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Abstract

Laboratory experiments were performed to study the influence of density and viscosity layering on the formation
and stability of plumes. Viscosity ratios ranged from 0.1 to 6400 for buoyancy ratios between 0.3 and 20, and
Rayleigh numbers between 105 and 2.108. The presence of a chemically stratified boundary layer generates long-lived
thermochemical plumes. These plumes first develop from the interface as classical thermal boundary layer instabilities.
As they rise, they entrain by viscous coupling a thin film of the other layer and locally deform the interface into cusps.
The interfacial topography and the entrainment act to further anchor the plumes, which persist until the chemical
stratification disappears through entrainment, even for Rayleigh numbers around 108. The pattern of thermochemical
plumes remains the same during an experiment, drifting only slowly through the tank. Scaled to an Earth’s mantle
without plate tectonics, our results show that: (1) thermochemical plumes are expected to exist in the mantle, (2) they
could easily survive hundreds of millions of years, depending on the size and magnitude of the chemical heterogeneity
on which they are anchored, and (3) their drift velocity would be at most 1^2 mm/yr. They would therefore produce
long-lived and relatively fixed hotspots on the lithosphere. However, the thermochemical plumes would follow any
large scale motion imposed on the chemical layer. Therefore, the chemical heterogeneity acts more as a ‘floating
anchor’ than as an absolute one.
; 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Long intraplate volcanic tracks like the Emper-
or^Hawaiian chain can be explained by the mo-
tion of plates above stationary ‘hotspots’ [1]. Hot-
spots can remain active for more than 120 Myr
and they move laterally much more slowly than
the lithospheric plates [2,3]. Most of these hot-

spots could be produced by the impingement on
the lithosphere of hot and narrow plumes rising
from a deep mantle boundary layer [4]. Isolated
plumes coming from a localized source of buoy-
ancy (either thermal or compositional) have been
extensively studied (e.g. [5^10]) and have been
shown to explain quantitatively a number of hot-
spot features such as the dynamic swell [11,12] or
the volume ratio between head/£ood basalts and
stem/island chain [6,13]. However, to generate
these ¢xed, long-lived plumes from a thermal
boundary layer heated over its entire area is not
so easy [14]. Applied to the Earth’s mantle, the
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scaling laws derived in a homogeneous £uid for
thermal convection in the plume regime (e.g. [15])
predict convective instabilities issuing from the
lower hot boundary layer that are too weak and
too short-lived. The temperature dependence of
the mantle rheology further increases this ten-
dency [16] as well as the presence of internal heat-
ing [17], so that these hot plumes should not even
reach the lithosphere. These inferences apply to a
convecting mantle in the absence of plate tecton-
ics. The situation is even worse if we consider the
‘mantle wind’ created by plate motions which fur-
ther acts to shear the plumes [6,18^20]. It is often
argued that plume ¢xity could result from an in-
crease of viscosity in the lower mantle or from a
decrease of the thermal expansion coe⁄cient at
the bottom of the lower mantle [21], but another
problem then arises: many mantle plumes (e.g.
Hawaii) are too cold to have arisen from a purely
thermal core^mantle boundary layer having the
expected temperature jump (V1000‡C) [9,10]
and others are too weak to have traversed the
entire depth of the mantle [9]. So, as this brief
review shows, we need a mechanism to produce
plumes not too hot nor too weak to produce hot-
spots, and to ‘anchor’ them in a convecting man-
tle.

Using laboratory experiments, Namiki and
Kurita [22] showed that topography of su⁄cient
amplitude on an interface deep in the mantle
might ¢x the location of a hot plume in time-de-
pendent convection. On the other hand, both geo-
chemical and seismological data show that the
mantle is heterogeneous in density on a large
range of length scales. Hotspots themselves sam-
ple mantle geochemical reservoirs distinct from
those sampled by mid-ocean ridges (e.g. [23]).
Albers and Christensen [9] and Farnetani [10]
showed that the temperature anomaly associated
with a plume generated from a thermal boundary
layer strati¢ed in density could be much reduced.
Studying the interaction of thermal convection
with a strati¢cation in density and in viscosity,
Davaille [24,25] further showed that the presence
of a thermochemical boundary layer at depth in
the mantle would produce long-lived thermo-
chemical plumes, provided that the local buoy-
ancy ratio, the ratio of the chemical density

anomaly vb to the thermal density anomaly
across the interface, was greater than a critical
value.

