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INTRODUCTION

This publication presents the principal results
obtained in the course of our long-term research
(Dobretsov, 1980, 1997; Dobretsov et al., 1993, 2001,
2003, 2005, 2006; Dobretsov and Kirdyashkin, 2000;
Kirdyashkin and Gladkov, 1994; Kirdyashkin et al.,
2004, 2005) of the source of mantle plumes discernible
at the surface in the form of hotspots, their origin
regions, thermal power, and the principal parameters of
currently active plumes, such as the Hawaiian and Ice-
land plumes. It was established that thermochemical
plumes originate from the core–mantle boundary. The
experimental modeling and theoretical analysis of the
heat and mass transfer made it possible to obtain the
principal parameters of thermochemical plumes during
their ascent to the surface and eruption.

The authors were pleased to accept the invitation to
contribute to the issue of 

 

Petrology

 

 devoted to the 80th
birthday of Acad. V.A. Zharikov, one of Russia’s lead-
ing researchers in the field of physicochemical geology.
His studies of magma generation in the mantle
(Zharikov, 1976; 

 

Experimental Problems…

 

, 1994) have
stimulated extensive experimental and theoretical
investigations into related problems.

THEORETICAL CONSIDERATIONS

The analysis of heat transfer in the outer core
(Dobretsov et al., 2001, 2003) indicates that the super-
adiabatic temperature difference in the outer core dur-
ing heat–gravitational convection does not exceed

 

0.1°ë

 

 at a heat flow at the core–mantle boundary 

 

q

 

 =
0.06–0.6 W/m

 

2

 

. The reason for this insignificant tem-
perature difference is the high thermal conductivity of
the outer core (Manga and Jeanloz, 1996) and its low
kinematic viscosity 

 

ν

 

 = 1–10

 

2

 

 m

 

2

 

/s (Dobretsov et al.,
2001). The low temperature differences in the outer
core at the core–mantle boundary preclude purely ther-
mal sources, which cause the origin of plumes with a
thermal power 

 

N

 

 ~ 10

 

8

 

 kW, as is typical of modern
plumes (see below).

At the same time, it is reasonable to expect that local
flows of volatiles (

 

ç

 

2

 

, ëç

 

4

 

, and others) characterized
by a high solubility in a liquid Fe melt (+Ni) can occur
at the core–mantle boundary (Dobretsov et al., 2003;
Kirdyashkin et al., 2004), are focused within the central
portion of funnel-shaped vortexes (Dobretsov and
Kirdyashkin, 2000), and, as a consequence, give rise to
thermochemical plumes.

A thermochemical plume can be formed at the
boundary of two layers in the presence of a heat flow
from the lower layer and at local chemical doping that
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decreases the melting temperature near the bottom of
the upper layer. Within a thermal boundary layer, a
decrease in the melting temperature of the upper layer
bottom triggers its melting and the ascent of the plume.

The problem of the thermochemical nature of man-
tle plumes (Tackley, 2002) was discussed at an interna-
tional conference devoted to superplumes that was held
in 2002 in Tokyo. Theoretical considerations generally
suggest that the presence of aqueous components
should significantly affect the origin of plumes at the
core–mantle boundary (Saxena, 2002). We have evalu-
ated some parameters of thermal plumes (Dobretsov
et al., 1993) from the results of the theoretical and exper-
imental modeling of free convective heat transfer and the
convection structure of plumes. This publication is
devoted to the condition under which thermochemical
plumes are formed and their principal characteristics.

If there is a local source of a dope decreasing the
melting point, a thermochemical plume can form.

The rate of melting in the plume conduit should
depend on the relations between the plume sole temper-
ature 

 

T

 

1

 

, the average temperature over the thickness of
the layer–massif 

 

T

 

0

 

, and the melting temperature of the
massif in the presence of a chemical dope 

 

T

 

mc

 

. A ther-
mochemical plume can be formed where a chemical
dope is concentrated that suppresses the melting tem-
perature to the value of 

 

T

 

mc

 

 (Fig. 1), under the condition

 

T

 

0

 

 < 

 

T

 

mc

 

 < 

 

T

 

1

 

. In the process of melting, the heat coming
from the plume base is spent on heating to the melting
temperature, on melting itself, and sinks into the ambi-
ent massif, because 

 

T

 

0

 

 < 

 

T

 

mc

 

. The heat flow from the
lower boundary to the plume is the higher, the higher the
temperature difference 

 

T

 

1

 

 – 

 

T

 

mc

 

. The heat flow from the
conduit to the ambient massif is the lower, the lower the
temperature difference 

 

∆

 

T

 

0

 

 = 

 

T

 

mc

 

 – 

 

T

 

0

 

.
If the addition of the chemical dope creates an

eutectic with a temperature 

 

T

 

e

 

 (Fig. 1), then 

 

T

 

mc

 

 = 

 

T

 

md

 

 –

 

T

 

e

 

 – 

 

kc

 

2

 

 = 

 

∆

 

T

 

e

 

 – 

 

kc

 

2

 

, where 

 

T

 

md

 

 is the melting tempera-
ture of “dry” massif (without dope), 

 

∆

 

T

 

e

 

 = 

 

T

 

md

 

 – 

 

T

 

e

 

, the
coefficient 

 

k

 

 is in 

 

°ë

 

 per 1% of the dope, and 

 

c

 

2

 

 is the
concentration of the dope at the melt–massif boundary

(at the boundaries of the plume conduit). If 

 

∆

 

T

 

e

 

 = 0,

 

T

 

mc

 

 = 

 

T

 

md

 

 – 

 

kc

 

2

 

. In the absence of a dope decreasing the
melting temperature, 

 

k

 

 = 0, and then 

 

T

 

mc

 

 = 

 

T

 

e

 

. Since

 

T

 

mc

 

 = 

 

T

 

md

 

 – 

 

kc

 

2

 

, 

 

T

 

1

 

 – 

 

T

 

mc

 

 = 

 

kc

 

2

 

 – (

 

T

 

md

 

 – 

 

T

 

1

 

). The melting
of mantle material can occur in the vicinity of the core–
mantle boundary if the difference (

 

T

 

1

 

 – 

 

T

 

mc

 

) is positive,
i.e., the condition 

 

kc

 

2

 

 > 

 

T

 

md

 

 – 

 

T

 

1

 

 is met, and hence,

 

c

 

2

 

 > (

 

T

 

md

 

 – 

 

T

 

1

 

)/

 

k

 

. (1)

 

The melting rate of a thermochemical plume should
depend on the parameters that control the supply of the
chemical dope, first of all, on the diffusion coefficient

 

D

 

 and the concentration of the chemical dope in the
plume conduit. Depending on the heat flow from the
bottom, the conduit can be melted throughout the
whole thickness of layer 

 

l

 

 or to a height 

 

L

 

 < 

 

l

 

. In the lat-
ter instance, the quantity of heat transferred from below
to the plume conduit of height 

 

L

 

 is equal to the quantity
of heat coming from the conduit to the ambient massif.
The height 

 

L

 

 is limiting for this quantity of heat trans-
ferred from below.

