the exact numerical value derived from
the quantitative method described above is dependent
upon the threshold temperature chosen, the height of
the plume line, and the number of transit times
integrated over. We have found, however, that this
method provides the best measure to compare the
fixity of plumes between calculations.

=

0.0

0.1

0.2 0.3 0.4

0.5

Fig. 1. Snapshots of the temperature fields of four isochemical calculations. The effective Rayleigh numbers are 3.6 x 10° and 3.6 x 10° for
(a,b) and (c,d), respectively; (a,c) have free-slip bottom boundary conditions and (b,d) have no-slip bottom boundary conditions. The

temperature scale is given at the bottom.
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2.3. Thermochemical calculations

We perform thermochemical calculations for two
Rayleigh numbers(5 x 10° and 107) and three differ-
ent viscosity contrasts between chemical components
(both the same, dense material 25 times more viscous,
and dense material 25 times less viscous). The intrin-
sic viscosity of each component is constant, however.
For each set of Rayleigh number and viscosity con-
trast, we perform thermochemical calculations for
several density contrasts(buoyancy numbers). The
density contrasts span buoyancy numbers that range
from those leading to complete overturn to those
leading to completely stratified layers. For this study,
we are not interested in results that lead to immediate
overturn or rapid mixing. In all cases, the initial
thickness of the dense layer is one tenth the mantle
thickness.

We estimate the effective Rayleigh number of the
top layer for each set of thermochemical calculations,

A.K. McNamara, S. Zhong / Earth and Planetary Science Letters 222 (2004) 485-500

where a set is defined as a particular combination of
input Rayleigh number and viscosity contrast.

ATtop htop ’
Rayy = R fhiop
et = RAA7 \

where AT, is the average temperature drop across
the top layer estimated as twice the average interior
temperature in the top layer. /4, is simply the average
thickness of the top layer (0.9 in these calculations).
Table 1 lists the properties of each set of calculations.

2.4. Isochemical calculations

For each set of thermochemical calculations, we
perform two isochemical calculations with Rayleigh
numbers chosen to match that of the effective Ray-
leigh number of the top layer of that set of thermo-
chemical calculations. This is to ensure that we are
comparing isochemical and thermochemical calcula-

a)

0.0 0.5

1.0

Fig. 2. Compositional (a,c) and temperature (b,d) fields for two thermochemical calculations with an effective Rayleigh number of 3.6 x 10°® in
their upper layers. The viscosity of both components is equivalent. Buoyancy numbers are 1.4 and 0.8 for (a,b) and (c,d), respectively. Both

temperature and composition use the same scale shown at the bottom.
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tions of similar vigor. Because the bottom boundary of
the top layer in the thermochemical calculations is
expected to be partial slip due to viscous coupling
between components, we perform isochemical calcu-
lations with both no-slip and free-slip bottom bound-
ary conditions for better comparison.

In order to maintain the same non-dimensional
units between both sets of calculations, we scale the
output values of the isochemical cases to have the
same non-dimensional units as the thermochemical
calculations. This allows for adequate comparison
between both models. The rescaling is done by first
dimensionalizing the quantities of time, temperature,
heat flow, and velocity of the isochemical cases and
then non-dimensionalizing them by the scale factors
used in the thermochemical cases. The temperature
drop and thickness associated with the thermochem-
ical cases are AT and #, respectively. The temperature

drop of the isochemical cases is some fraction of AT
(given in Table 1) and 0.94. Scaling of the isochem-
ical quantities is shown in Table 2.

