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Abstract

We report results from analog laboratory experiments, in which a large-scale flow is imposed upon natural convection from a
hot boundary layer at the base of a large tank of corn syrup. The experiments show that the subdivision of the convective flow into
four regions provides a reasonable conceptual framework for interpreting the effects of large-scale flow on plumes. Region |
includes the area of the hot thermal boundary layer (TBL) that is thinned by the large-scale flow, thereby suppressing plumes.
Region Il encompasses the critically unstable boundary layer where plumes form. Region Il is the area above the boundary layer
that is devoid of plumes. Region IV comprises the area of hot upwelling and plume conduits. Quantitative analysis of our
experiments results in a scaling law for heat flux from the hot boundary and for the spatial extent of plume suppression. When
applied to the Earth’s core—-mantle boundary (CMB), our results suggest that large-scale mantle flow, due to sinking lithospheric
plates, can locally thin the TBL and suppress plume formation over large fractions of the CMB. Approximately 30% of heat flow
from the core may be due to increased heat flux from plate-scale flow. Furthermore, CMB heat flux is non-uniformly distributed
along the CMB, with large areas where heat flux is increased on average by a factor of 2. As a consequence, the convective flow
pattern in the outer core may be affected by CMB heat-flux heterogeneity and sensitive to changes in plate-scale mantle flow.
Because of plume suppression and ‘focusing’ of hot mantle from the CMB into zones of upwelling flow, plume conduits (hotspots)
are expected to be spatially associated with lower-mantle regions of low seismic velocities, inferred as hot upwelling mantle flow.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Heat flow from the Earth’s core determines the
growth of the inner core, affects geodynamo ener-
getics and contributes to the secular cooling of the
Earth. Core heat flow is poorly known and estimates
range from 2 TW to 10 TW [1]. Lower-bound
estimates come from plume buoyancy flux calcula-
tions [2,3], assuming that they represent the total heat
flux from the core—mantle boundary (CMB). At the
Earth’s surface, major intraplate volcanic hotspots,
such as Hawaii, for example, are generally attributed
to mantle plumes arising from the core—mantle
boundary. However, mantle plumes are thought to
be of secondary importance relative to plate-scale
convective flow associated with plate motions and
subduction [2,4]. Hence, one might expect great
difficulty in attempting to interpret, e.g., the distribu-
tion and fluxes of hotspots in terms of core—mantle
boundary processes.

Plate-scale flow will affect plume dynamics in at
least two fundamental ways: (1) plumes will be
advected in the large-scale flow associated with plate
motions [5-10], and (2) the formation of mantle
plumes at the core-mantle boundary will be modu-
lated by thinning and thickening of the boundary layer
due to large-scale flow and the impingement of cold
downwelling slab material [11,12]. Consequently, any
inference of mantle dynamics or core heat flow, based
on the spatial distribution and buoyancy fluxes of
hotspots, requires an improved understanding of the
interactions between plate-scale mantle flow, the
formation of plumes at the CMB, and their ascent
through the Earth’s mantle.

Another important aspect of plate-scale mantle
flow derives from the fact that it is much slower than
convection in the outer core (by approximately a
factor of 10%) and hence it is expected to induce long-
term lateral variability of CMB heat flux due to
variations in thermal gradients at the CMB [11-15]. It
has been inferred that such spatial heterogeneity in
CMB heat flux affects the structure (e.g., [16]) and
reversal pattern (e.g., [17,18]) of the Earth’s magnetic
field, presumably through modulation of the convec-
tive flow of the Earth’s outer core [15,19-22].

Although advection of plumes in the plate-scale
mantle flow has been studied in some detail [5—
10,12], the effect of non-turbulent, large-scale flow in

modulating instabilities at a hot boundary layer has
received relatively little attention. The latter is a
significant challenge since three-dimensional numer-
ical convection models are still limited in their ability
to simulate both plate-scale mantle flow and plume-
scale thermal convection from a hot thermal boundary
layer, especially in the presence of temperature-
dependent mantle viscosity [23-25].

The purpose of this study is to provide insight into
the effect of plate-scale mantle flow on heat flux and
the modulation of plume formation at the CMB. In a
previous paper [12], we described exploratory experi-
ments in which a large-scale flow was imposed upon
natural convection from a hot boundary layer at the
base of a large tank of corn syrup. A number of useful
insights resulted from this work. There are relatively
well-defined transitions in convection from the hot
boundary, ranging from plume-dominated heat flux
and flow, to complete capture of the hot boundary
layer by the imposed large-scale flow. Here we extend
this work with more detailed experiments at Ra
between 10° and 10%, leading to a more quantitative
understanding of how plate-scale flow modulates
thermal instabilities and heat flux from a hot boundary
layer (Sections 4 and 5).