The dope suppressing the melting temperature is
thought to be provided by reactions between Fe-bearing
lower-mantle minerals (perovskite and magnesiowues-
tite) with hydrogen and/or methane that are released at
the core–mantle boundary (Dobretsov et al., 2003;
Kirdyashkin et al., 2004).

EVALUATION OF THE THERMAL POWER
OF THERMOCHEMICAL PLUMES

The thermal power of a plume can be calculated
from the volume of the magma that ascended and
erupted above the lower topographic level of a given
plume. This volume can, in turn, be assessed from the
residual topography of the plume trace above the lower
topographic level in the vicinity of the plume. The
ascent and eruption of magma occur mostly because of
the thermal expansion of the mantle material heated by
the plume source. Knowing the time needed for the ele-
vation above the topographic level, one can calculate
the volume of material that was ascending per time unit
or, in other words, the specific volumetric flux 

 

∆

 

V

 

f

 

(m

 

3

 

/s), which can be used to calculate the specific mass
flux

 

∆

 

G

 

 = 

 

ρ

 

f

 

∆

 

V

 

f

 

, (2)

 

where 

 

ρf is the density of the uplifted rocks.

The specific mass flux can be determined from the
relation

∆G = Gβ∆T, (3)

where G is the mass of the mantle material heated by
the plume source per time unit, ∆T is the average tem-
perature increase of the heated material of mass G rela-
tive to the temperature of the ambient massifs, and β is
the coefficient of thermal volumetric expansion. The

l

T0 Tmc kc2 Te T1 Tmd

T2 T

∆Te

Fig. 1. Temperatures at which thermochemical plumes can
be formed.
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mass of the mantle material G heated per time unit can
be found from Eq. (3):

G = ∆G/β∆T. (4)

The thermal power of the plume source is derived
from the relation

N = GC∆T + B∆G, (5)

where B is the melting heat of the mantle material, and
C is the heat capacity of this material. The first sum-
mand in (5) involves the heat spent on the heating of the
mantle material, and the second summand is the melt-
ing heat of the erupted magma. Substituting (4) into (5),
we obtain

(6)

Relation (6) involves all heat of the source: the heat
transferred from the plume conduit to the lower and
upper mantle and the heat spent on melting. The ther-
mal power of a plume can be calculated from actual
data on the mass of the uplifted material and physical
characteristics (C, β, and B). Note that the value of B is
one order of magnitude smaller than the value of C/β
and, hence, can be neglected.

This technique can be applied to determine the ther-
mal power of plumes beneath oceanic plates (for exam-
ple, the Hawaiian and Bouvet plumes) and continental
plate, as well as the power of plumes at the axes of mid-
oceanic ridges (for example, the Iceland plume)
(Dobretsov et al., 2005).

Now we can assess the thermal power of the Iceland
plume at the axis of the Mid-Atlantic Ridge. The axial
zone of this ridge is characterized by the ascent of
plume magma and its intrusions and eruptions and by
the subsequent moving apart of the crystalline rocks on
both sides of the ridge axis with a velocity (spreading
half-rate) u = 1 cm/year = 3.17 × 10–10 m/s (Rona,

N ∆G
C
β
---- B+⎝ ⎠

⎛ ⎞ .=

1984). The thermal power of the Iceland plume can be
evaluated from relation (6). The topographic profile of
the Iceland plume along the MAR axis (Fig. 2; Seifert,
1991; Vogt, 1976) can be used to quantify the cross sec-
tion of the erupted rocks elevated above the lower topo-
graphic level. As can be seen in Fig. 2, the flux of
asthenospheric material heated above the plume
spreads along the ridge axis for a distance A = 2700 km.
According to data from (Ito and Lin, 1995), the value of
A at u = 1 cm/year is equal to 2800 km. The height of
the ridge h = 4.1 km. The cross section of the topo-
graphic profile along the ridge S = Ah/2 = 5.54 ×
109 m2. The ascending volume flux ∆Vf = 2Su =
3.5 m3/s, and the mass flux ∆G = ρf ∆Vf = 9.45 ×
103 kg/s at ρf = 2700 kg/m3. According to (6), the ther-
mal power of the Iceland plume at β = 3 × 10–5°ë–1 and
C = 1.2 kJ/(kg °C) is N = 3.78 × 108 kW.

The thermal power of the Hawaiian plume is evalu-
ated as follows. Figure 3 displays the variations in the
mass and volume fluxes with time for the Hawaiian
hotspot during the passage of the Pacific plate above it
(Vogt, 1979). The volume flux ∆Vf is determined from
topographic profiles in the plane perpendicular to the
Hawaiian volcanic chain, from the topographic eleva-
tion above the lower topographic level for the cross sec-
tion in question near the volcanic chain. The modern
specific heat flow of the Hawaiian hotspot is ∆Vf =
2.8 m3/s, and, at ρf = 2700 kg/m3, the specific mass flux
∆G = ρf ∆Vf = 7560 kg/s. At β = 3 × 10–5°ë–1 and C =
1.2 kJ/(kg °C), (6) yields a thermal power N = 3.0 ×
108 kW.