In Section 2, we further detail the characteris-
tics of these plumes (origin, geometry, tempera-
ture anomaly, duration), using three sets of ex-
periments on thermochemical convection (Fig.
1). Two of them (shown in Fig. 1a,c) have already
been detailed elsewhere [24^26] and will just be
brie£y reviewed. The third set of experiments
was designed to identify and study more easily

Fig. 1. Three ways to create a thermochemical plume (shown
by an arrow). (a) Out of the interface in strati¢ed convec-
tion: B=2.4; Q=90; Ra=6.4U107 ; a=1 (shadowgraph
showing the refraction index gradients associated with tem-
perature and composition gradients). (b) From a strati¢ed
thermal boundary layer: B=0.41; Q=30; Ra=9U106 ; a=15
(the thin denser layer is dyed with £uorescein). (c) Out of
the top of a dome: B=0.2; Q=18; Ra=1.1U107 ; a=3
(shadowgraph).
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the thermochemical plumes, and involved convec-
tion above or below a thin non-convecting layer
of £uid, which can be either less viscous or more
viscous than the convecting layer [27,28]. They
enabled us to determine the in£uence of the vis-
cosity ratio on the entrainment rate and on the
duration of thermochemical plumes. The scaling
laws derived from the experiments are then ex-
trapolated to the Earth’s mantle in Section 3.

2. Three-dimensional thermochemical plumes in
laboratory experiments

2.1. Experimental procedure

Two superposed layers of viscous £uid, initially
isothermal at T0, were suddenly cooled from
above and heated from below in a Plexiglas
tank. In the experiments reported here, the initial
density and viscosity strati¢cations were sharp.
The £uids were mixtures of water, salt, and cellu-
lose (trade name ‘Natrosol’), with concentrations
independently varied to obtain initial density dif-
ferences between 0.03 and 4%, and viscosity ratios
Q between 0.095 and 6U104. The Prandtl numbers
in each layer were always greater than 100, ensur-
ing that inertial e¡ects were negligible [29]. The
liquids are miscible in all proportions and the
temperature dependence of the viscosity (at most
a factor of 2 across the whole tank) is negligible
compared to its composition dependence. The
lower layer was always the most viscous. Di¡u-

sion of Natrosol at the interface is inexistent
whereas the high viscosities render di¡usion of
salt extremely slow compared to the characteristic
time scale of the instabilities [25]. One of the
layers was dyed to facilitate visualization. The
convective motions were followed with shadow-
graph and laser-induced £uorescence images.
Heat and mass transfer were monitored through
time by measuring temperature pro¢les and the
densities of both layers.

2.2. Parameters

In our discussion, layer 2 designates the one
with the higher Rayleigh number, since we focus
on three-dimensional thermochemical plumes,
which develop from the thermochemical interface
in the most active layer [24,25]. Apart from the
Prandtl number, ¢ve dimensionless numbers char-
acterize each experiment:
b the Rayleigh number Ra= (KgvTd3/UX2), where
d is the tank depth, vT is the temperature dif-
ference applied across it, g is the gravitational
acceleration, K is the thermal expansivity at
layer 2 mean temperature, U is the thermal dif-
fusivity and X2 is the kinematic viscosity of
layer 2. This Rayleigh number is always greater
than 105, which ensures the development of
thermal plumes in layer 2 [29].

b the viscosity ratio Q= X1/X2, which ranged from
9.5U1032 to 6U104.

b the depth ratio a= d2/d1, which ranged from 1
to 28.6.

Table 1
List of experiments

# Ra B Q a L/d tend Nmeas Ncal d1/Ncal Rac
(min) (mm) (mm)

8 2.4U108 2.10 193 11.3 5 1056 - - - -
10 4.6U105 2.70 15 5.15 5 630 20W 4 19.7 0.504 919.8
20 7.0U105 2.47 24 10.15 5 140 17W 2 13.6 0.403 939.0
30 1.5U106 4.46 51.5 11.20 5 220 14.9 11.0 0.456 942.6
40 9.2U105 0.35 38 6.7 5 65 15.3 15.8 0.505 935.4
60 1.15U106 2.59 59.5 9.25 5 NC 16.6 12.7 0.473 945.4
100 1.1U106 1.63 0.095 11.3 5 90 14.5 14.2 0.351 566.8
200 1.25U107 1.90 0.095 20.15 2 81 18.6 18.6 0.376 564.5
300 1.3U107 2.10 30 13.8 2 800 20.3 18.3 0.547 931.1
310 9.2U107 2.67 263 8.6 2 1560 15.6 14.7 0.680 945.9
320 6.1U106 1.63 0.447 11.33 2 150 20.7 17.7 0.280 711.4
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b the aspect ratio L/d. Two tanks were used with
a depth of 148 mm and 61 mm, respectively,
which leads to aspect ratios of 2 and 5.

b the buoyancy ratio B= (vb/bKvT). This is the
key parameter in determining the convective
regime [26,27,30,31]. For B lower than a critical
value Bc, the interface deforms in large domes
which move up and down quasi-periodically in
the whole tank (Fig. 1c), while for BsBc, ther-
mal convection develops in two superimposed
layers, separated by a thermal boundary layer
at a relatively undeformed interface. There, the

interaction of thermal convection with the
strati¢cation produces thin thermochemical
plumes that live much longer than pure thermal
instabilities. Bc is a weak function of a and Q,
and typical values of Bc are between 0.2 and 0.5
[24,26].
The characteristics of the experiments with only

one layer convecting above or below a thin layer
are given in Table 1, while the details on the cases
where both layers convect can be found in Da-
vaille [25].

