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Abstract

The heat flux at the core-mantle boundary (CMB) is a key parameter for core
dynamics since it controls its cooling. However, it is poorly known and estimates
range from 2TW to 10TW. The lowest bound comes from estimates of buoyancy
fluxes of hotspots under two assumptions: that they are surface expression of mantle
plumes originating from the base of the mantle, and that they are responsible for
the totality of the heat flux at the CMB. Using a new procedure to detect plumes in
a numerical model of Rayleigh-Bénard convection (convection between iso-thermal
horizontal planes) with internal heating, it is shown that many hot plumes that start
from the bottom boundary do not reach the top surface and that the bottom heat
flux is primarily controlled by the arrival of cold plumes. Hot plumes easily form
at the bottom boundary but they are mostly due to the spreading of cold plume
heads that allow the concentration of hot matter. These plumes are generally not
buoyant enough to cross the whole system and the hot plumes that reach the top
surface result from an interaction between several hot plumes. Accordingly to this
simple dynamical behavior, the heat flux at the bottom boundary is shown to be
strongly correlated to the advection due to cold plumes and not to advection by
hot plumes that arrive at the surface. It is then inferred that the heat flux out of
hotspots can only give a lower bound to the heat flow at the CMB and that knowing
the advection by subducted plates would give a better estimate.
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1 Introduction

The plume model of Morgan [1] to explain alignments of intra-plate volcanos—
known as hotspots—has been widely accepted. Mantle plumes have then been
seen as objects largely independent from plates and large scale mantle circu-
lation and carrying heat and isotopes from their source (D” or any internal
boundary layer) to the surface [e.g., 2, 3]. The total heat flow coming out of
hotspots [4, 5] have then been often interpreted as the total heat loss of the
core. However, plume dynamics in high Rayleigh number convection [6-8] is
much different from the dynamics of isolated plumes over fixed sources [e.g.,
9-12] which are forced to rise owing to their continuous supply of buoyancy. In
particular, when convection is partially driven from volumetric heat sources—
like mantle convection with radioactive heating—, hot plumes, though easily
formed, do not often reach the top surface [7]. Heat transported by these
plumes that are seen at the surface can therefore not be a correct estimate
of core heat loss even in a mantle without any additional complexity such as
chemical or phase stratification and even without taking into account filtering
by the lithosphere [13].

On the other hand, there is another way of removing heat from the core than
starting hot plumes: the arrival and spreading of cold plates [14, 15]. The
respective proportions of these two mechanisms are not known but are inves-
tigated in this paper, using a simple convection model and a new procedure
for automatic, real-time, plume detection. It will be shown in this paper that
cold plumes are the dominant heat transfer mechanism in convection that is
partially internally heated, even close to the bottom boundary.

2 Detecting plumes in a convection model

The convection model used in the present study has been presented elsewhere
[7] and only the main lines will be shortly recalled here. The conservation
equations for momentum, energy and mass in the Boussinesq approximation
are solved using a finite difference formulation. The top and bottom surfaces of
the system are free-slip and held at constant temperature. In addition to this
classic Rayleigh-Bénard setting, the system is uniformly heated from within.
This system is then entirely controlled by two non-dimensional parameters:
Ra, the classical Rayleigh number for convection between horizontal plates
at fixed temperatures [e.g. 16] and H, the non-dimensional internal heating
rate [7]. An important feature of the model is its tri-dimensionality. In two-
dimensional models, each plume represent an important fraction of the total
volume of the system and deplete a large proportion of the boundary layer.
When dealing with heat transport by plumes, it is of particular importance
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that the plumes are cylindrical and not two-dimensional.
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Fig. 1. Snapshot of the temperature field for Ra = 107 and H = 20. Two iso-surfaces
(A: T = 0.55 in blue and 7" = 0.8 in yellow) and interpretation by the plume
detection routine (B). Note the cold plume on the right hand side displaying two
branches.
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Fig. 2. Distribution (time averaged on the same period as figure 4) of the fluid ve-
locity in hot (A) and cold (B) branches as a function of depth for Ra = 107, h = 20.
Positive velocity is downward and the units for the color scale are the number of
occurrences at each time step. The largest population of hot plumes start with a
very low velocity and stop halfway to the top of the system whereas the distribution
of cold plumes is more regular around its mean value and displays no significant
change in the population as a function of depth outside of boundary layers.