The thermal-power scale in the right-hand side of
Fig. 3 for the Hawaiian plume corresponds to the
ascending mass flux and was calculated from (6). The
actual modern value of ∆Vf can be calculated accurately
enough, because the mantle material anomalously
heated under the effect of the plume cools with time, so
that the height of the elevation decreases. This can
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account for the decrease in the average ∆Vf with time
for the Hawaiian plume. As follows from Fig. 3, the
averaged magma discharge decreases not monoto-
nously but displays systematic periodical variations
with time. The possible reason for the short-term varia-
tions in ∆Vf, with a period of ~1.8 m.y., is the periodical
shifts in the conduit of the eruptions during the move-
ment of the Pacific plate above the Hawaiian plume
and/or the rotation of the plume with deviations from
the vertical axis, which is commensurable with the
diameter of the plume conduit (Dobretsov et al., 1993,
2001; Dobretsov and Kirdyashkin, 1998). The varia-
tions with a period close to 15 m.y. are correlated with
the period of variation in the frequency of magnetic
reversals and likely reflect fluctuations in the intensity
of the plume itself at the core–mantle boundary
(Dobretsov et al., 2001; Larson and Olson, 1991;
Dobretsov and Kirdyashkin, 1998). The low-frequency
variations in the specific volume flux and thermal
power of the Hawaiian plume are correlated with three
regional indexes of volcanism along the perimeter of
the Pacific Ocean: the specific volumes of eruptions in
the Southwest Pacific, Central America, and Central
Oregon (Vogt, 1979).

Our analysis of the heat and mass transfer in the
presence of a chemical dope that suppresses the melting
temperature of the mantle material has demonstrated
that a heat flow with a thermal power equal to 3.0 ×
108 kW from the bottom of a thermochemical mantle
plume 100 km in diameter is possible only at the ther-
mophysical properties of the outer core. Because of
this, the sources of thermochemical plumes of this ther-
mal power can occur only at the core–mantle boundary.
An important argument in support of the origin of
plumes at the core–mantle boundary is the correlation
between the intensity of mantle plume magmatism and
the number of magnetic reversals, which are likely
related to processes in the outer core (Dobretsov et al.,
2001; Larson and Olson, 1991; Dobretsov and Kird-
yashkin, 1998). The time needed for a single plume to
reach the surface is comparable with an average inver-

sion period and can vary from 0.5 to 5 m.y. (Dobretsov
et al., 2001, 2005; Kirdyashkin et al., 2004).

EXPERIMENTAL MODELING

We modeled experimentally the derivation (via melt-
ing) of thermochemical and thermal plumes at the core–
mantle boundary. Below we present a brief description
of our model experiments and their principal results
important in the context of this publication. The experi-
mental set-up for the modeling of conditions under
which a thermochemical plume is produced at the core–
mantle boundary was a glass vessel (Fig. 4, 1) 245 mm
in diameter and 250 mm high with a cylinder (3) of
quartz glass 93 mm in diameter and 200 mm high or a
glass cylinder 128 mm in diameter and 120 mm high,
which were mounted on a stand (2) 95 mm high. The
cylinder was filled with molten paraffin (4), which then
solidified. The glass vessel was filled with thermally-
controlled water (5) to the upper boundary of the solid
paraffin. The water temperature was varied in discrete
experiments from 40 to 47°C. The level of water in the
vessel was maintained at a specified constant height by
the pump of the thermostat. In these experiments, the
bottom of the solid cylindrical paraffin massif was in
contact with the liquid, and the water column exerted a
constant pressure on the plume base. Thus conditions
were modeled corresponding to those of plume growth
at the boundary of the highly viscous lower mantle and
the much less viscous outer core. The cylindrical elec-
tric heater (6) 6 mm in diameter was in contact with the
bottom of the paraffin massif at the wall of the cylinder
filled with paraffin. The heater (source of thermal
energy, 6) and a capillary (7) for the introduction of the
chemical dope (hexadecane) modeled conditions under
which a thermal plume develops at the core–mantle
boundary. The process of the development of a plume
in paraffin was periodically videotaped through the
glass walls of the vessel. In brief, the videotaped ascent
of the plume through the paraffin massif was as follows.

The experiments were carried out in the following
manner. A heater (6) was introduced into paraffin (melt-
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ing point 52°C) at a height of ~10 mm. The power of the
heater was not sufficient for melting the paraffin, so that
a thermochemical plume could develop only if the par-
affin was doped with hexadecane near the heater (the
dope was introduced via capillary 7). The design of the
capillary allowed the experimentalist to introduce small
portions of hexadecane into paraffin. The introduction
of the dope (hexadecane, melting point 18.8°C)
through the capillary decreased the melting tempera-
ture of the paraffin and initiated its melting and the
ascent of the newly formed thermochemical plume (8).
The temperature at the melt–solid paraffin boundary
was measured at the top of the plume and was equal to
47–50°C, i.e., lower than the melting point of paraffin.

In the course of melting, the volume of molten par-
affin increased due to the melting and an increase in the
melt temperature relative to the colder solid paraffin,
i.e., the volume of the melt eventually became greater
than the volume of the solid paraffin. Because of this,
the excess volume of the melt was outpoured near the
bottom of the ascending plume and was accumulated at
the water–paraffin boundary, which imitated the core–
mantle boundary (and was videotaped in the course of
our experiments). When the thermochemical plume
developed, the melting temperature of the paraffin
doped with hexadecane was lower than the temperature
of the ambient water, and hence, the excess melt at the
water–paraffin boundary (at the plume base) did not
solidify.

When the top of the plume reached the upper bound-
ary of the paraffin massif, molten paraffin outpoured
from the plume conduit. The process of paraffin erup-
tion differed in the modeled thermochemical and ther-
mal plumes.

The eruption of the thermochemical plume, which
developed after paraffin doping with hexadecane,
occurred in two stages. As the plume broke through, it
started to erupt the melt accumulated near the bottom of
the cylindrical paraffin massif. After this, water
ascended along the plume conduit from the plume base
(i.e., from the paraffin–water interface) and squeezed
upward a volume of melt equal to the volume of water
that had ascended along the conduit. The height xw to
which water ascended along the conduit can be deter-
mined from the condition that the pressure of the water
column of height Hw in the plume base ρwgHw (g is the
gravitational acceleration) should be equal to the sum
of the pressure exerted by the molten paraffin column
ρmgHm (which has a height Hm = Hw + xp – xw) and the
pressure of the water column in the conduit ρwgxw
(Fig. 4): ρwgHw = ρmg (Hw + xp – xw) + ρwgxw. This
equation leads to the relation

(7)

where xp is the elevation of the paraffin level above the
water level in vessel (1) (Fig. 4), ρw is the density of
water, and ρm is the density of the melt.