2.3. Results with a thin layer (as 5)

Here, one layer is too thin to convect (Table 1).
Since the lower layer is the most viscous one, the
thin layer (layer 1) is either the lower hot and
viscous one (Qs 1) or the upper cold and less
viscous one (Q6 1), but since the viscosity does
not depend on temperature, the two situations
are physically equivalent and up and down can
be reversed. For the sake of simplicity, we will
therefore always discuss the thermochemical
plumes as if they are ‘rising’ from an interface.

2.3.1. Thermal plumes
The ¢rst convective motions to develop are al-

ways plumes generated from the thermal bound-

Fig. 2. Snapshots of RUN #320 (the thin layer is less vis-
cous) through time. The thin layer is dyed blue. (a) 8.5 min,
shadowgraph showing the onset of purely thermal plumes.
Horizontal and black thick lines are the thermocouple
probes. (b) 32 min, the interface deforms into cusps and thin
blue ¢laments are entrained in the thermochemical plumes.
(c) 123 min, the thin layer is eroded; the arrow indicates the
drift direction of the whole pattern.

Fig. 3. Evolution through time of the temperature taken at
di¡erent depths given in z/d. RUN #30 (the thin layer is
more viscous).
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ary layer on the outer boundary of layer 2. The
typical length scale of these instabilities is 1^3 cm
(Fig. 2a). They correspond to a purely thermal
mode of convection at high Rayleigh number:
the thermal boundary layer grows steadily by
heat di¡usion until it reaches a critical size above
which it is unstable; a thermal is then emitted,
£ushing the boundary layer, and the process re-
peats itself. The lifetime of these thermal plumes
is quite short, typically 5^10 min. Although there
is no coherent £ow on the scale of the whole tank,
plume formation at one given location is nearly

cyclic and the amplitude of the associated thermal
anomaly is small (Fig. 3). The plumes are not
buoyant enough to substantially deform the inter-
face when they reach it. Their onset time and pe-
riodicity are given by [15] :

d c ¼
d2
2

ZU

Rac
Ra2

� �2=3

ð1Þ

where Ra2 = (K2gvT2d32/UX2), vT2 is the tempera-
ture drop across the outer thermal boundary
layer, K2 is the mean value of the thermal expan-

Fig. 4. Onset of thermochemical plumes in RUN #300 (the thin layer is more viscous). (a) Shadowgraph; (b) vertical temperature
structure at t=22 min; (c) horizontal temperature structure at z/d=0.2 for di¡erent times (triangles, t=0; diamonds, 9 min;
stars, 14 min; disks, 19 min; squares, 22 min); (d) sketch of a thermochemical plume.
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sivity across it, and Rac = 1170W 400 is an exper-
imental constant [32]. This thermal mode persists
during the whole experiment.

2.3.2. Thermochemical plumes

2.3.2.1. Description. On the side of layer ‘1’, it
takes longer to develop any instabilities. A ther-
mal boundary layer develops by conduction from
the thermostated copper plate (Figs. 4 and 5).
Then, the interface suddenly undulates, before de-
forming into cusps from which thin ¢laments are
entrained by instabilities rising from the interface
(Figs. 1b and 2b). The instabilities proceed out
as triple or quadruple junction (Fig. 2b) of a
branched network of vertical sheet-like structures
(Fig. 1b) before becoming axisymmetric away
from the interface [33^36]. Fig. 4c shows several
horizontal temperature pro¢les around the onset
time, where the horizontal probe was aligned with
one of these vertical sheets. The probe records an
increase in temperature on its whole length, be-
fore the two hot anomalies emerge. Note also that
the thermal heterogeneity associated with each
plume (Fig. 4c) is much wider than the entrained
¢lament itself (Fig. 4a). A thermochemical plume
is therefore constituted mostly of buoyant materi-
al from layer 2 plus a thin core of layer 1 (Fig.
4d). The amplitude of the plume temperature
anomaly is typically 0.40 of the temperature dif-
ference across the thermochemical boundary layer
vTB (Fig. 4b), being maximum at the interface,
and correlated vertically over the whole tank.
These big thermal anomalies generate heat £ux
heterogeneities as much as four times bigger
than the heat £ux produced by purely thermal
convection.