We apply these results to show (1) how the
interaction between plume- and plate-scale mantle
flow may affect the geographic distribution of
hotspots (Section 6.1) and (2) why hotspots seem to
be associated with slow seismic velocities in the lower
mantle (Section 6.2). Furthermore, we present a
scaling law that quantifies (3) the fraction of core
heat flow associated with plate-scale mantle flow
(Section 6.3), as well as (4) the lateral heterogeneity in
CMB heat flux (Section 6.4).

2. Experimental setup

Our convection experiments (see [12] for addi-
tional details about the experimental setup) are
conducted in a large (1.5X1.5x0.6 m deep) tank that
is filled with corn syrup (Fig. 1). The viscosity of the
corn syrup decreases strongly with increasing temper-
ature [12]. The sidewalls are glass, insulated with 20
cm of styrofoam insulation. The bottom of the tank is
heated and consists of an aluminum heat exchanger
through which hot water is circulated, so that the



H.M. Gonnermann et al. / Earth and Planetary Science Letters 226 (2004) 53—67 55

A

W=15m

a
-

Conveyor belt

) =

Large-scale flow

Insulated 1" glass wall

|
g

Heat Exchanger

(1) Thermopile: Surface heat flux (13 ea.)

Pump
(2) Thermocouple: Surface temperature (13 ea.)
@ (3) Thermocouple: 3mm above hot boundary (2 ea.)
Thermostat (4) Thermocouple: Interior fluid temeperature (6 ea.)

S

l Inline Heater [

| <

Circulating water

Fig. 1. Schematic diagram of experimental setup.

lower boundary condition is isothermal [12].
Immersed in the syrup, at the top of the tank, is a
conveyor belt used to generate a large-scale recircu-
lating flow. We measure heat flux and temperature at
the hot boundary using an array of Omega HFS-4
thermopile sensors. These sensors are arranged so that
we obtain measurements at 15 cm intervals along the
large-scale flow direction. In addition, thermocouples
are installed at the sidewalls and the tank interior,
providing estimates of sidewall heat loss and vertical
temperature profiles in the fluid interior. In each
experiment, comparison of shadowgraph images of
the fluid motions indicates that the sensors have no
significant influence on the flow.

Prior to the start of our experiments, the syrup is
brought to equilibrium at room temperature. During
the experiment, hot water at constant temperature is
recirculated through the bottom heat exchanger at a
high rate from an in-line heater. After a short time
period during which the water temperature rises to the
prescribed value, the temperature at the bottom
boundary remains constant. The duration of this time
period is much less than the initial transient period
associated with growth of the hot TBL. No data from
this initial period is used for our analysis. Because
there is no cooling at the top of the tank, the internal
temperature of the syrup increases during the course
of an experiment. Consequently, syrup viscosity
decreases and Rayleigh number increases with time.
These changes occur on a time scale that is long
compared with the time scale for plume formation, so

that quasi-steady-state flow conditions are achieved
[12].

3. Experimental parameters

For a Newtonian fluid, the dynamical state of
convection is governed by the Rayleigh number,
Ra=pgaATH?/(u,x), a measure of convective vigor,
and the Prandtl number, Pr=pu,/(px). Here g is the
gravitational acceleration, « is the coefficient of
thermal expansion, AT is the temperature difference
between hot boundary and fluid interior, u, is the
viscosity at the average interior temperature, p is the
density, x is the thermal diffusivity, and H is the
characteristic length scale (depth of fluid). In all of our
experiments the Prandtl number is large (>10%) so that
the characteristic viscous time scale is much shorter
than the time scale for thermal diffusion. Furthermore,
the influence of inertial forces is negligible, because
the Reynolds number, Re=UHp/u,<1 (here U is the
characteristic horizontal large-scale velocity, see Table
1 for a summary of the symbols and parameters).
Consequently, our experiments are distinct from
analogous work in the turbulence community (e.g.,
[26]). Because of the strong temperature dependence
of viscosity, thermal and velocity boundary layers are
approximately of similar thickness. The ratio, 7y, of the
interior fluid viscosity to the viscosity of fluid at the
hot boundary is 10<y<100 for all the data presented in
this paper. Hence, the flow above the hot boundary
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Table 1

Symbols and parameters

Symbol Value/unit Parameter

k Wm'ec! thermal conductivity
(see [12] for more details)

q(x) W m~2 heat flux

q1 W m 2 heat flux for Region I, ¢;=f(x)

g1 W m? spatially averaged heat
flux for Region I

qn W m™? heat flux for Region II,
Qi)

q. W m™2 heat flux across critically
unstable TBL, ¢. =gy

qr W m™? hypothetical conductive
heat flux, ¢,=kAT/H

X m horizontal coordinate

Ay m? area covered by Region I

Ay m? area covered by Region II

Acvs 1.5271x10' m? surface area of the Earth’s core

C 2.4+0.6 empirical constant

D m lateral extent of Region I
(Eq. (8))

H 0.6 m characteristic length scale
(depth of fluid layer)

o w heat flow

o* ORegion /Q1otal magnitude of heat-flux
heterogeneity

Reore 3.486x10° m radius of Earth’s core

AT °C temperature difference
across TBL

U ms! characteristic horizontal velocity

Upn cm year’l velocity of plate-scale mantle
flow in lowermost mantle

o 5.61x107*°C™"  coefficient of thermal
expansion (see [12]
for more details)

p 0.33+0.01 empirical exponent for
Nu~Ra relation

o m thickness of TBL

Oc m thickness of critically
unstable TBL

) Mol ol viscosity ratio

1077 m?s! thermal diffusivity

Ua Pas viscosity of ambient fluid
above TBL?