xw Hw

xpρm

ρm ρw–
------------------,–=

Proceeding from this result, we can calculate the
height to which the material of the outer core (which
ascended from the core–mantle boundary) should be
uplifted within the mantle plume conduit and then
erupted to the surface. After the eruption of the plume
at the surface, the lithostatic pressure at the core–man-
tle boundary (ρ0gH) is counterbalanced by the pressure
of the melt column of height H – xoc in the plume con-
duit [ρmg(H – xoc)] and the pressure of the column of
outer core material of height xoc that has ascended in the
plume conduit (ρocgxoc): ρ0gH = ρmg(H – xoc) + ρocgxoc.
From this relation, we can derive the height to which
the outer core material should ascend in the mantle
plume conduit

xoc = H(ρ0 – ρm)/(ρoc – ρm), (8)

where H is the distance from the core–mantle boundary
to the surface, ρ0 is the average density of the mantle,
ρm is the average density of the melt in the plume con-
duit, and ρoc is the density of the outer core material.
Considering that the difference between the densities
ρ0 – ρm = ρ0β(Tm – T0) = ρ0β∆T (where Tm is the melt
temperature in the plume conduit, T0 is the temperature
of the ambient mantle massif) and substituting ρ0 in
place of ρm (these values differ by less than 1%) in the
denominator of (8), we obtain

xoc = Hρ0β∆T/(ρoc – ρ0). (9)

1

5

7
3

4
8

6

5 2
H

w
x p

H
w

 +
 ı

p 
– 

ı w
x w

Fig. 4. Experimental set-up for the modeling of a thermo-
chemical plume. (1) Glass vessel; (2) support of acrylic
plastic; (3) transparent cylinder of quartz glass; (4) solid
paraffin; (5) water; (6) electric heater; (7) capillary for intro-
ducing hexadecane; (8) plume. The scheme illustrates the
situation when the paraffin melt is erupted because of the
intrusion of water into the plume conduit to a high xw.
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At H = 2.9 × 106 m, ρ0 = 4500 kg/m3, β = 3 × 10–5°ë–1,
∆T = 260–360°ë, and ρoc = 104 kg/m3, the value of xoc =
18.5–25.6 km.

For a thermal plume, which is produced by the
melting of pure paraffin, the excess volume of molten
paraffin accumulates near the plume base and solidifies,
because the melting point of paraffin is lower than the
temperature of the ambient thermostated water. Eventu-
ally the whole heater becomes “armored” with a shell
of solidified paraffin, and, consequently, both the heater
and the solidified paraffin occur to be isolated from the
ambient water. As the top of the thermal plume reaches
the surface of the paraffin massif (“Earth’s surface”),
the melt is erupted. The volume of this melt is equal to
the increment in the paraffin volume owing to thermal
expansion induced by the temperature increase relative
to that of solid paraffin. Water cannot ascend through
the conduit to a height xw (at which hydrostatic equilib-
rium is established) until the paraffin shell surrounding
the heater and the plume base is broken. As water
ascends along the conduit, paraffin melt is erupted at
the surface. The volume of this melt is equal to the vol-
ume of water in the conduit.

During the experiment, air from the molten paraffin
and the surface of the heater submerged into water
could accumulate near the roof of the plume. To pre-
clude this process, the air was periodically pumped out
via a capillary introduced into the plume from below.
Our experimental modeling of thermochemical plume
ascent demonstrates that, in the absence of an air bub-
ble at the plume roof, the diameter of its conduits
remains constant until the plume reaches the surface
(Fig. 5a). In the presence of a bubble, the diameter of
the plume is greater than in the previous situation and
only insignificantly varies along the vertical section of
the plume (Fig. 5b). Analogous phenomenon was
observed during the melting of a thermal plume.

We also modeled a thermal plume that reached the
boundary without melting above it. In our experiments,
this was the boundary between paraffin and air or
between paraffin and a metallic plate. In this situation,
melting occurs along the boundary and results in a
mushroom-shaped head of the plume (Fig. 6).

We also modeled a thermal plume in a two-layer
system, when the plume reached a “refractory” layer
whose melting point was higher than the melt tempera-
ture in the plume conduit within the lower layer. The
two-layer system in our experiment was imitated by a
lower layer of octadecane and an upper layer of paraf-
fin. The melting point of octodecane is 28.2°C, i.e., is
lower than the paraffin melting point by 23.8°C. When
the head of the plume developing in octadecane reached
the paraffin (“refractory”) layer, the latter did not start
melting, but instead, melting was initiated in octade-
cane, in the upper part of the plume and at its sidewalls.
The plume acquired a mushroom morphology near the
phase boundary, and the diameter of the plume head

became greater than the diameter of its tail (plume con-
duit) (Fig. 6).

Our experimental modeling demonstrated that:
(1) the diameter of the plume remained practically

constant during its ascent;
(2) a mushroom-shaped head of the plume was

formed when the top of the ascending plume reached
the bottom of the “refractory” layer;

(3) when the thermochemical plume reached the
surface, the first melt to be erupted had a volume equal
to the volume of the melt accumulated near the plume
base, and the melt erupted afterward was forced out of
the plume conduit by the material of the outer core.

PARAMETERS OF A THERMOCHEMICAL 
PLUME ASCENDING

FROM THE CORE–MANTLE BOUNDARY

Based on the analysis of geological, petrological,
and geophysical data and the results of our experimen-
tal modeling, we developed a model of a thermochem-
ical plume and derived principal equations and rela-
tions for determining the parameters of a plume. In con-
sidering the heat and mass transfer of a thermochemical
plume in (Kirdyashkin et al., 2004; Dobretsov et al.,
2005), it was assumed that the heat flow from the outer
core and thermal convection in the lower mantle induce
the development of a thermal layer at the boundary
between the core and mantle. The temperatures at the
core–mantle boundary largely predetermine and con-
trol the origin and ascent of a plume. Moreover, this
boundary is marked by chemical reactions between
hydrogen and/or methane (that come to the bottom of
the lower mantle from the core) and minerals. The reac-
tions can produce chemical admixtures (fluid and
eutectic mixtures and compounds) that decrease the
melting temperature of material near the core–mantle
boundary. The temperature decrease of mantle mate-
rial, where it is doped by temperature-decreasing com-
pounds, can bring about the origin and development of
a thermochemical plume. The admixtures decreasing
the melting temperatures can be transported by melts to
the roof of the ascending plume via heat and mass
transfer in the turbulent regime of free convection. The
transport of the chemical dope to the roof decreases the
melting temperature of the lower mantle material, the
material melts, and the plume continues ascending.