For sufficiently high Ra, the system is fully time-dependent and the time evo-
lution is due to the intermittent formation of plumes, their mutual interaction
leading to their merging [10], and the formation of new plumes in the space
left available [6-8, 17]. The results presented here are obtained for Ra = 107
and H = 20, resulting in a bottom heat flux that is about 50% of the surface
heat flux. A snapshot of the temperature field in the domain is represented
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on figure 1A using two iso-surfaces of different temperatures. On the right
corner, a cold plume forms an arch, that shows that the plume results form
the merging of two plumes. To study quantitatively this type of dynamics,
we need to detect automatically the plumes during the course of the model
computation.

Plumes are detected in the temperature field making use of their anomalous
temperature, hotter or colder than the average temperature at the same depth.
Given a threshold value, all the points that are part of a plume are easily
identified at each depth and finding the connected components, a classical
image analysis procedure [e.g. 18|, allows the identification of all the plume
cross—sections at each depth. The tri-dimensional structure of the plumes is
then reconstructed by comparing the successive cross—sections. A plume has
to be modeled as a tree which may contain several branches, resulting from
the interactions between plumes (fig. 1).

The choice of the threshold value is a matter of concern: a too high value
results in missing or breaking in part plumes whereas a too conservative value
results in counting artifacts as plumes. A conservative choice is made and
artifacts are disqualified using coherence arguments: A plume has to have a
radius of the same order as the thickness of the boundary layer from which it
originated. After reconstruction, the plumes that are either too small or too
large (a situation encountered for hot plumes in high heating rate cases, when
the mean temperature is close to the maximum one) are suppressed.

The threshold values are set for each depth as a fixed proportion between the
time-averaged minimum, mean and maximum temperature at the same depth
(fig. 3). More precisely, given the temperature T'(z,y, z), the considered point
is part of a hot plume if

T (2,y,2) > thry (2) = Timean (2) + Ph [Tmaz (2) — Tnean (2)], (1)

or part of a cold plume if

T (z,y,2) < thr.(2) = Thean (2) + P [Tonin (2) — Thnean (2)] - (2)

The proportions p, and p. for the hot and cold plumes can be different but
are chosen independent of depth. To allow error estimates, several different
proportions are used at the same time and comparison of the results shows
that they are similar (within the quantification error) in terms of detection
for proportions between 40% and 60%. However, the integrated dynamical
characteristic (velocity and advection in the plumes) depends quantitatively
on the threshold value, as discussed below.

In figure 1 the interpretation of the temperature field by the plume detection
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Fig. 3. Minimum, averaged and maximum temperature profiles (solid lines) in the
convective system for Ra = 107 and H = 20. Temperature and depth are given in
non-dimensional units. The profiles are averaged for a sufficient time before their use
in the plume detection routine. 50% Threshold for cold and hot plumes detection
are also plotted with dashed lines. Note that the buoyancy available for cold plumes
is much larger than that available for hot plumes. Note also that a local minimum
outside of the bottom boundary layer due to spreading of cold plume heads [7]
provide a small additional buoyancy for starting hot plumes but that the overall
mean temperature profile in the central part of the system is stabilizing.

routine with a threshold value of 50% is represented on the right panel. It
clearly shows that the plume detection routine recovers correctly the plumes
in the system.

The plumes being detected, one can compute many of their geometrical (posi-
tion, average radius, horizontal elongation and vertical extents) and dynamical
(average velocity and advection) features. This has been done in real time dur-
ing the model evolution for Ra = 10" and H = 20. Figure (4) displays the
number of hot and cold plumes and branches and their maximum and aver-
age vertical extent as a function of time. Also represented is the number of
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Fig. 4. Number of cold (left bottom) and hot (right bottom) plumes and average
and maximum depth (left top) and height (right top) they reach, respectively, as a
function of time for Ra = 107 and H = 20. The bottom plots represent the number
of branches (top line), plumes (dashed line), and the total number of branches that
at each time step reach the boundary opposite to where they originated (lowest
curve).

plumes at each time that reach the boundary opposite to where it started.
One can see that hot and cold plumes behave differently: cold plumes always
reach the bottom boundary whereas hot plumes, by far the more numerous,
seldom make their way to the top boundary. The fact that the average depth
cold plumes reach is not exactly the maximum depth comes from the fact that
there is always one on its way to the bottom boundary.