Ml Pas viscosity of fluid at the
hot boundary®

Nu q/quRaﬂ Nusselt number

Pe UH/k Peclet number

Pr Lo/ pK Prandtl number

Ra 2o ATH? 11, Rayleigh number

Re UHp/p, Reynolds number

? The viscosity of the ADM 62/44 corn syrup used in these
experiments varied with temperature 7 (°C) according to
w(T)=exp(15.92—0.19 T+0.0007872) mPa s.

experiences very low drag from the boundary and can
be treated as having an approximately free-slip lower
boundary [12].

The coupled large- and plume-scale convective
flow is characterized by two externally controlled
parameters: (1) the Rayleigh number and (2) the
Peclet number, Pe=UH/x, a non-dimensional repre-
sentation of the imposed large-scale flow velocity.
Ra varies between approximately 10° and 10* during
each experiment. As Ra increases, the characteristic
plume size and rise time decrease, while the number
of plumes and their frequency of generation
increase.

These parameter ranges represent reasonable lower
and upper bounds that are applicable to the Earth’s
core—mantle boundary region. Although whole-mantle
convection may be characterized by Rayleigh num-
bers as high as 10°-10°, the viscosity of the lower
mantle is probably one to two orders of magnitude
higher than that of the upper mantle [27-30], so the
range (10°<Ra<10®) appears appropriate. The range
of imposed velocity U (or, alternatively, Pe) used in
our experiments span the range of behavior of interest,
i.e., from plume-dominated flow (U=0, Pe=0) to
complete suppression of plumes for higher U and Pe.
The large-scale flow imposed in the laboratory
experiments corresponds to flow velocities in the
lowermost mantle as large as approximately 4 cm/yr.

4. Qualitative results

In the absence of large-scale flow (Pe=0) con-
vection is dominated by upwelling plumes (Fig. 2a).
Because velocity and thermal boundary layers are of
similar thickness, at Pe>0 large-scale flow may
advect hot TBL fluid laterally (x-direction) along
the heated bottom at a faster rate than conductive
growth of the TBL. As a consequence, the TBL may
be locally thinned to subcritical thickness, with
plumes being suppressed along part of the TBL
(Figs. 2b and 3). The TBL is thinnest in the vicinity
of the downwelling flow (small x) and grows in
thickness in the flow direction (increasing x). At
some critical distance from the downwelling (x=D),
advective thinning of the TBL is balanced by
conductive growth and plumes form at x>D. Thus,
at sufficiently large values of Pe, plumes are
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Fig. 2. (a) Shadowgraph at Ra=1x10° Pe=0, y=100. Grid
dimension is 20x10 cm. (b) Shadowgraph at Ra =5x10°,
Pe=1x10% y=100. Note the increasing thickness of the thermal
boundary layer in the downstream direction.

suppressed throughout the entire tank. At intermedi-
ate values of Pe, plumes are only suppressed along
part of the hot bottom boundary.

Determining how D varies with Ra and Pe is one
of the main goals of our experiments. Above the TBL
at x>D rising plumes are advected laterally by the
large-scale flow toward the upwelling. In the area of
upwelling flow, horizontal velocities decrease and the
rate at which plumes and conduits are advected
laterally decreases. It is conceptually useful to
subdivide the convective flow associated with high
Rayleigh number mixed convection (i.e., thermal
convection plus forced flow) into four distinct regions

(Fig. 4).

Region IV

— Region | - "Region I1

Fig. 3. Shadowgraph of plume conduit. Area of photograph
represents the bottom right-hand corner of Fig. 2b, but at a later
time. The bottom of the conduit is located near the edge of Region II
(note the thickened TBL at the base of the conduit). Ra =4x10°,
Pe=1x10% y=100.
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Fig. 4. Schematic diagram depicting the four convective regions.
Photo inserts are shadowgraph images of the actual flow structures
associated with these Regions. The leftmost three quarter of insert
(a) depicts Regions I and 111, where the TBL is subcritical. Note the
absence of plumes and thickening of the TBL in the downstream
direction (toward the right). The rightmost quarter of insert (a)
shows the formation and rise of a single plume. In contrast, insert
(b) depicts the plumes and plume conduits associated with Regions
II and IV.

4.1. Region I

Region I represents the subcritical TBL (x<D).
In this area, the TBL is thinned to subcritical
thickness by the large-scale flow and instabilities of
the TBL resulting in the formation of plumes are
suppressed. Heat flux is inversely proportional to
TBL thickness, 6. Hence, for a constant temperature
boundary condition, heat flux in Region I, ¢, is
increased relative to a control case with Pe=0 and
otherwise identical conditions (e.g., Ra). Because
increases with increasing x, gy will also decrease
with x.