In the problem of heat and mass transfer of a ther-
mochemical plume, and concentrations c1 of the chem-
ical dope (MgO, SiO2, ç2é, and CO) that decrease the
melting temperature at the plume base are assumed to
be known (Kirdyashkin et al., 2004), as also assumed to
be known the temperature differences Tmd – T0 and
Tmd – T1, where Tmd is the melting temperature of the
“dry” (without chemical dope) massif, T0 is the temper-
ature of the massif averaged over its vertical extension,
and T1 is the temperature of the plume base. The param-
eters to be determined include c2, which is the concen-
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tration of the chemical dope at the interface between the
melt and ambient massif (boundaries of the plume); cr,
which is the concentration of the dope in the melt near
the plume roof; Tmc, which is the melting temperature
of the massif in the lower mantle in the presence of a
chemical dope; and Tr, which is the melt temperature
near the plume roof. To determine these parameters, the
system of equations from (Kirdyashkin et al., 2004)
should be solved. This problem was solved for β = 3 ×
10–5°ë–1, heat conductivity coefficient a = 10–6 m2/s,
heat conductivity of melt in the plume conduit λ ≈ λs =
5 W/(m °C), average density of the ambient mantle
massif ρ = 4 × 103 kg/m3, B = 210 kJ/kg, and C =
1.2 kJ/kg × °C (Dobretsov et al., 2005). As was demon-
strated by our calculations, the most probable value of
the kinematic viscosity in the plume conduit ν = 2 m2/s,
the concentration of the chemical dope in the plume
base c1 = 3%, and the temperature difference Tmd – T0 =
420°C at a thermal power N = 3.0 × 108–4.0 × 108 kW
and an ascent time t = 1–5 m.y. (Kirdyashkin et al.,
2004; Dobretsov et al., 2005).

Figure 7 presents the dependence of the temperature
difference Tmd – T1 on the Le = a/D (where D is diffu-
sion coefficient of the chemical dope in the plume con-
duit) at a thermal power of the plume equal to 3.0 × 108

to 4.0 × 108 kW and an ascent time t = 1–5 m.y. The
intensity of heat and mass transfer near the plume base
is controlled by the difference between the temperature
at the plume base and the melting temperature of the
chemically doped material T1 – Tmc. As was mentioned
above, the melting of mantle material near the core–
mantle boundary is possible when the temperature dif-
ference T1 – Tmc = kc2 – (Tmd – T1) is positive, i.e., the
condition kc2 > Tmd – T1 is satisfied. One can determine
the average value of the difference (Tmd − T1) at any
Lewis number from Fig. 7. For example, at Le = 400,
the average value of (Tmd – T1) is equal to 19°C for ds =
70 km and 36°C for ds = 100 km. At the most probable
ds = 100 km (Sobolev, 1979; Dobretsov et al., 1980),
the average value of (Tmd – T1) increases from 22.5 to
59.5°C as the diffusion coefficient D increases from
10−9 to 10–8 m2/s.
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Fig. 5. Morphological evolution of a thermochemical plume whose development was triggered by doping with hexadecane (which
suppresses the melting point of paraffin). (a) In the absence of air in the vicinity of the plume roof: the temperature of the ambient
water Tw = 45°C, the thermal power of the heat source W = 8 W. The position of the boundary of the plume conduit varies with time
t as follows: (1) t = 10 min; (2) t = 15 min; (3) t = 20 min; (4) t = 35 min; (5) t = 45 min; (6) t = 56 min; (7) t = 72 min; (8) t = 97 min;
(9) t = 107 min; (10) t = 117 min. (b) In the presence of air in the vicinity of the plume roof: Tw = 46°C, W = 12 W; (1) t = 10 min;
(2) t = 30 min; (3) t = 45 min; (4) t = 65 min; (5) t = 80 min; (6) t = 95 min; (7) t = 110 min; (8) t = 125 min; (9) t = 140 min; (10) t =
150 min; (11) 160 min.
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The average temperature differences Tmd – T1 deter-
mined from Fig. 7 make it possible to calculate the
other parameters of a thermochemical mantle plume
ascending from the core–mantle boundary (table). As
follows from the table, at a temperature difference
T1 − Tmc = 12–18.5°C and a diameter ds = 70–100 km,
the thermal power of the plume N = 3.5 × 108 to 4.0 ×
108 kW. The possibility of the origin of a thermochem-
ical plume at the core–mantle boundary at relatively
small temperature differences T1 – Tmc depends on the
intensity of heat transfer near the plume base. The latter
is determined, at these T1 – Tmc values, by the low kine-

matic viscosity of melt in the plume conduit ν = 2 m2/s
and the relatively large diameter of the plume conduit
ds = 70–100 km, at which the Rayleigh number (which

controls the intensity of convection) Ra = βg∆Ts /aν =
3 × 1017–1018, where ∆Ts = (T1 − Tmc)/2 is the tempera-
ture difference within the boundary layer near the
plume base (Kirdyashkin et al., 2004; Dobretsov et al.,
2005).

The results of the theoretical simulations in (Kird-
yashkin et al., 2004; Dobretsov et al., 2005) and in this
publication pertain to the situation when the plume con-
duit contains solid particles, and the fraction of melt in
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Fig. 6. Thermal plume above a local heat source during the melting in the paraffin massif.
The thermal power of the heat source W = 9 W, the diameter of the container is 200 mm, the temperature of the walls is 22°C. The
figure demonstrates the velocities u and temperature T in the plume conduit. When the plume reaches the upper boundary, which
imitates the lower boundary of a layer with a higher melting temperature, a funnel (head of the plume) is formed below this bound-
ary. (a) Plume conduit over the time span of 0–120 min. (b) Morphology of the plume conduit over the time span of 120–250 min.
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the mixture is determined by the value of ϕ. In this sit-
uation, for a specified value of ϕ, the viscosity of the
mixture of melt and solid particles can be determined
according to experimental and theoretical data in (Per-
sikov, 1984). The melting heat of this melt is deter-
mined as Bϕ, and its kinematic viscosity is ν = f(ϕ). As
follows from data in (Persikov, 1984), an increase in the
melt viscosity related to a decrease in the ϕ value from
1 to 0.7 only insignificantly affects the thermal power
of the source and the time and velocity of plume ascent.
Thus, the results reported in (Kirdyashkin et al., 2004;
Dobretsov et al., 2005) and in this paper can be used at
0.7 ≤ ϕ ≤ 1 without corrections for ν and B.