Many hot plumes start because there is a local minimum in the average tem-
perature profile just outside of the bottom boundary layer due to the spreading
of cold plume heads [7] (fig. 3). This provides a buoyancy source leading to
small instabilities but is not enough to overcome the stable temperature gradi-
ent in the core of the system which is observed in internally heated Rayleigh-
Bénard convection [6, 7, 19]. Cold plume heads also help to start small hot
plumes by mechanically pushing and concentrating hot matter. It is particu-
larly evident, on figure 1 and the different animations that have been made,
that the position of the thermal instabilities in the bottom boundary layer,
hence of hot plumes, is controlled by cold plumes. Thermal instabilities in the
boundary layer are linear and mostly shaped by the spreading of cold plume
heads, and from these linear instabilities plumes are formed. This process,
termed by Sleep et al [15] as the instability from tabular upwelling to plume,
leads to weak hot plumes that do not reach the top surface. The plume that
do reach the top surface originate from the intersection of two or three linear
(tabular) instabilities where there is constructive interaction between different
buoyancy sources.
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On the other hand, there is no marked local maximum below the top boundary
layer showing that it is not significantly affected by hot plumes so that all the
cold plumes starting are buoyant enough to reach the bottom plate.

Histograms of the number of plumes at each time-step as a function of depth
and fluid velocity in the plume (fig. 2) shows that the largest population of
hot plumes start with a very low velocity and is restricted to the lower half of
the system.

3 Heat transfer by plumes
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Fig. 5. Advection by plumes and bottom heat flux as a function of time: total
advection by hot plumes arriving at the top surface (bottom plot), total advection
by cold plumes arriving at the bottom surface (top plot, left scale) and heat flux at
the bottom boundary (top plot, dashed line, right scale). Quantitative comparison
of advection by plumes and bottom heat flux is not possible since it depends on
the choice of threshold for plume detection (here 50%, see text and fig. 6) but the
time evolutions show clearly that the bottom heat flux is controlled by cold plumes
arriving rather than hot plumes departing.

The advection by each plume is computed by integrating w (7 — Tynean(2))
over each cross section, w being the vertical velocity. Comparison of the total
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advection by cold plumes arriving at the bottom plate and the heat flux at the
bottom surface (fig. 5) shows that these two time-series are strongly correlated
(correlation coefficient of 0.7) whereas the advection by hot plumes arriving at
the top surface is totally uncorrelated to the heat flux at the bottom surface
(correlation coefficient less than 0.3). This mean that the heat flux at the
bottom of an internally heated convective system is strongly controlled by
down-welling currents rather than by departing hot instabilities. Profiles of
advection by cold and hot plumes (fig. 6) also prove that down-welling currents
are the major means of transporting heat in such a system, not only in the
central part but also close to the bottom boundary layer.
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Fig. 6. Heat advection averaged in time and as a function of depth. Total advec-
tion is the solid line and the parts due to cold and hot plumes are the dashed and
dash-dotted lines, respectively. The circle (square) represent the part of the advec-
tion that is due to a downward (upward) current, without use of any threshold.
This allows the computation of the maximum values of advection that could be ob-
tained in the case of an optimum threshold. Different threshold values between 40%
and 60% are used, showing that most of the advection is due to cold plumes, even
close to the bottom boundary. This statement depends quantitatively on the thresh-
old value but not qualitatively. In the bottom boundary layer, up-welling currents
slightly overcome down-welling currents but they are mostly due to the spreading
of cold plume heads.
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In figure 6 the profiles of total advection as a function of depth and the part
of it that can be attributed to up- and down-welling currents, without the
use of any threshold, are also represented. This procedure obviously gives
much less information than the plume detection but provides an estimate of
the maximum advection by plumes that could be obtained in the case of an
optimum threshold. In the case of cold plumes, the fraction f of this maximum
that is recovered by the plume detection routine is found to be almost constant
with depth and depends on the proportion p, as f = 1.25 — 1.5 x 10~2p,.. This
relation is certainly not valid when p. tends to zero but it means that all the
down-welling advection can be entirely attributed to cold plumes and that
the quantitative difference observed on figure 5 between the advection by cold
plumes and the bottom heat flow can be attributed to the truncation by the
plume detection routine.