4.2. Region Il

Region II represents the critically unstable TBL
(x=D). This is the zone of plume formation where, on
average, the TBL is of critical thickness, J.. In this
region, the time-averaged vertical heat flux, ¢y, is
spatially uniform and approximately equal to heat flux
at Pe=0. In addition to generating new plumes,
Region II represents the ‘root zone’ of plume conduits

(Fig. 3).
4.3. Region III
Region III is the area above the TBL that is devoid

of plumes. This region is dominated by the imposed
large-scale flow and encompasses the entire volume of
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fluid above Region I. It also includes an area above
Region II, where ascending plumes have been
advected downstream by the large-scale flow. The
temperature of the fluid comprising this region is
relatively uniform and unaffected by the underlying
TBL. Note that there are no cold downwelling
structures in these experiments.

4.4. Region IV

Region IV comprises that arca above Region II
where ascending plumes and plume conduits are
present (Fig. 3). Region IV includes the buoyancy
flux from both Regions I and II. Plume conduits were
observed to remain active over at least one plume-rise
time, with some remaining active longer. During their
lifetime, plume conduits do not remain stationary.
However, because conduits are located within the
zone of upward flow where horizontal velocities are
small, their lateral mobility is small when compared to
the induced large-scale flow. Finally, owing to the
combined buoyancy flux from Regions I and II, the
spatially averaged temperature of Region IV is higher
than for Region III or for experiments at similar Ra,
but Pe=0.

5. Theoretical scaling for heat flux and quantitative
experimental results

5.1. Scaling theory

Based on boundary layer theory it is possible to
derive scaling laws [12,31-34] for the thickness of the
TBL, o(x), and heat flux, ¢(x), during thermal
convection with an imposed velocity, U. In our
experiments, we measure heat flux at the bottom
boundary directly, allowing us to calibrate the scalings
derived below.

We seek scalings for d(x) and ¢(x) in Region I, the
area over which plume instabilities are suppressed by
the large-scale flow (as shown in Section 5.2, within
Region II heat flow is little-affected by the large-scale
flow.) Our analysis is based on the assumption that the
bottom boundary can be approximated as free-slip
[12] for suitably large ratios of viscosity between
ambient and hot TBL fluid, i.e., y=>10. Balance
between conduction of heat from the hot boundary

and lateral advection of heat induced by flow within
the TBL gives [12]

AT _ AT

U e (1)

or

o= [ [ @)

where ~ means “approximately equal to,” x is thermal
diffusivity, AT is the temperature difference between
the hot boundary and ambient fluid, and H is the
characteristic length scale (depth of fluid layer).
Locally, heat flux across the TBL is given by Fourier’s
law

q(x) = kAT /6(x), (3)

In the absence of large-scale flow (Pe=0), heat flux
across the convecting fluid layer is given by

qc ~ kAT /0., (4)

where 0. is the critical TBL thickness. Note that both
q. and 0. are independent of x. Using the Nusselt
number, Nu, it is possible to derive a scaling for ..
The Nusselt number is a non-dimensional measure of
the efficiency of the heat transfer process. It is
determined by the ratio of measured heat flux across
a thermally convecting layer of fluid, ¢., to the
hypothetical conductive heat flux, g=kAT/H, and is
given by

_4 H
Nu = 5 (5)

A well-established parameterization for Nu is given by
Nu~Ra” , €.g., [35,36], which in combination with Eq.
(5) results in

de~HRa™". (6)

Note, even though we have ignored the usual multi-
plicative constant in Eq. (6), it will implicitly be
included via the empirical constant obtained from our
subsequent scaling analysis. It is now possible to
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estimate the ratio of the measured heat flux ¢(x) at
Pe>0 (Eq. (3)) to the measured heat flux from a
control experiment at Pe=0 (Eq. (4)), by using Eqgs.
(2) and (6) to give

5(: - CI(x) — C(HPe/x)l/zRa_ﬁ. (7)

Here C and f§ are empirical constants that we seek to
determine experimentally via heat-flux measurements.
C is expected to be of order unity and, based on
extensive previous work ([35,37] and references
therein), f is expected to be approximately 1/3.
Verifying and calibrating the behavior predicted in
Eq. (7) is a primary goal of the experiments presented
below.

For all experimental data included in our analysis
(10<y<100), the free-slip scaling of Eq. (7) provides
an adequate approximation for these experiments
[12,32,33]. Furthermore, a free-slip scaling is appro-
priate for application of our results to the Earth’s
CMB. We will demonstrate in the subsequent section
that this scaling provides a good fit to our exper-
imental data.