The thermochemical plumes form a stable po-
lygonal pattern (reminiscent of the ‘spoke’ pat-
tern) which sometimes drifts slowly throughout
the experiment. The topography of the interface
follows this pattern, with material piling up under
each thermochemical plume. The plume persists
until the complete disappearance of layer 1, which
is slowly eroded through the entrained ¢laments
(Fig. 2c), or until it reaches one of the vertical
boundaries of the tank. The lifetime of such a
plume ranged from 1 to 12 h, depending on the

experimental conditions. This is observed on the
whole range of Rayleigh numbers investigated
(105^2.108) and regardless of whether layer 1 is
more or less viscous than the convecting layer.
The presence of layer 1 is therefore a very e⁄cient
way to anchor plumes for a long time.

In all the experiments, the ¢nal regime is a clas-
sical Rayleigh^Be¤nard convection in the whole
tank (Fig. 3), with thermal plumes issuing from
the top and bottom boundary layers.

2.3.2.2. Criteria for plume onset. Thermochemi-
cal plumes are generated through an instability of
the strati¢ed thermal boundary layer (Figs. 1b
and 3). We therefore extend the phenomenologi-
cal model of Howard [15] to a two-layer £uid. At
the beginning of each experiment, the thermal
boundary layer grows by conduction and its
thickness N increases with time (Figs. 4b and 5).
We assume that convective instabilities emerge
when a local Rayleigh number, based on the
properties of the unstable part of the strati¢ed
boundary layer, exceeds a critical value Rac. Mar-
ginal stability analysis [26] has shown that: (1) for
the buoyancy range of the experiments, we are
always in the ‘strati¢ed’ regime, and convection
is going to develop ¢rst in the part of the thermal

Fig. 5. Strati¢ed thermal boundary layer thickness N as a
function of time. N is de¢ned as the height above the copper
plate where the temperature decreases to 90% of the interior
and surface temperatures [33]. It grows by heat di¡usion un-
til it becomes unstable. The dashed line shows the interface
position at t=0.
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boundary layer which lies within layer 2, since
layer 1 is too thin to convect on its own; (2) in
the strati¢ed regime, Rac does not depend on B
but is a function of Q and d1/N. For each experi-
ment, we therefore compute Rac [26] for the de-
creasing values of d1/N as time goes on (Table 1),
and compare it to the local Rayleigh number in
the unstable sublayer, based on its depth N3d1
and the temperature drop across it : vTB(13d1/N) :

Ral ¼
K intgvTBðN3d1Þ3

U X 2
13
d1

N

� �
: ð2Þ

Here, Rac ranges between the classical values
for convection under a rigid slab (949) and an
inviscid slab (530) of ¢nite conductivity [26]. We
can therefore predict a critical value of the bound-
ary layer thickness at the onset of thermochemical
plumes and compare it to the value measured in
the experiment (Fig. 5). Table 1 summarizes our
results. Calculated and measured boundary layer
thicknesses agree quite well, especially for the
high Rayleigh number cases.

In summary, for convection to develop, the
thermal boundary layer has to grow thicker
than if it was not strati¢ed, since only the part
above layer 1 becomes unstable (cf. [9,10,36,37]).
This explains why the onset is delayed, compared
to the purely thermal case.

2.3.2.3. Wavelength and drift velocity. During an
experiment, the number of thermochemical
plumes did not change and was usually around
15, with distance between the plumes ranging
from 6 to 12 cm (measured visually and on the
horizontal probe). The resulting mean distance V

between the thermochemical plumes was di⁄cult
to evaluate because of the somewhat irregular po-
lygonal geometry of the pattern and therefore the
uncertainty is large (about 25%). V was not ob-
served to change signi¢cantly over the whole pa-
rameter range, and it did not depend on the as-
pect ratio of the tank. This might occur because
the horizontal extent of the tank is too small to
allow large variations of V. However, since the
thermochemical plumes form from boundary
layer instabilities, we expect V to be determined
locally, and therefore to depend on N. Now, N

varies only by 40% over the whole parameter
range, which could explain why V does not vary
much either. For all our experiments, V scales as
(Fig. 6):

V ¼ ð4:95� 0:7ÞUN ð3Þ

where N is the thickness of the strati¢ed thermal
boundary layer averaged through time, once ther-
mochemical plumes have started. It is interesting
to note that V is proportional to the whole strati-
¢ed boundary layer thickness N instead of being
proportional only to the sublayer N3d1. This is so
because, as soon as convective instabilities start,
layer 1 is deformed by them and the topography
of the interface increases rapidly until it reaches a
magnitude comparable to d1 : although the mate-
rial from 1 is passively entrained by viscous cou-
pling into 2, the whole thermal boundary layer
participates to the dynamics. The topography of
the interface induced by a thermochemical plume
is also responsible for its strong anchorage:
coupled with the strong plume thermal anomaly,
it localizes the instability and forces the lateral
£ow in the thermal boundary layer along the
cusp (Fig. 4d) [22,24,25].