The intensity of the magmatic activity of plumes can
be estimated as follows. According to the evaluated vol-
umes of the magmas and the intensity of magmatism in
the Phanerozoic (Dobretsov and Kirdyashkin, 1998;
Larson and Olson, 1991; Kaiho and Saito, 1994), the
intensity of plume-related eruptions is 2 × 106 km3/m.y.
over the past 50 m.y, i.e., ∆Vf = 63.7 m3/s, and, at ρf =
2700 kg/m3, the mass flux ∆G = ρf ∆Vf = 1.72 ×
105 kg/s. For C = 1.2 kJ/kg °C, β = 3 × 10–5°ë–1, and the
deduced value of ∆G, the overall thermal power of
plumes is, according to (5), ΣN = 6.88 × 1012 W =
6.88 × 109 kW, which equals 19% of the thermal power
arriving from the Earth’s interiors to its surface.

CONDITIONS UNDER WHICH AN ERUPTION 
CONDUIT IS FORMED

Kirdyashkin et al. (2005) considered the geody-
namic processes occurring during the derivation of a
plume and its ascent to the surface. Figures 8 and 11
present a scheme of the rise of a plume to the Earth’s
surface. When the diameter of the plume roof dr is
greater than or equal to the diameter of the conduit d1
(dr ≥ d1), the pressure in the melt beneath the roof of the
plume is higher than the lithostatic pressure above the
plume roof by a value of ∆P

∆P = ρ0gx1β(Tm – T0)(d1/dr)2, (10)

where ρ0 is the density of the ambient solid lithospheric
massif, g is the gravitational acceleration, x1 is the
height of the plume, β is the coefficient of thermal vol-
umetric expansion of melt in the plume conduit, Tm is
the temperature of the melt, and T0 is the temperature of
the ambient massif. The pressure on the roof of the
plume ∆P induces the displacement and deformation of
the overlying rock layers. The rheology of the layer

above the plume roof is complicated: the lower (lithos-
pheric) part of this layer can be represented in the form
of a viscous medium, whereas the upper crustal layer is
a viscoelastic or elastic medium. If the thickness of the
layer immediately overlying the plume roof is much
greater than the thickness of the crustal layer, the
motions above the roof of an ascending plume can be
visualized as movements in a viscous liquid in front of
a moving roof (Schlichting, 1969). As a simplifying
approximation, motions in the massif above the roof of
an ascending plume of diameter dr can be regarded as a
viscous flow in a cylindrical conduit of diameter dr and
height H – x1 (in Fig. 8 the conduit is shown with
dashed lines).

Theoretical modeling demonstrates that, during the
ascent of a plume dr in diameter, the roof reaches a crit-
ical height x2cr at which the shear stress in the massif
above the plume roof reaches a limiting value τcr, and
one or more conduits can develop in the vicinity of the
cylindrical surface of the massif above the plume roof
of diameter dr. These conduits can be used by the mag-
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Fig. 7. Dependence of the temperature difference Tmd – T1
on the Lewis number Le (diffusion coefficient D) at a ther-
mal power of the plume N = (3.0–4.2) × 108 kW, ascent time
of the plume t = 1–5 m.y, c1 = 3%, ν = 2 m2/s, Tmd – T0 =
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Parameters of a thermochemical plume ascending from the core–mantle boundary at average values of Tmd – T1 (Fig. 7) corre-
sponding to Lewis numbers within the range of Le = 100–1000, ds = 70 and 100 km, Tmd – T0 = 420°C, c1 = 3%, and ν = 2 m2/s

ds, km c2, % cr, % T1 – Tmc, °C Tr – Tmc, °C Tmc – T0, °C N, kW t, m.y. , m/year

70 1.1 2.1 18.5 9.8 381 3.5 × 108 2.7 1.1

100 1.4 2.2 12 6 371 4.0 × 108 4.8 0.6

Note:  is the average velocity of plume ascent. See text for symbol explanations.
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matic melt for eruptions at the surface. The value x2cr is
the height of these eruption conduits or, in other words,
the depth from which the magma ascends to the surface
along the eruption conduit.

For plumes ascending from the core–mantle bound-
ary and whose roofs and conduits have equal diameters,
the value of x2cr lies within the range of 44 to 92 km at
the diameter of the plume equal to 40–100 km (Kird-
yashkin et al., 2005). These results are consistent with
the depth values evaluated from the P–T estimates for
mantle xenoliths in basanites from various areas in the
United States and Australia, alkali basalts in central
Mongolia, southern Transbaikalia, and the Vitim volca-
nic field (Dobretsov, 1980; Zonenshain and Kuz’min,
1983; Ashchepkov, 1991; Dobretsov and Ashchepkov,
1991; Ionov et al., 1993a, 1993b; Ashchepkov et al.,
1996; Litasov et al., 2000; Irving, 1980; Stosh et al.,
1995; Kopylova et al., 1995).

DEPENDENCE OF THE MORPHOLOGY
AND SIZE OF A PLUME ROOF ON THE P–T 

CONDITIONS

According to the results of our experiments, at a
constant melting temperature of the massif, the diame-
ter of the melted plume conduit does not vary in the ver-
tical section. Theoretical considerations indicate that, at
a constant diameter of a plume (dr/d1 = 1), it breaks
through to the surface from depths of 44–92 km. These
calculated results are consistent with data on mantle
xenoliths in alkali basalts. Considering the change in
the melt density due to the physicochemical transfor-
mations in response to melt chemical doping, the pres-
sure difference ∆P should be greater than the value pos-
tulated by (6), which was derived with regard for the
thermal expansion alone. Then the depth from which a
plume ascends should be greater and the obtained val-
ues. Our results indicate that, at a constant melting tem-
perature of the ambient massif, the diameter of the
plume conduit practically does not vary with depth, and

the diameter of the plume roof is comparable with the
diameter of the conduit of the plume.