Finally, using Eq. (7) evaluated at d(x)=d,, it is
possible to estimate the distance from the downwel-
ling over which plumes are suppressed (also an
experimentally observable quantity)

D = C*HPeRa=>F. (8)

It should be pointed out that Egs. (7) and (8) are not
valid in the limit x—0, because of the finite width of
downwelling flow.

5.2. Results

Fig. 5 shows data from one typical experiment at
Pe=1.5%10* All experimental data (temperature and
heat flux) were collected at a frequency of approx-
imately 0.3 Hz and resampled at approximately 0.1
Hz for ease of plotting. We analyzed data from four
individual experiments. The average duration of a
single experiment was approximately 10-20 h. How-
ever, only data after the transient start-up period
(approximately 2—3 h) and with y>10 were included
in our analysis.

Fig. 5 shows results from one experiment. Temper-
ature data from two thermocouples are shown in Fig.
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Fig. 5. Data from a typical experiment (Pe=1.5x10%). Horizontal
axis is experimental time (), or experimental time normalized by
characteristic diffusion time (100zc/H?). (a) Temperature data from
two select thermocouples for the heated bottom surface of the tank
(i.e. TBL) and for ambient fluid approximately 10 cm above the
TBL. Ambient fluid temperature is measured at several locations
(Regions III and IV), but shown here is data from a thermocouple
located within Region IV. The higher than average temperature
spikes are due to the passage of plume heads or conduits near the
thermocouple. (b) Ra based on temperature difference shown in (a).
(c) Ratio of viscosity between ambient and hot TBL fluid, . (d)
Local Nu for two different heat-flux sensors, Nu(x)=¢(x)/q., where
q. is the heat flux from a control experiment with Pe=0. One sensor
is located x=0.3 m and the other x=1.2 m from the downwelling
sidewall. Note the difference in heat flux at early times. (¢) Binned
values for heat-flux ratio, ¢/q., at the bottom of the tank from six
different positions along the direction of large-scale flow.

5a. High temperatures are measured at the bottom of
the TBL, while the low-temperature data shown here
are measured in the ambient fluid of Region IV.
Actual temperatures used for Ra and 7y during
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calibration of scaling laws are average temperatures
over all bottom thermocouples (Regions I and II) and
all ambient thermocouples (Regions III and 1V) for
each experiment. The values of Ra (Fig. 5b) and 7y
(Fig. 5¢) shown here are, however, based on the actual
temperature data of Fig. 5a. All heat-flux data were
binned by Ra at values indicated by the open circles in
Fig. 5b, while y>10 for the considered range of Ra
from this experiment (Fig. 5c¢). Fig. 5d shows how the
imposed large-scale flow increases heat flux locally,
as indicated by the local Nusselt number defined as
Nu(x)~q(x)H/(kAT), where AT is the difference in
temperature between ambient fluid and the heated
bottom.

We also calculate the ratio between measured heat
flux at a given location (i.e., a given heat-flux sensor),
q(x), to the measured heat flux, ¢, at equivalent Ra
from the control experiment at Pe=0. Fig. Se shows
q(x)/q. for six different locations and for seven
different times (or equivalently Ra) during the experi-
ment. At low Ra, g(x) is larger than g. by up to a
factor of 2 for the sensor located closest to the
downwelling flow (smallest x). For a given Ra, g(x)
decreases with increasing downstream distance, x,
until g(x)/q. =1 at x>D. Similarly, for a given Pe, as
the value of D decreases with increasing Ra and ¢(x)/
q. eventually reaches an approximately constant value
of 1 at all locations (Fig. 5e). It should be noted that
Eq. (7) is only applicable for x<D, or equivalently
qg(x)/ge=1.

Fig. 6 shows the fit for all experiments between
measured heat-flux ratios and ¢(x)/g. predicted from
Eq. (7). The data represent a range of Ra
(7x10°<Ra<2x10%), Pe (1.5x10%<Pe<3.6x10%)
and viscosity ratios, (10<y<100). The characteristic
time scale for the TBL to reach critical thickness, and
hence the period of plume generation, decreases with
increasing Ra. At the same time, the ratio between
plume-rise velocity and the induced large-scale
velocity, U, increases. Because of this secular change
in conditions during the course of each experiment,
Fig. 6 represents a broad range of convective
dynamics [12]. Since DoRa~"', we find that for
large-scale flow to noticeably affect heat-flux over the
spatial dimensions and Ra range of our experiments
(under the constraint that y>>10), Pe must be >10°. We
therefore present experimental results in the range
Pe~10* in addition to Pe=0.
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Fig. 6. Observed vs. predicted heat-flux ratio, ¢(x)/g., from three
different experiments. Each experiment spans a range of Ra with
viscosity ratios, y>10. Each data point represents one of six
different heat-flux sensors located along the bottom of the tank and
is averaged over an incremental range of Rayleigh number (see Fig.
5). Observed values of g(x) represent measured heat flux at the
bottom of the tank for a given Ra, Pe and position x, while ¢, is the
measured heat flux at the same Ra but for a control experiment with
Pe=0. Error bars on individual data points (mostly the size of the
data symbols and therefore hardly noticeable) represent the 99%
confidence interval.