On the other hand, the advection by hot plumes in the upper half of the
system does not converge to the total up-welling advection when the threshold
is decreased and the largest part of this advection does not depend on depth
and can be attributed to the diffuse return flow that is observed in internally
heated convection [6]. The advection by plumes is only significant in the lower
half of the system where it is helped by the arrival of cold plume heads.

The heat flux at the top boundary of the system has been found to scale as
Q1op x Ra? ATt’BO;fl , AT}, being the temperature jump across the top boundary
layer and the exponent 5 being close to 1/3 [7, 20]. This result, classical in
Rayleigh Bénard convection, can be explained by the conductive growth of the
boundary layer followed by the release of a thermal plume when the boundary
layer is to thick to stay stable and a new start of the same cycle [21]. On the
other hand, the bottom heat flow has been found to scale as gy x Ra'/*ATyy
, AT,o; being the temperature jump across the bottom boundary layer [7, 20],
a very different result that can be attributed to the effect of cold plumes on
the bottom boundary layer.

4 Discussion

The main effect of volumetric heating on Rayleigh-Bénard convection is to
break the symmetry between hot and cold structures [e.g. 22] and to favor
down-welling structures over up-welling ones [7, 19, 23, 24] with two major
consequences: Hot plumes that start from the bottom boundary do not always
cross the whole system and heat flux at the lower surface is primarily controlled
by the arrival of downgoing currents. In the classical view of plumes, the
parameter controlling the boundary layer instabilities is the local Rayleigh
number, computed using the characteristics of the boundary layer [21]. This
local Rayleigh number is related to the heat flow by unit surface. If the heat
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flux at the top boundary in the present simulation (Q,, = 43) is scaled to the
heat flux at the surface of the Earth (ggarn ~ 407W) [25], the present bottom
heat flux (Qpr = 23) would give for the total heat flux at the core-mantle
boundary Qcvp = Riyp/Raain X Quot/Qtop X Qrartn == 6.47TTW. Although,
the Cartesian system used in the present simulation is heated half from below
and half from within, its scaling to spherical geometry gives a value for the
CMB heat flow in the middle of the proposed range [e.g. 26, 27]. However,
several other simulations were run and showed that the present findings do
not depend on the exact values of Ra and H, as long as this last parameter is
not vanishingly small. A more systematic study is presently conducted to find
scaling laws for the different quantities presented here, like the average height
reached by hot plumes.

Obviously, the convection model used here is much simpler than the Earth’s
mantle and a strict application of its finding to the actual mantle remains
somewhat speculative. It is then worth discussing the additional complexities
of the mantle that may change the present figure.

The viscosity of the mantle is thought to be highly temperature-dependent
and lateral variations of viscosity are indeed necessary to build the toroidal
velocity field at the surface of the Earth [28]. Sleep et al [15] showed that a
two-order of magnitude decrease of viscosity across the lower boundary layer of
the convecting system was necessary to the formation of plumes at the expense
of tabular upwelling. It was shown above that plumes can be formed even in a
constant viscosity fluid but that these plumes are weak. In the large viscosity
variation scenario, the time needed for a new plume to rise through the high
viscosity mantle is large (100 Ma, according to [15]) and the low viscosity
plume head is likely to be deformed by the large scale plate flow during its
ascent. In the same line of reasoning, it has been well demonstrated [29] that
the hot boundary layer is largely influenced by the arrival of cold down-welling
currents in an experiment of convection in a temperature dependent viscosity

fluid.