The drift of the temperature anomalies associ-
ated with the plumes measured along the horizon-
tal thermocouple probe ranged from 0.2 to 2 mm/
min, with no systematics. As the probe was not

Fig. 6. Thermochemical plume averaged V divided by the
strati¢ed boundary layer thickness N, as a function of the
Rayleigh number. The disks stand for the experiments with
aspect ratio 5, while the squares stand for aspect ratio 2.
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always parallel to the plume pattern drift, these
values are indicative of the magnitude of the drift
but are not the real values (our setup did not
allow us to do better). Those values are one or
two orders of magnitude smaller than the typical
convective velocities in the tank (of typically a few
cm/min). Non-dimensionalized by the convective
velocity scale

KgvTd2

X 2
ð4Þ

they ranged from 6U1036 to 1.4U1034. The mo-
tion between two plumes was even smaller, i.e.
beyond the detection level.

2.3.2.4. Entrainment. Thermochemical plumes
are local features. For instabilities to occur at
the interface, temperature has to build up to over-
come part of the stable chemical gradient. Let a

be the temperature anomaly associated with the
thermochemical plume (Fig. 4c). Flow is gener-
ated by these lateral inhomogeneities of the inter-
facial temperature (Fig. 4d), with a characteristic
thickness Np = N3d1 and a characteristic velocity
Wp [8,25]. A ¢lament of layer 1 is then entrained
by viscous coupling with a thickness Ne given by
the balance between buoyancy forces and viscous
forces [38] :

Ka gN p3
vb

b

gN eWX

W p

N p
ð5Þ

This leads to the volumetric £ux of entrained
material across the interface [24,25] :

Qm ¼ C1UVB32
l Ra

1=3
P

1
1þ Q =Bl

ð6Þ

where Bl =vb/(bKa), RaP = (KgaV3/UX2), and C1 is
an experimental constant. The factor 1/(1+Q/Bl)
in Eq. 6 re£ects the fact that it is more di⁄-
cult to entrain a viscous and/or strongly strati¢ed
£uid than an inviscid and/or weakly strati¢ed one.

Experimentally, Qm can be estimated by
the time tend necessary for one plume to com-

pletely erode the surrounding strati¢ed boundary
layer:

Qm ¼ d1V
2

tend
ð7Þ

Since the volume of layer 1 is small compared
to the volume of layer 2, the variations with time
of the physical properties of layer 2 (viscosity,
thermal expansion, density) that enter Eq. 6 can
be neglected throughout an experiment. We shall
therefore take their values at t=0. The main un-
certainty comes from the thermal expansion coef-
¢cient which strongly depends on temperature,
and we shall take its value at the mean temper-
ature through time of layer 2. In this case, Fig. 7
shows that Eq. 6 agrees well with the experimen-
tal results when C1 = (6.1 W 0.5)U1031 (this value
is two orders of magnitude greater than the value
given in [24] because there is a misprint in [24]).
Moreover, the data shown contain two experi-
ments where only Natrosol was used to change
both density and viscosity along with data points
obtained with salt^Natrosol^water solution. Al-
though salt and Natrosol di¡use at very di¡erent
rates, there is no discrepancy between the two sets
of points ; this proves that di¡usion is not the

Fig. 7. Volumetric entrainment rate of a thermochemical
plume divided by the convective scale as a function of Q/B.
The circles represent the experimental measurements, while
the solid line stands for Eq. 6. The shaded area shows the
domain where salt di¡usion becomes important.
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mechanism of entrainment. A recent study by
Gonnernam et al. [39], using di¡erent £uids
(corn syrup and polybutene oils), also veri¢es
the same law (Eq. 6).