Each data point of Fig. 6 represents the Ra-binned
heat flux for one Pe and one position, x. We only
include measurements sufficiently far from the side-
walls (0.3 m), so that boundary effects (i.e., variations
in U) are small enough to be neglected. The average
ambient fluid temperature, and hence viscosity,
continuously change during the course of a single
experiment (Fig. 5a). However, over the duration of
several periods of plume generation these values vary
only slightly [12], so that for each data point Ra varies
by less than 0.20 log units.

As predicted from the analysis of the previous
sections, there are two distinct regions of behavior
evident in Fig. 6. On the left-hand side, the observed
heat fluxes plateau at g(x)/q.=1.0, representing
critical boundary layer behavior (Region II) and hence
plume formation. Eq. (7) only applies to Region 1, i.e.,
q(x)/q.>1, representing the part of the TBL over
which plume instabilities are suppressed. We have
found no pattern in the considerable scatter in the
data. Instead, the scatter appears consistent with
uncertainties (especially temporal variations) in the
heat-flux measurements. We obtain C=2.4+0.6 and
£=0.33+0.01, from a least-squares fit to the data
shown in Fig. 6. The preliminary data from [12]
permitted 0.28<f<0.33 based on several experiments
at Pe=0. The values reported here are approximately
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consistent with other experimentally derived scalings,
e.g., [12,37-41].

6. Applications to the Earth

The distribution of hotspots at the Earth’s surface is
used to infer dynamic processes occurring within the
mantle [8-10,42—46]. Fig. 7 is a cartoon representa-
tion of the Earth’s mantle illustrating common features
of such interpretations (for more detailed discussions
of lower-mantle structure, see [47,48] and references
therein). Seismic tomography suggests that litho-
spheric plates sink into the lower mantle, e.g.,
[29,49,50], and references therein], driving plate-scale
mantle flow [2,4,49,51]. The resultant cooling of the
interior of the mantle is expected to increase the
viscosity ratio between ambient and hot mantle at the
CMB to y>100 [48,52,53]. As a consequence, all four
convective regions described in Section 4 may occur
within the Earth.

Tristan

Inner
Core

61

The main quantitative results of our work are given
in Fig. 6, where the predictability of these regimes
according to Egs. (7) and (8) is demonstrated. In this
section, we briefly discuss applications of these
quantitative results to show that the qualitative view
depicted in Fig. 7 is indeed a reasonable representa-
tion for the Earth’s mantle. Specifically, we show to
what extent plate-scale mantle flow (1) may affect the
suppression of plumes over parts of the CMB, (2) may
lead to lower-mantle regions with hotter than average
temperatures and large buoyancy flux, (3) may
account for approximately 30% of the total core heat
flow, and (4) can generate spatial variability in CMB
heat flux.

6.1. Plume suppression: Region |
In order to evaluate the affect of plate-scale
mantle flow on the formation of plumes at the

CMB we shall assume the following: (1) a Cartesian
geometry; (2) a horizontal plate-scale flow in the

Louisville

Hawaii

Easter

Fig. 7. Cartoon representation of an near-equatorial cross-section through the Earth based on the results of our experiments. Plate-scale flow
(with lower-mantle velocity, U,,) is induced by sinking slabs. Plumes are expected to form above the CMB where the thermal boundary layer is
critically unstable, denoted as Region II. Advective thinning of thermal boundary layer on both sides of the downwelling flow suppresses plume
instabilities (Region I). Region III is dominated by plate-scale mantle flow and is devoid of plumes. Region IV is dominated by upward mantle
flow. Plume conduits are located within and at the perimeter of Region IV. The conduits are relatively stationary, compared to plate velocities,
because horizontal velocities are small in this area. Spatially averaged temperatures in Region IV are higher than those of Region III. Region IV
may therefore be representative of seismic anomalies beneath Africa and the Pacific [54,58—63].
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lowermost mantle with a width equivalent to half the
circumference of the Earth’s core; and (3) a velocity
of U,<2 cm/year (Pe<10?), in accord with estimates
for plate-scale lower-mantle velocities, e.g., [8,29]. It
should be noted that this analysis, while simplified,
is nonetheless consistent with the overall extent and
magnitude of plate-scale flow in the lower mantle,
e.g., [29,54].