Model experiments reveal an increase in the diame-
ter of a plume roof compared with the diameter of its
conduit when the roof of the plume reaches a “refrac-
tory” layer, whose melting temperature is higher than
the melting temperature of the underlying layer and the
temperature in the plume conduit. In this situation,
melting occurs in the underlying layer, along the
boundary of the layers, and a mushroom-shaped plume
head is formed (Fig. 6). This situation can arise at (i) a
certain relations between the melting temperature of
the massif and the temperature of the melt near the roof
of the plume during its ascent; and (ii) near the bottom
of the lithosphere, if the lithospheric part of the mantle
is dominated by dunites and harzburgites (Kirdyashkin
et al., 2005).

Figure 9 demonstrates melting lines 1 and 2 for peri-
dotite KLB-1 from (Takahashi, 1986; Herzberg and
Zhang, 1996). The positions of the melting lines are
somewhat different, and their divergence increases with
pressure and reaches almost 150°C at a pressure of
140 kbar. The analysis of details of the experimental
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Fig. 8. Scheme of the ascent of a mantle plume when it
approaches the surface and the plume conduit diameter is
equal to the roof diameter dr. H is the maximum height of
plume ascent from the core–mantle boundary. See text for
explanations.
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Fig. 9. Melting temperature of natural peridotite and
changes in temperature in the melt near the roof of an
ascending plume (for the upper mantle). (1) Melting tem-
perature of natural peridotite KLB-1 (Takahashi, 1986);
(2) melting temperature of natural peridotite KLB-1
(Herzberg and Zhang, 1996); (3) transition of forsterite to
modified spinel (Presnall et al., 1998); (4) field of the oliv-
ine–ringwoodite transition (Herzberg and Zhang, 1996);
lines 5–7 are after (Presnall et al., 1998); (5) incongruent
melting of forsterite with the origin of periclase and liquid
under pressures of >100 kbar; (6) incongruent melting of
forsterite under pressures of <100 kbar; (7) forsterite + per-
iclase = liquid eutectic; (8) variations in the melt tempera-
ture near the roof of an ascending plume in the absence of
intersection with the melting line of peridotite KLB-1;
(9) variations in the melt temperature near the roof of a
plume with depth at intersection with the melting line of
peridotite KLB-1. The pressure–depth relations are shown
according to (Zharkov, 1983).
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techniques utilized by these researchers did not allow
us to reveal the reasons for the differences between the
lines and did not provide us with any grounds for giving
preference to any of them. However, considering that
the data from (Herzberg and Zhang, 1996) cover a
broader range of conditions, including pressures above
the olivine–ringwoodite transition, these data seem to
be more suitable for our analysis of plume behavior.
The configurations of the melting lines for peridotite
KLB-1 are similar and resemble most melting lines
under high pressures, both for eutectic and individual
minerals. For example, Fig. 9 shows lines 5–7 of the
monovariant melting reactions of forsterite, whose
dT/dP derivatives vary in a similar manner.

Figure 9 also displays the variations in the melt tem-
perature near the plume roof according to the adiabatic
law, with an adiabatic gradient (∂T/∂x)ad = 0.56°C/km
(lines 8 and 9). This approximation is valid at the
depths in question. The temperature variations in com-
pliance with line 8 are typical of plumes with a rela-
tively low heat flux from the plume conduit to the ambi-
ent lower mantle massif (Hawaii and Iceland). Line 8
passes above line 2, i.e., the temperature of the melt
near the plume roof is always higher than the melting
temperature of the ambient massif. In this situation, the
diameter of the conduit remains unchanging throughout
its whole vertical extent, and the plume breaks through
to the surface as is shown for dr/d1 = 1.

Now consider the situation when the temperature of
the melt near the roof of the plume varies according to
law 9 (Fig. 9). This situation can be characteristic of
plumes with a more significant heat flux from their con-
duits to the ambient lower mantle massifs due to hori-
zontal convection flows in the lower mantle. Line 9
intersects line 2 at points a and b and, hence, the upper
mantle should contain layer a–b (with roof a and bot-
tom b) whose melting temperature is higher than the
melt temperature near the plume roof. This layer was
referred to above as the “refractory” layer. Judging
from the position of line 9 (Fig. 9), the bottom b of this
layer is situated at a depth of 645 km, and its roof a is
at a depth of 500 km, which is close to the geophysical
parameters of transition layer C in the upper mantle
(Zharkov, 1983; Zhao, 2001). Melting occurs at bound-
ary b and results in a mushroom-shaped head of the
plume. The only driving force of the further ascent of
the plume above boundary b (within layer a–b) is the
buoyancy force, i.e., a plume can ascent through
“refractory” layer a–b due to the difference between the
densities of the plume and the ambient layer.

To the left of intersection point a, line 9 passes
above melting line 2 (Fig. 9), which means that, as soon
as the roof of the plume reaches the upper boundary a
of the “refractory” layer, the melting and ascent of the
plume are resumed, i.e., plume again ascents above
boundary a in compliance with the thermochemical
mechanism and eventually breaks to the surface, as was

described above for a constant diameter of the plume
conduit.

A “refractory” layer can also be formed at the bot-
tom of the lithosphere. The profound differentiation of
the material results in the depletion of the mantle in
low-melting components and its enrichment in the
refractory olivine-bearing component (Dobretsov,
1980; Dobretsov and Kirdyashkin, 1998). These condi-
tions are favorable for the origin of a layer composed of
rocks of the harzburgite–dunite type. Line 2 in Fig. 10
corresponds to the probable melting of rocks in the
depleted mantle, when the mantle peridotite contains
30% more olivine than peridotite KLB-1. Line 6 in the
same figure demonstrates the melt temperature near the
roof of an ascending plume. This configuration of the
melting line is made possible by the intense heat trans-
fer from the plume conduit to the asthenosphere. No
melting of overlying rocks is possible above boundary
b, because line 2 lies in this region above line 6. Thus,
the melting zone expands along boundary b and pro-
duces a mushroom-shaped head of the plume. The fur-
ther ascent of the plume is possible if the density of the
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Fig. 10. Dependence of the melting temperature of natural
peridotite and the melt temperature near the roof of an
ascending plume on depth (pressure). (1) Melting tempera-
ture of natural peridotite KLB-1 (Herzberg and Zhang,
1996); (2) probable melting line of rocks in the depleted
mantle, when the olivine content in the peridotite is 30%
higher than that in peridotite KLB-1; (3, 4, 5) melting lines of
pure forsterite according to the reactions forsterite = periclase
+ liquid, forsterite = liquid, and forsterite + periclase = liquid,
respectively (Presnall et al., 1998); (6) variations in the melt
temperature near the roof of an ascending plume. The pres-
sure–depth relations are shown according to (Zharkov,
1983).
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melt in the plume conduit is lower than the density of
the overlying rocks, and the pressure at the plume roof
is higher than the lithostatic pressure.