3. Results

We first present snapshots of the temperature field
of four isochemical calculations (Fig. 1). The calcu-
lations shown are of two Rayleigh numbers, with free-
slip and no-slip bottom boundary conditions. Note
that the maximum temperature is 0.5 in accordance to
the scaling described previously. One common feature
noticed when comparing cases with no-slip and free-
slip bottom boundary conditions of the same Rayleigh
number is that plume locations are relatively more
stable and the overall vigor of convection is greater in
the free-slip cases. In the free-slip cases, the spacing

01 02 03 04 05 06 07

t; - 0.005

Fig. 3. Temperature versus time along the plume line. Time has been scaled according to Table 2. The time scale is identical for each plot, and
only the final segment of time is shown. The effective Rayleigh number for all cases is 3.6 X 10°. (a) Isochemical, free-slip, (b) isochemical, no-
slip, (c) thermochemical, B=0.8, viscosity equivalent in both components. (d) Thermochemical, B=1.4, viscosity equivalent in both

components. The temperature scale is given at the bottom.
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of downwellings and upwellings are similar where as
in the no-slip cases, the spacing between upwellings is
much smaller than that of downwellings. Comparing
the low Rayleigh number cases shown in Fig. lc,d it is
observed that the free-slip calculation has three upw-
ellings and three downwellings whereas the no-slip
case has three downwellings and four upwellings.
Therefore, more plumes are formed in the no-slip
cases, but they migrate toward regions between the
more widely spaced downwellings, resulting in great-
er horizontal plume motion (Fig. la,b). In addition,
the reduced convective vigor imposed by the no-slip
bottom boundary condition reduces the surface veloc-
ity, resulting in an even greater plume to surface
velocity ratio (shown later).

Fig. 2 contains snapshots of both temperature and
composition from thermochemical convection calcu-
lations which have similar effective Rayleigh numbers

in their top layers as the isochemical case shown in
Fig. 1a,b. In this case, the viscosity of both chemical
components is the same. The two calculations shown
are for buoyancy numbers 1.4 (Fig. 2a,b) and 0.8 (Fig.
2c,d). The compositional fields reveal a relatively flat
interface between layers for the higher buoyancy
number (Fig. 2a) and an interface marked by signifi-
cant topography for the lower buoyancy number (Fig.
2¢). Convection occurs in both layers, and entrainment
of material across the interface occurs. Entrainment is
more pronounced in the lower buoyancy number case,
as expected and observed in laboratory studies
[20,31,32]. Fig. 3c,d shows temperature versus time
for the final segment of time for the two calculations
shown in Fig. 2 and the isochemical cases in Fig. 1a,b
with equivalent effective Rayleigh number for free-
slip (Fig. 3a) and no-slip (Fig. 3b) bottom boundary
conditions. Here and in the remaining time versus

i t
a) e i f
} s
< 3
2 .- 0.005
t
b) f
t, - 0.005
. |
C) ( .
‘ y A !
7 { .
= > t; - 0.005
t
d) f
t. - 0.005

01 02 03 04 05 06 07

Fig. 4. Temperature versus time along the plume line. Time has been scaled according to Table 2. The time scale is identical for each plot, and
only the final segment of time is shown. The effective Rayleigh number for all cases is 2.9 x 10°. (a) Isochemical, free-slip, (b) isochemical, no-
slip, (c¢) thermochemical, B=0.7, (d) thermochemical, B=1.0. In both thermochemical calculations, the viscosity of the dense material is 25
times higher than the less dense material. The temperature scale is given at the bottom.
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temperature figures, only a portion of the time evolu-
tion taken from the end of the calculation is shown.
These time segments typically represent 5—10 transit
times at the end of the calculation, and by visual
inspection, we ensure that these time segments provide
a proper representation of the entire time sequence.
The wide branches shown in the thermochemical
calculations (Fig. 3c,d) and the no-slip isochemical
calculation (Fig. 3b) reveal a smaller lateral spacing in
plume development followed by significant horizontal
motion. This behavior is not as pronounced in the free-
slip isochemical case (Fig. 3a). By comparing these
time series, it is evident that the presence of a dense
component fails to stabilize the locations of plumes
compared to isochemical convection of similar vigor.
In fact, it may be argued that the free-slip isochemical
case produces more stable plumes than both the no-slip
isochemical case and the thermochemical cases. In

addition, the free-slip calculation leads to higher sur-
face velocities than the no-slip isochemical and ther-
mochemical cases, leading to even smaller plume
surface velocity ratios as we will show later.