Under these assumptions, and using Eq. (8), it is
possible to estimate the areal extent of plume
suppression, A, relative to the total surface area of
the Earth’s core, Acump, as

A 4nR.D D
ACMB 47nR? Rcore ’

core

©)

where R is the radius of the Earth’s core and the
implicit factor of 2 is due to the fact that plume
suppression is expected on both sides of the downw-
elling flow. The ratio A;/Acmp is shown in Fig. 8a as a
function of assumed plate-scale velocity, U,,, and
lower-mantle Rayleigh number (or equivalently vis-
cosity). Most, if not all, hotspots appear to be
distribution over approximately half of the Earth’s
surface, e.g., [46,55,56]. If projected onto the CMB,
this implies that plumes are suppressed over approx-
imately half the CMB. The parameter range (Ra and
U,,) with plume suppression over 50+25% of the
CMB is shown as the gray shaded region in Fig. 8.
Within the limitations posed by our analysis, we
conclude that a value of the order of Ra~10° (y1,~10*
Pa s) represents a reasonable estimate for an effective
lower-mantle Rayleigh number. Based on the results
of Fig. 8a, it appears unlikely that this value could be
significantly larger than 10°. Because the distance
over which plumes are suppressed scales linearly with
U, the distribution of hotspots is expected to be
sensitive to global subduction rates, geometry, and
history.

6.2. Hotspot location, large-scale seismic mantle
structure: Regions Il and 1V

As a consequence of plume suppression (Region
I) and lateral advection of plumes and conduits,
plumes should occur predominantly in zones of
upward large-scale flow (Region IV). This is
apparently the case for Earth’s hotspots [46,55,56],
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Fig. 8. (a) Fractional area of CMB over which plumes are
suppressed (Region I). Assumes a width of downwelling flow
(perpendicular to the flow direction, x) of one half the circum-
ference of the CMB. The shaded area, based on the distribution of
hotspots at the Earth’s surface, is the most likely range of U and Ra
(or equivalent fjower mante) applicable to the Earth’s lowermost
mantle. (b) Fraction of total CMB heat flow due to plate-scale flow.
(c) Magnitude of heat-flux heterogeneity, O*. For 0*>0.7, Sumita
and Olson [22] find a distinct flow regime (global locking) for
convective flow in a rapidly rotating hemispherical shell. Based on
the assumptions and results shown in (a), thermal convection in the
Earth’s outer core falls near the threshold O*=0.7 (shaded area).

which appear to be concentrated toward spreading
ridges and away from subduction zones. Hotspots,
though somewhat dependent on the specific selec-
tion criteria, appear to be strongly correlated with
regions of slow seismic velocities in the lowermost
mantle [55,57], which in turn appear to be associ-
ated with broad zones of converging plate-scale flow
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(Fig. 7), i.e., the African and Pacific ‘superplumes’
[58-63]. Because of the significant flux of hot fluid
associated with Region 1V, the spatially averaged
temperature within Region IV should be high
relative to Region III. The same appears to be true
within Earth’s mantle, as suggested from seismic
studies [61], although chemical heterogeneity may
be an additional factor in decreasing seismic
velocities of these ‘warm’ areas, e.g., [64,48], and
references therein.

6.3. Fraction of core heat flow due to plate-scale flow

Generation of Earth’s magnetic field by a core
dynamo requires heat flow across the CMB. Estimates
of present-day core energetics suggest that core heat
flow is near-adiabatic [14,65-67]. Inferred ages of the
Earth’s inner core range between approximately 3.5
and <1 Gy [14,68-70] and are critically sensitive to
assumptions in core heat flow throughout Earth’s
history.

Fig. 8b shows the fraction of core heat that is solely
due to plate-scale mantle flow, Qpae-scale=OcmB—
QOpe—0, as a function of Ra and U,,,. The shaded area is
the likely range of parameters applicable to the Earth
(see Fig. 8a). It is estimated that approximately 30%
(£10%) of the present-day core heat flow is attribut-
able to plate-scale mantle flow. Changes in plate
motions (and presumably U,,) of 50% could result in
a change in core heat flow of approximately 10%. If
core heat flow is near-adiabatic and changes in plate-
tectonic geometry, subduction rates, or plate ava-
lanches, e.g., [71], are indeed able to affect U,
significantly, then the associated changes in core heat
flow may have interesting implications for the history
of Earth’s core and geodynamo.

6.4. Spatial variability in CMB heat flux

Time scales for mantle flow are of order 10-100
My and are expected to induce long-term lateral
variability in CMB heat flux due to variations in TBL
thickness [12,14]. As a consequence, the core is
expected to be dynamically modulated by the over-
lying mantle [15,19,72-75]. Accordingly, lateral
variations in CMB heat flux, based on lower-mantle
seismic heterogeneity, have been inferred for numer-
ical geodynamo models [17-19].