We expect Eq. 6 to break down into four cases.
(a) When the buoyancy ratio Bl tends towards 0,
the convective regime changes from ‘strati¢ed’ to
‘whole layer’ [24] and then the whole thin layer is
£ushed into the plumes. For as 5, we observed
this behaviour for B6 0.3 [26]. (b) When the
buoyancy ratio tends towards in¢nity, i.e. when
the density contrast is very high, or (c) when the
entrained material is very viscous (Q tends toward
in¢nity), the interface becomes increasingly di⁄-
cult to deform and acts essentially the same as the
£at boundaries at the top and bottom of the tank.
In this case, the plumes should not be anchored
anymore and should display the characteristics of
a classical Rayleigh^Be¤nard convection (with a
characteristic time scale given by Eq. 1) either
on a rigid boundary (when QE1) or on a free
boundary (when QI1). We were not able to ob-
serve these two limits b and c, because of salt
di¡usion [25], which becomes important when me-
chanical entrainment becomes too slow (shaded
area in Fig. 7). (d) When the entrained £uid is
much less viscous than the bulk £uid (QI1), it
will resist entrainment by draining back into the
cusp (Fig. 4d), and hence the thickness of en-
trained material should decrease for Q/BI1. We
were not able to observe this limit (Fig. 7).

The domain of validity of Eq. 6 is therefore at
least 0.36B6 20 for 1032 6 Q6 400.

2.4. Results with a6 5

In this situation, both layers are convecting.
Whenever Ras 105 [26] and Bl sBc, three-dimen-
sional hot thermochemical plumes are observed in
the less viscous layer (Fig. 1a,c). As for the case
as 5, they originate from thermal boundary layer
instabilities developing on top of the bottom vis-
cous cells, but get anchored by the coupling with
the interface and the chemical heterogeneity. The
interface can be either nearly £at (strati¢ed regime
of thermochemical convection, Fig. 1a) or highly
distorted in a rising dome (oscillatory regime of
thermochemical convection, Fig. 1c).

The entrainment rate through a plume was im-
possible to measure in the oscillatory regime be-
cause of the complexity of the convective pattern.
However, measurements were made in the strati-
¢ed regime [25] : since material was entrained both
ways and more e⁄ciently by two-dimensional
structures in the more viscous layer than by
three-dimensional plumes in the less viscous layer
(as predicted analytically by Sleep [38]), the un-
certainty on the mass £ux entrained by the three-
dimensional plumes was large and did not allow
us to decipher any signi¢cant trend in cases where
the viscosity ratio was increased. However, when
these experiments are reanalysed using Eq. 6, they
show a smaller standard deviation than previously
determined ( W 10% instead of W 32%), and a be-
haviour consistent with data obtained for as 5
(Fig. 7).

3. Anchored hotspots in a convecting mantle

3.1. Thermochemical plumes in a heterogeneous
mantle

Thermochemical plumes appear in the strati¢ed
regime, i.e. whenever the buoyancy ratio is locally
greater than a critical value Bc, weakly dependent
on a and Q [26]. From the de¢nition of the buoy-
ancy ratio, thermochemical plumes therefore arise
when the density contrast between the two layers
is greater than:

vb c=b ¼ K intvTBBc ð8Þ

Fig. 8 shows vbc/b as a function of vTB for typ-
ical values of Bc = 0.4, and Kint = 3U1035 K31

(typical for the transition zone), and 1U1035

K31 (deep mantle) [40]. Depending on where the
thermochemical boundary layer is located, ther-
mochemical plumes can be produced for the fol-
lowing density heterogeneities :
1. greater than 2% (e.g. point ‘A’ in Fig. 8) if the

mantle is completely strati¢ed with an interface
in the mid-mantle (e.g. 670 km depth, Fig. 1a).
According to seismic data, this situation seems
precluded today.

2. greater than 0.2^0.3% (e.g. point ‘B’ in Fig. 8)
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if the interface lies in the DQ layer just above
the core^mantle boundary (Fig. 1b, [36]).

3. around 0.1^1% (e.g. point ‘C’ in Fig. 8) if
plumes form on top of a thermochemical
‘dome’ in the mid-mantle (Fig. 1c). This situa-
tion can occur either if the dome is rising, or if
it is delayed (or even trapped) at the 670 phase
transition on its way up to the surface (e.g.
[41]). This latter case may apply to the Poly-
nesian superswell [24].
In the mantle, density heterogeneities of such

magnitude could be created by slab remnants
(e.g. [42,43]), a relic of a ‘primitive’ mantle (e.g.
[36,44,45]), a chemical reaction or in¢ltration
from the core (e.g. [46], etc. So thermochemical
plumes are expected to be common features in
mantle convection (Fig. 9), and we suggest that
they are responsible for long-lived hotspot volca-
nism.

3.2. Duration of a hotspot

In the experiments reported here, a thermo-
chemical plume survives until its anchor, the ther-
mochemical interface, disappears. This can hap-
pen in three di¡erent situations: (1) when the
bottom layer has been completely drained
throughout entrainment in the thermochemical

plumes, (2) when the thermochemical dome
from where the plumes were rising has reached
the top boundary, or (3) if the rising thermochem-
ical dome is stopped at the 670 km transition zone
and, upon cooling, is collapsing back into the
lower mantle.