Fig. 4 shows the time evolution along the plume
line for thermochemical calculations in which the
more-dense component has an intrinsic viscosity in-
crease of 25. In these two cases with buoyancy
numbers 1.0 and 0.7, the increased viscosity on the
dense component actually inhibits convection, leading
to an effectively thickened lower thermal boundary
layer resulting in a lower temperature drop across the
top layer and weaker plumes generated at the inter-
face. Again, the time evolution plots compare the
thermochemical cases (Fig. 4c,d) with equivalent
isochemical calculations (Fig. 4a,b), and they reveal
that the thermochemical cases do not produce more
stable plumes than the no-slip isochemical cases. In

01 02 03 04 05 06 07

Fig. 5. Temperature versus time along the plume line. Time has been scaled according to Table 2. The time scale is identical for each plot, and
only the final segment of time is shown. The effective Rayleigh number for all cases is 5.1 x 10°. (a) Isochemical, free-slip, (b) isochemical, no-
slip, (¢) thermochemical, B=0.9, (d) thermochemical, B=1.2. In both thermochemical calculations, the viscosity of the dense material is 25
times less than the less dense material. The temperature scale is given at the bottom.
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addition, it appears that the free-slip isochemical case
produces more stable plumes than the other cases.

Similar results are shown in Fig. 5 for thermo-
chemical cases in which the more dense component
has a viscosity reduction by a factor of 25. The weak
dense layer convects vigorously, and there is signifi-
cant entrainment of this material into the less dense
layer. Again, the time evolution plots reveal a similar
horizontal plume velocity for the thermochemical
(Fig. 5¢,d) and no-slip isochemical calculations (Fig.
5b), and it appears that the free-slip isochemical case
Fig. 5a) produces more stable plumes.

We performed one thermochemical convection
calculation (both components have the same viscosity
and the buoyancy number is 1.0) to compare to the
lower Rayleigh number isochemical calculations
shown in Fig. lc,d. The time versus temperature plots
for the two isochemical cases and the thermochemical
case are shown in Fig. 6. From the plots, it is clear that
the isochemical cases produce significantly more
plume stability than the thermochemical case at this
low Rayleigh number.

It is important to ensure that we have compared
thermochemical calculations with isochemical cases

with similar vigor. We calculate the dimensional
surface velocity of each case which we use as a
measure of convective vigor (e.g., [38]). The surface
velocities of the isochemical cases are indeed similar
if not more than those of the thermochemical cases in
which they were compared. The convective vigor of
the thermochemical cases are more similar to the no-
slip isochemical cases than that of the free-slip
isochemical case of the same effective Rayleigh
number (the free-slip cases have surface velocities
about 1.8 higher than the no-slip and thermochemical
cases).

Quantitative results of all 2-D calculations are
shown in Fig. 7 where the plume velocity ratio is
plotted against buoyancy number. For clarity, we have
separated results into groups reflecting the different
input Rayleigh numbers used in the thermochemical
calculations. Each group contains three thermochem-
ical sets, defined by the viscosity contrast between
chemical components. Thermochemical results are
depicted by circles, squares, and triangles representing
cases in which the components have the same viscos-
ity, the dense component is 25 time more viscous, and
the dense component is 25 time less viscous, respec-

t;- 0.05

Fig. 6. Temperature versus time along the plume line. Time has been scaled according to Table 2. The time scale is identical for each plot, and
only the final segment of time is shown. The effective Rayleigh number for all cases is 3.6 X 10°. (a) Isochemical, free-slip, (b) isochemical, no-
slip, (c¢) thermochemical, B= 1.0, viscosity equivalent in both components. The temperature scale is given at the bottom.
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Fig. 7. Ratio of horizontal plume velocity to the average surface
velocity plotted against buoyancy number for all calculations. For
clarity, results are separated into two groups reflecting the Rayleigh
numbers used for the thermochemical calculations: (a) 5 % 10° and
(b) 107. Thermochemical calculations are represented as circles,
squares, and triangles for cases in which the dense material being
equivalent to, 25 times more viscous, and 25 times less viscous than
the less dense material, respectively. Solid and dashed lines
represent results from free-slip and no-slip isochemical calculations,
respectively. Filled symbols bounding each isochemical case line
are used to indicate which thermochemical series that isochemical
case should be compared to.