To evaluate the average spatial variability in CMB
heat flux, we use Egs. (7) and (8) to calculate the
average heat-flux ratio for Region I (i.e., the ratio of
spatially averaged heat flux from Region I, 4, to heat
flux, g, at Pe=0)

q 1

-= 1) 4o~ 2C(HPe/D) P Ra"
ge

. =2. (10)

=
g\b

Thus, on average CMB heat flux varies by approx-
imately a factor of 2, consistent with a lateral
temperature variation in the lowermost mantle of
approximately 500 K [22], with areas of high and
low heat flux each extending over approximately
50% of the CMB (based on observed hotspot
distribution). Recent experimental work [20,22] has
demonstrated that the convective flow pattern in a
rotating spherical shell can be modulated by heat-
flux heterogeneities at the outer boundary, implying
that heterogeneous CMB heat flux may alter the
convective flow throughout large parts of the outer
core [19], or affect the potential density stratification
of the outer core [21]. Independently, it has been
suggested that spatially heterogeneous CMB heat-
flux is important in terms of long-period trends in
paleomagnetic data such as: (1) gradual changes in
average reversal frequency over periods of 10% years
[76]; (2) stationary non-dipole features in the
magnetic field [16,17,77]; (3) paleosecular variations
in the geomagnetic field [16,78-80]; (4) correlations
between time-averaged paleomagnetic inclinations
and global plate-tectonic geometry during the Mes-
ozoic and Paleozoic eras [18,77]; (5) modulated
reversal frequency in numerical dynamo calculations
with variable CMB heat flux [17,81]; and (6)
longitudinal variation in inner-core seismic structure
[22,82].

Sumita and Olson [22] find a significant change in
the convective pattern of a rapidly rotating hemi-
spherical shell when the ratio of applied spatial heat
flow heterogeneity at its outer boundary to the total
heat flow, Q*, reaches a value of approximately 0.7.
They define this as ‘global locking’. When applied to
the Earth’s outer core, Q*=0.7 should be regarded as
an upper limit for global locking (section 6.1 of [22]).
Under the assumptions stated in Section 6.1, it is
possible to estimate the magnitude of heat-flux
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heterogeneity associated with the CMB in an equiv-
alent manner to [22] as

o — Total heat flow Region I
~ Total heat flow CMB

A —1
=<1+l?—f> : (11)
Ax q1

where Ap=R ...—D is the estimated areal extent of
Region II along the CMB (see also Fig. 8a). The value
of O*, as a function of Ra and U, is shown in Fig. 8c.
Interestingly, we find that for the Earth’s core
0*=0.7. This estimate implies that the thermally
convective flow pattern in the Earth’s outer core could
potentially be modulated by spatial heterogeneity in
CMB heat flux associated with plate-scale mantle
flow. However, a few words of caution are warranted.
The experiments of Sumita and Olson do not account
for the effect of magnetic forces and stable stratifica-
tion [15] or the effect of compositional convection.
Furthermore, is it not clear to what extent the
threshold O*>0.7 applies to heat-flux heterogeneities
extending over 25% or more of the CMB (Sumita,
personal communication). Nonetheless, under most
conditions, changes in the geometry of heat-flux
heterogeneity (at O*>0.7) appear to affect the con-
vective flow pattern in Sumita and Olson’s experi-
ments (section 3.1.6 of [22]). Therefore, it is feasible
that the convective flow in the Earth’s outer core (and
presumably the geodynamo) is sensitive to changes in
heat flux at the CMB caused by variations in plate-
scale mantle flow throughout Earth’s history.

7. Concluding remarks

The main results of our study are contained in Fig.
6, where we show that a simple boundary layer
scaling theory explains satisfactorily the effects of
large-scale flow on a hot, low viscosity boundary
layer and on plume instabilities arising from that
boundary layer. The experiments also illustrate that
the subdivision of qualitative behavior into Regions I—
IV provides a reasonable conceptual framework for
interpreting the effects of large-scale flow on plumes.
Our experiments suffer the shortcoming that downw-
ellings are not driven by sinking of the upper

boundary layer, so numerical simulations are probably
required in order to extend our results to more realistic
circumstances. Nevertheless, brief consideration of
the potential applications to mantle plumes and the
dynamical regime of the CMB, as outlined in the
previous section, suggests that much insight, as well
as quantitative predictions, are available through a
combination of straightforward boundary layer theory
and experimental measurements.

Application of our experimental results (Egs. (7)
and (8)) to the Earth’s CMB suggest that plate-scale
mantle flow can locally thin the TBL and suppress
plume formation over large fractions of the CMB.
Assuming that plumes are suppressed over approx-
imately 50% of the CMB (based on the observed
distribution of hotspots), we conclude that heat flow
from the core is approximately 30+10% higher than
it would be in the absence of plate-scale flow.
Furthermore, CMB heat flux is non-uniformly
distributed along the CMB, with the spatially
averaged heat flux varying by approximately a factor
of 2. Application of Sumita and Olson’s scaling for
heat-flux heterogeneity [22] to our results suggests
that the convective flow pattern of the Earth’s outer
core may be relatively sensitive to changes in the
spatially heterogeneous heat flux across the CMB.
Hence, changes in plate-scale mantle flow associated
with changes in plate-tectonic geometry, subduction
rates, or plate avalanches [71] may significantly
affect the dynamics of the Earth’s outer core and
hence the geodynamo. Finally, as a consequence of
plume suppression and ‘focusing’ of hot mantle from
the CMB into regions of lower-mantle upwelling,
plume conduits (hotspots) are expected to be
spatially associated with observed zones of slow
seismic velocities, inferred to be zones of hot mantle
upwelling flow [61].
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