3.2.1. Thermochemical plumes out of a strati¢ed
DQ: ‘cold’ hotspots

This would correspond to the ¢rst situation.

Fig. 9. Sketch of the thermochemical plume sources’ motions
induced by lateral motions in the strati¢ed boundary layer.
All plume sources are drifting towards the rising dome.

Fig. 10. Erosion time of a thin chemically di¡erent layer at
the bottom of the mantle, as a function of the density het-
erogeneity for di¡erent layer thicknesses and di¡erent viscos-
ity ratios (solid line, Q=1.0; dashed line, Q=10). The thin
grey line represents the typical duration of a purely thermal
plume calculated with Eq. 1 and Table 2. The shaded area
shows the domain where the buoyancy ratio is below critical,
i.e. where the system does not remain strati¢ed.

Fig. 8. Critical density contrast as a function of the tempera-
ture di¡erence driving convection. The thin line dividing the
two regimes is obtained for K=1035 K31 and the thick line
for K=3U1035 K31. +A, whole mantle in the strati¢ed re-
gime; +B, locally strati¢ed DQ layer; +C, whole mantle dom-
ing regime; +CP, locally strati¢ed on top of a dome gener-
ated in +C.
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According to our experimental results (Section 2),
the time needed to erode completely the denser
part of DQ scales as:

tend ¼ d1
B2

C1U
1þ Q

B

� �
U X 2

Kga

� �1=3

ð9Þ

Eq. 9 shows that the duration of a hotspot is
independent of the wavelength V and proportional
to the heterogeneity thickness d1. Fig. 10 shows
the evolution of tend as a function of the density
heterogeneity for di¡erent viscosity ratios and
thicknesses, using the mantle parameters given
in Table 2. For these parameters, the typical du-
ration of a purely thermal plume given by Ho-
ward’s model (Eq. 1) would be around 16 Myr.
This is smaller than the age of the Louisville or
Hawaii hotspot tracks. Fig. 10 shows that the
presence of density heterogeneities greatly in-
creases the life of a plume, all the more if the
heterogeneity is also more viscous than the bulk
mantle. For a plume to live longer than 100 Myr,
it would require to be anchored on a 100 km thick
chemical heterogeneity of 0.5% or on a 10 km
thick pile of 2% denser material (which could be
former oceanic crust from a slab). Similarly, a 100
km thick heterogeneous layer inside DQ would
survive over the age of the Earth for a density
contrast greater than 2% if Q=10, and greater
than 3.5% if Q=1.0. This latter value is compara-
ble to the values obtained analytically by Sleep
[38] and in numerical models by Tackley [36].

3.2.2. ‘Weak’ hotspots on an oscillating dome in
the Paci¢c

This would correspond to case ‘3’. In the Pacif-
ic, the Cretaceous Darwin Rise and the present-
day ‘superswell’ beneath French Polynesia (see
[47] for a review) are regions of anomalously shal-

low sea£oor several thousands of kilometres in
extent with an unusually dense concentration of
hotspot tracks. Modelling based on correlation of
seismic tomography, geoid and topography con-
cludes that the Polynesian superswell is caused by
dynamic upwelling of hot material in the mantle,
and plate tectonics reconstructions show that, in
the Cretaceous, the Darwin Rise was located
where the Polynesian superswell is located today.
These two features could therefore be created by a
thermochemical dome with an oscillation period
of about 80^100 Myr [24]. Since only volcanic
tracks and small oceanic plateaus are seen on
the superswells, it seems that, on its way to the
surface, the dome has been trapped at the 670 km
transition zone. In this case, the experiments pre-
dict generation of thermochemical plumes on top
of the dome (Fig. 9). According to Eq. 3, their
wavelength is proportional to the thickness of the
thermal boundary layer at the top of the dome,
which can be estimated to be 100^200 km. This
would give a typical spacing between hotspots of
500^1000 km. Moreover, for an oscillation period
of 80^100 Myr, the dome will remain at the tran-
sition zone for about 20% of that time before
sinking back into the mantle [32], i.e. at most 20
Myr. This implies that the hotspot tracks gener-
ated on a thermochemical dome are short. On the
Polynesian superswell, the volcanic chains are
younger than 18 Myr and the inter-hotspot dis-
tance ranged from 800 to 1500 km [47]. Both the
predicted spacing and the predicted short dura-
tion of the hotspots are coherent with these ob-
servations.

Both types of hotspots, ‘cold’ ones generated by
thermochemical plumes out of a strati¢ed DQ

layer and ‘weak’ ones generated on top of a
dome, can coexist on Earth (Fig. 9), depending
on the magnitude of the density heterogeneities
and of the depth dependence of thermal expan-
sion.