tively. Each set of thermochemical calculations is
compared to two isochemical cases (six total) with
free-slip (solid lines) and no-slip (dashed lines) bot-
tom boundary conditions in which the thermochemi-
cal and isochemical cases have the same effective

Rayleigh number or convective vigor. Filled symbols
bounding each line representing an isochemical case
are used to identify which isochemical results a
particular thermochemical set should be compared
to. We find that the thermochemical results have
plume velocity ratios similar to their respective iso-
chemical cases with a no-slip bottom boundary con-
dition. The results also show that the free-slip
isochemical cases produce more stable plumes, with
horizontal plume velocity to surface velocity ratios
much lower than their respective thermochemical
cases.

We performed two 3-D thermochemical calcula-
tions and the two 3-D isochemical calculations to
compare to. The thermochemical calculations have a
dense layer with viscosities that are the same as and
25 times less than the less dense material. Both
isochemical cases have a free-slip bottom boundary
condition. These cases are marked by asterisks in
Table 1. Fig. 8(a,b) shows the +0.15 temperature
residual for the isochemical and thermochemical case
with a weak dense layer, respectively. The isochem-
ical case produces a long-lived plume that migrates
laterally near the position shown in Fig. 8a. The
morphology of the dense layer in the thermochemical
case is similar to that observed in [30] with circular
embayments and linear ridges. We investigated the
entire time series of the thermochemical calculation in
which we observed a time-dependent topography
along the interface. The location of embayments in
this calculation is controlled by cold downwellings
which push the dense material away. The time-depen-
dent behavior of the downwellings in turn leads to a
time-dependent interface topography. Plumes are
much more closely spaced and migrate toward peaks
along the density interface.

Fig. 8c,d shows +0.15 temperature residual along
the plume plane as a function of time for the isochem-
ical and thermochemical calculations, respectively.
Both figures show the same span of dimensional time
(vertical axis) which equates to approximately 5—10
transit times for the two cases. Unlike the 2-D cases, it
is not visually apparent which case produces more
fixed plumes. We plot the velocity ratio as a function
of time for all four calculations in Fig. 8e,f. The
isochemical and thermochemical velocity ratios are
shown as black and gray curves, respectively. Fig. 8¢
and f shows results for the isoviscous comparison and
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Fig. 8. Results from 3-D calculations comparing isochemical (a,c) and thermochemical (b,d) cases of comparable convective vigor. The dense
layer is 25 times less viscous. (a,b) Residual temperature (0.15) isosurfaces of isochemical and thermochemical calculations. (c,d) Residual
temperature isosurfaces versus time along the plume plane. Time is along the vertical axis. Planes displaying residual temperature along the
plume plane are included to improve 3-D perspective. (e,f) The ratio of average horizontal plume velocity to average surface velocity versus
time for both isochemical (black curves) and thermochemical (gray curves). Cases of comparable vigor for (e) an isoviscous rheology and a (f)
25 times less viscous dense layer. The gray (thermochemical) and black (isochemical) vertical lines in (f') are displayed to indicate the time
windows used for the residual temperature versus time plots displayed in (c,d).

the cases with the weak dense layer comparison,
respectively. The vertical black and gray lines in
Fig. 8f represent the time windows used in Fig.
8c,d, respectively. We find that horizontal plume
velocities tend to be about half of plate velocities
for all cases shown. Unlike the 2-D results, there is

not a noticeable difference, either visually or quanti-
tatively, in horizontal plume motion for the free-slip
isochemical cases versus thermochemical cases. It is
interesting to note from Fig. 8f that in the weak dense
layer calculation (Fig. 8b,d), the dense material gets
fully entrained at about time 0.016, followed by
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whole mantle convection, yet the velocity ratio stays
roughly the same, indicating no significant influence
of thermochemical convection on the horizontal
plume velocity to surface velocity ratio.