Convection experiments in fluids with highly temperature-dependent viscosity
show that the average temperature is higher than in the constant viscosity case
and that a stagnant rigid lid then develop at the top boundary where most
of the viscosity contrast happen [e.g. 30, 31] so that a contrast of less than
about 20 could be expected across the bottom boundary layer [32]. A way out
of this is to have the lid move and subduct so that its arrival and spreading
at the bottom boundary provide a temperature and viscosity contrast helping
the formation of hot plumes. This process was proposed by Nataf [32] and
his figure 5 displays a local temperature drop above the bottom boundary
layer that is similar to the one of figure 3 (see also [33]). From this model,
it can also be expected that the bottom heat flux will be dominated by the
arrival of cold and stiff plates. In the tri-dimensional mantle, plates are two-

10
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dimensional object so that their volume is considerably more important than
plumes. It has to be expected that plate will dominate heat transfer even more
than cold plumes do in the present model. In other words, the temperature
dependence of viscosity and the existence of large scale plate flow [34] should
enhance the conclusion of the present paper that the heat flux at the core
mantle boundary is controlled by down-welling currents rather than departing
hot plumes. Moreover, a causal link between the arrival of cold down-welling
currents at the bottom boundary and the formation of hot plumes, that is
observed in the present constant viscosity model, should also be enhanced in
the presence of high viscosity plates [32]. The extension of the present results to
a model of convection with self-consistent formation of plates [35] is currently
performed (Labrosse and Tackley, in preparation).

Obviously, cavity plumes with a large head and a thin tail [36] that have been
proposed as an origin for the largest hotspot chains [37] can not be obtained
in a constant viscosity simulation. However, this model seems to explain only
four of the many hotspot tracks that are evidenced on the Pacific plate [38].
The remaining seamounts could either be of shallow origin [39] or the surface
expression of short lived and weak plumes that are easily obtained in high
Rayleigh number internally heated convection.

The question of the apparent plume stability in mantle convection also de-
serves some discussion. The plumes that are obtained in the present iso-viscous
model are highly time-dependent. It has been argued that an increase of vis-
cosity with depth in the mantle was of way to stabilize mantle plumes. Stein-
berger and O’Connell [40] showed that the advection of plume conduit by large
scale flow lead to the observed small hotspot motion if the viscosity increase
strongly with depth in the lower mantle. This question may be of importance
since the effect of down-welling currents will decrease with depth like the in-
verse square-root of viscosity. However, inferring large radial variations of the
viscosity from models that do not allow lateral variations [40] is highly ques-
tionable [41] since viscosity is thought to vary by several orders of magnitude
with temperature but only mildly with pressure [42] in the absence of chemical
stratification. The variation of viscosity with pressure is then likely to modify
the proportions of the heat flux at the CMB that are due to plates and hot
plumes but not to the point of reversing it.

Another option to explain the apparent fixity of mantle plumes is by tying
their sources to a chemical heterogeneity at the base of the mantle, which may
provide the increase of viscosity needed for plume stability. This heterogeneity
could take the form of a continuous layer [43] or discontinuous piles [44] or even
crypto-continents[45, 46] and in any case would have an important topography
that could be at the origin of the two superswells [43]. In this model, the mantle
plumes at the origin of the large stable hotspots come from the summits of the
domes and not from the CMB. Therefore, their buoyancy flux cannot give us

11
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informations on the heat flux out of the core. On the other hand, the strong
subducting plates could well be able to deform the chemical interface and
shape the domes, as can be assumed from the relative position of the two
superswells and the major circum-Pacific subduction.

Overall, the fact that internal heat generation favors down-welling currents
over up-welling ones agrees well with the fact that, despite recent progress
[see 47, for a review|, hot plumes have not been imaged by tomography down
to the CMB as convincingly as down-going slabs [e.g. 48]. This means that
the heat flux out of the hotspots can only be taken as a lower bound for the
heat flux at the CMB and to obtain a better estimate of this latter quantity,
advection by plates arriving at the CMB must be computed. It also means
that a change in the plate flow is more likely to affect the dynamics of the
core, as proposed by [49], than the departure of a hot plume [50].
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