3.3. An Earth’s mantle in two ‘tanks’

A strong signal of spherical harmonic degree
two is always observed in worldwide geoid maps
(e.g. [48]) and in the seismic tomography maps
taken at di¡erent depths (e.g. [49]): the Earth’s

Table 2
Parameters taken for the Earth’s mantle

Depth of the mantle d 2900 km
Density b 4000 kg/m3

Thermal expansion K 1035 K31

Thermal di¡usivity U 1036 m2/s
Temperature heterogeneity a 500 K
Plume viscosity R2 1021 PaWs
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mantle seems divided into two ‘boxes’ by the sub-
ducted plates, the Paci¢c box being isolated from
the rest of the mantle by its subduction belt. It is
therefore tempting to liken each of these mantle
boxes to an experimental tank. In this light, our
results may explain some features of the hotspots’
distribution on Earth.

3.3.1. Hotspot motions within a tank
According to the experiments, the pattern of

thermochemical plumes within each tank is ex-
pected to drift slowly to accommodate the vertical
boundary conditions around each box. Eq. 4 and
the typical values for Earth’s parameters given in
Table 2 give a drift velocity V between 1032 and
1 mm/yr, and the inter-plume motions inside one
box would be even less. The Indian and Atlantic
hotspots have often been identi¢ed [2,3,50] as one
group with inter-hotspot motion slower than the
detection level (2^3 mm/yr). This inter-hotspot
¢xity in the Atlantic^Indian tank is expected
from the experimental results.

3.3.2. Inter-tank motions
Since the geometries of the two mantle boxes

are very di¡erent, there is no reason why the two
hotspot groups should move coherently: we could
observe a cumulate drift of up to 2UV9 2 mm/
yr, i.e. at least an order of magnitude smaller than
the observed 20 mm/yr. Now, the experimental
results were obtained in the absence of plate tec-
tonics and the ‘mantle wind’ which it creates. We
are therefore looking at the motions of the sour-
ces of the hotspot plumes, which may be di¡erent
from the motions of the hotspots on the surface.
Indeed, Steinberger and O’Connell [20], assuming
that the sources of the plumes were ¢xed, showed
that the mantle wind caused all the Paci¢c hot-
spots to move more or less consistently towards
the south^east, while hotspots in the Atlantic and
Indian oceans are predicted to migrate indepen-
dently from those in the Paci¢c, in agreement with
the 20 mm/yr observed. Our experimental results
explain why their hypothesis of plume source ¢x-
ity was valid.

3.3.3. Inter-hotspot motions in the Paci¢c tank
A number of recent studies [51,52] have sug-

gested that the Hawaiian hotspot migrated south-
wards from 68 to 43 Myr compared to the plate
motion and had probably started doing so again
3^5 Myr ago. Now, we have shown that thermo-
chemical plumes producing hotspots are anchored
on a chemical layer deep in the mantle. If lateral
motions are imposed to this layer by external
causes such as impinging slabs [45] or a rising
thermochemical dome [24], thermochemical plume
anchor points are expected to move along. Thus
current southward motion of Hawaii could be
caused by the rise of the Paci¢c superswell (Fig. 9).

4. Conclusions

We have shown that the presence of a chemi-
cally strati¢ed boundary layer generates long-lived
thermochemical plumes. Although these plumes
develop ¢rst from the interface as classical ther-
mal boundary layer instabilities, they entrain by
viscous coupling a thin ¢lm of the other layer and
the interface deforms locally in cusps. The inter-
facial topography and the entrainment act to fur-
ther anchor the plumes, which persists until the
chemical strati¢cation disappears through entrain-
ment, even for Rayleigh numbers around 108. The
pattern of thermochemical plumes remains the
same during an experiment. Scaled to an Earth’s
mantle without plate tectonics, our results show
that: (1) thermochemical plumes are expected to
exist in the mantle; (2) they could easily survive
hundreds of millions of years, depending on the
size and the magnitude of the chemical heteroge-
neity on which they are anchored; (3) their drift
velocity would be at most 1^2 mm/yr. They would
therefore produce long-lived hotspots on the lith-
osphere, and these hotspots could remain rela-
tively ¢xed. However, it is worth noting that the
chemical heterogeneity acts more as a ‘£oating
anchor’ than as an absolute one, since the ther-
mochemical plumes would follow any large scale
motion imposed on the chemical layer. Therefore,
the fact that Earth’s hotspots are relatively ¢xed
compared to tectonic plates gives us an important
constraint on the physics of plate tectonics:
there must be a physical phenomenon at play in
the mantle which decouples plate motions from
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the thermochemical layer on which the hotspot
plumes are anchored.
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