4. Discussion

By comparing horizontal plume velocities, both
visually and quantitatively, between thermochemical
and isochemical models of similar effective vigor we
find that the presence of a dense layer fails to generate
plumes which are more fixed than cases without a
dense layer. In fact, we find that presence of a dense
layer leads to convective behavior in the top layer
similar to isochemical cases with no-slip bottom
boundary conditions.

The presence of a dense layer provides a degree
of viscous coupling, expected to be between no-slip
and free-slip, and our results indicate that it is this
coupling that most strongly influences the horizontal
motion of plumes, not the presence of topography
on a density interface. By comparing results from
calculations with different buoyancy ratios, we find
no striking difference in plume fixity between cases
with a flat interface versus those with a large degree
of topography (compare Figs. 3¢ with d, 4c with d,
and 5c with d). However, we do notice that a
higher topography often leads to the formation of
longer-lived plumes along the peaks of the density
interface.

By comparing isochemical calculations with free-
slip and no-slip bottom boundary conditions, we find
that the typical spacing of downwellings is similar.
Upwellings, on the other hand, tend to be more
closely spaced in the no-slip bottom boundary calcu-
lations than in the free-slip calculations which have an
upwelling spacing more closely related to that of
downwellings. This is in accordance to linear stability
analysis (e.g., [38]). The free-slip calculations form a
pattern of upwellings spaced between downwellings.
No-slip calculations, however, produce plumes under-
neath as well as between downwellings which are
swept aside laterally (Fig. 1b), leading to increased
horizontal plume velocities. Examination of anima-
tions produced by these calculations reveal that the
majority of these plumes actually form conduits that
reach the surface as they migrate horizontally, so this

motion should be detected geologically. We propose
that it is the incompatibility of upwelling and downw-
elling spacing that leads to a larger horizontal motion
of plumes in no-slip isochemical and thermochemical
models than in free-slip isochemical models.

Our results indicate that horizontal plume veloci-
ties are less than typical convective velocities, how-
ever, the presence of a dense layer does not lead to
plumes more fixed than conventional isochemical
convection. This is in contrast to conclusions drawn
from laboratory experiments [20,30—-32].We do find,
however, that when there is significant topography on
the interface between chemical components, some
long-lived plumes tend to be anchored to peaks on
that interface, forming conduits of entrainment in
agreement with laboratory studies. These peaks are
mobile, dragging the attached plumes with them,
forming what Davaille et al. [20] may consider as a
“floating anchor.” For the viscosity contrasts applied
in this study, the main control on the shape of
interface for a given buoyancy ratio tends to be the
downwellings which actively deform the interface. As
a result of the time-dependent behavior of downwel-
ling material, deformation along the density interface
is equally time-dependent. In fact, it is difficult to
envision a physical mechanism to maintain piles of
dense material fixed in space while the less dense
material is vigorously convecting. Peaks along the
interface tend to migrate to regions between downw-
ellings. More mobile plumes are typically formed off
the peaks and are swept into the more-stable plumes
on the peaks.

A possible reason for the difference in conclusions
drawn from this study versus those from laboratory
studies could be related to the distinction made
between “thermals™ (discrete blobs) and “plumes”
(continuous upwellings) [30]. We make no distinction
between the two, and we consider the fixity of plumes
to be unrelated to whether the upwelling material
takes the form of continuous long-lived conduits or
short-lived upwellings that may be generated in the
same location. If longevity of plumes is considered a
prerequisite for fixity in laboratory experiments, per-
haps different conclusions could be drawn, however,
we do not think the geological and geophysical
observations at and below hotspots complete enough
to discern between a single long-lived and multiple
short-lived upwellings. Another possible difference
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could be related to the thermal strength of downwel-
ling material. In our numerical experiments, active
downwellings reach the dense layer interface, howev-
er, if laboratory experiments are carried out in a
“stagnant lid” regime, then perhaps downwellings
are weaker, reducing their ability to actively deform
the dense layer.

Two aspects of this study that we consider to be
important are (1) the comparison between thermo-
chemical and isochemical models and (2) using the
ratio of horizontal plume velocity to surface velocity.
We find that in all calculations, both thermochemical
and isochemical, horizontal plume velocities are sig-
nificantly smaller than typical convective velocities.
In order to test whether a dense component is actually
responsible for plume fixity, it is crucial to compare
between models with and without the dense compo-
nent. Our understanding of convective vigor is pri-
marily obtained by surface observables such as plate
velocity and heat flow, so it is important to compare
models with similar effective Rayleigh numbers of
their top convecting layer. Because horizontal plume
velocities increase with Rayleigh number, in order to
test whether a dense layer can stabilize plumes, we
must compare thermochemical calculations to iso-
chemical convections with equivalent or slightly
higher convective vigor. It would not suffice to simply
investigate how plume velocity changes as the dense
layer is fully entrained because the effective Rayleigh
number of the top layer increases over a factor of 2
after the dense layer is removed. In addition, our
notion of plume fixity is based on geological surface
evidence, therefore, it is important to examine the
ratio of horizontal plume velocity to surface velocity,
although we must be careful to remember that the
ratios we calculate are based on horizontal plume
velocities near the source region and may not ade-
quately reflect horizontal plume velocities at the
surface. We note that the horizontal plume velocities
are measured only a short vertical distance above their
originating interface, and their horizontal motion at
shallower depths tends to become more complicated.
Our aim here is to study fixity of hotspots near the
source region rather than at the surface of the mantle.

Some possible criticisms to this work are simplifi-
cation of the model and entrainment issues. In order to
keep this study simple and tractable, as done in
laboratory studies, we have left out more complicated

features such as internal heating, temperature-depen-
dent viscosity, the presence of large plates, depth-
dependent thermodynamical properties, viscous heat-
ing, and adiabatic heating/cooling.

Although numerical models may effectively model
the flow characteristics of a two-component system,
there are difficulties accurately resolving entrainment
(e.g., [16]).We believe that our tracer method has
adequately captured the fundamental characteristic
of entrainment, however, the exact degree may be
somewhat different than that observed in laboratory
measurements. We have performed a resolution test
with finer grid resolution and a greater number of
tracers and have found similar results.

To test the tracer method, we performed a resolu-
tion test for the 2-D thermochemical convection
calculations with the highest effective Rayleigh num-
ber. In this case, the dense material is 25 times less
viscous and the buoyancy number is 0.8. We doubled
the amount of tracers to 32 per element (from 16). In
addition, the element grid was refined to 96 and 576
vertical and horizontal elements, respectively (from
80 x 480). Visual inspection of the time versus tem-
perature plots revealed no noticeable difference in
character, and the quantitative measure of plume
velocity to surface velocity was only 3% different
between the two cases. We also found that surface
heat flow and average convective velocities were
similar. Overall, we found no significant difference
between the two calculations, leading us to conclude
that the resolution and density of tracers we used in
this study are sufficient.

5. Conclusions

We compare both thermochemical and isochemical
calculations with similar convective vigor in order to
determine whether a dense component can enhance
plume fixity. Our results indicate that horizontal
plume velocities for thermochemical calculations are
similar to those from isochemical calculations with
no-slip bottom boundary conditions. In addition, we
find that plumes tend to be more stable for isochem-
ical calculations with free-slip bottom boundary con-
ditions in two dimensions, however, this result is not
evident in the limited number of three-dimensional
calculations performed. In summary, we find that the
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presence of a dense layer is not required to explain
hotpot fixity. In fact, conventional isochemical con-
vection produces equally or more fixed plumes.
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