If the diameter of the plume head is much greater
than the diameter of the plume conduit and the thick-
ness of the plume head, a number of secondary plumes
can be formed. They ascend through the “refractory”
layer because of the difference between the densities of
the material in the plume conduit and that of the ambi-
ent lithospheric massif. Upon reaching a critical depth
x2cr, the secondary plume breaks through the overlying
rocks and erupts at the surface. The situations of a
“refractory” layer considered above seem to pertain to
flood-basalt eruptions of great volume, such as the
Siberian traps (Dobretsov, 1997; Dobretsov et al.,
2001).

DIAMETER OF THE PLUME HEAD
AND THE TIME OF ITS FORMATION

AT THE BOTTOM OF THE “REFRACTORY” 
LITHOSPHERIC LAYER

Upon reaching the bottom of the “refractory” litho-
spheric layer, whose temperature is higher than the
temperature of material in the plume conduit, the plume

spreads along the lower boundary of this layer and
forms a mushroom-shaped head (Figs. 6, 11). The
plume further breaks to the surface in the following
manner. A purely chemical secondary plume develops
at the lower boundary of the “refractory” layer (the
boundary between the plume and the “refractory”
layer) due to the difference between the densities of the
plume melt and the rocks above the plume roof
(Fig. 11). The secondary plume ascends through the
“refractory” layer, from its lower boundary to a height
∆xa from which the plume can break through the over-
lying rocks to the surface and erupt.

The diameter of the plume head near the lower
boundary of the “refractory” layer was determined as
depending on the thermal power of the plume source
and time t (Dobretsov et al., 2006) based on the balance
of heat flows within the plume head (the heat trans-
ferred by the plume over time t to the ambient lithos-
pheric massif and spent on the heating of the ambient
massif and its melting).

As a simplifying approximation, we regard the sec-
ondary plume as spherical and assume that it ascends
through the “refractory” layer in compliance with the
Stokes formula for the movement of a sphere through a
highly viscous liquid (Schlichting, 1969). Within the
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Fig. 11. Schematic representation of the evolution of the head of a plume that reached the lower boundary of a “refractory” layer.
δ is the thickness of the plume head, x2 = H – x1 is the depth of the lower boundary of the “refractory” layer, ∆xa is the height to
which the secondary plume can ascend, x2cr = H – x1 – ∆xa is the height of the eruption conduit. The temperature profiles across the
“refractory” layer x2 are presented for moments of time t1 < t2 < t3, respectively. 1 and 2 are the positions of the plume head at t1
and t2, respectively. Free convective flows in the plume are shown.
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scope of this approximation, we have determined the
ascent velocity and time of a secondary plume. The
head of the plume stops growing when the secondary
plume reaches the surface. Thus, the growth time of the
mushroom-shaped head of the main (thermochemical)
plume is commensurable with the ascent time of the
secondary (chemical) plume through the “refractory”
layer. The ascent time of the secondary plume within
the “refractory” layer t = 3–14 m.y. (Dobretsov et al.,
2006), depending on the dynamic viscosity η and the
depth of the “refractory” layer.

At a thermal power of a plume N = 3 × 1011 W and
viscosity of the “refractory” lithospheric layer η = 5 ×
1021–1022 (N s)/m2, the diameter of the plume head dr at
which the plume erupts can be 770–1310 km (Fig. 12).
The average growth rate of a plume head depends on
the power of the plume source, the diameter of its head,
and the ascent time of the secondary plume through the
“refractory” layer. At N = 3 × 1011 W, dr = 770–
1310 km, and t = 3–14 m.y., the average growth rate of
a plume head ur = dr /t can range between 10 and
25 cm/year.

According to the estimates in (Ernst and Buchan,
2002; Ernst et al., 2005), the diameter of a plume head
for such greatest continental flood-basalt provinces as
Mackenzie and Central Atlantic and the oceanic pla-
teaus Ontong–Java and Manihiki dr ≈ 2000 km. The
Siberian traps are of the same order (Dobretsov et al.,
2001). As can be seen from Fig. 12, the thermal power
of a plume source at such a diameter can vary from 7 ×
1011 to 2 × 1012 W.

CONCLUSIONS

In conclusion, it should be mentioned that our
results are close to the earlier semiempirical estimates
of some plume parameters obtained by W.J. Morgan
(Morgan, 1971; quoted from Holden and Vogt, 1977).
Morgan has estimated the ascent velocity of plumes
through the mantle at 2 m/year (our estimates are 0.5–
2 m/year), the ascent time of a plume at 1.5 m.y. (our
estimates are 1–5 m.y.), with the diameter of the mush-
room-shaped head of a plume also consistent with our
maximum estimates. As could be expected, the geolog-
ical consequences are also similar, and the estimates are
confirmed by geological evidence. At the same time,
our modeling of thermochemical plumes differs from
experiments in which the ascent of a plume is modeled
by a low-viscous material ascending through a highly
viscous medium (Campbell and Griffiths, 1990; Grif-
fiths and Campbell, 1991).

Our results are underlain by geological and geo-
physical materials, our original and literature data,
physical experiments approximating naturally existing
thermochemical plumes, and theoretical modeling. We
hope that these results provide better insight into both
geodynamic processes related to mantle plumes and
their geological consequences.

In this publication, we did not touch upon a wide
circle of problems related to mineralogical and
geochemical lines of evidence for the lower mantle ori-
gin and evolution of plumes. Inasmuch as plumes not
only are produced in the mantle of variable composi-
tion but also exchange volatile components with it, the
material in the axial zones of plume-related eruptions
(such as Hawaii) contains much of the lower mantle
component: from 90% (according to isotopic–
geochemical evidence based on He, Os, and Sr isotopic
ratios) to 25–40% (according to mineral- and whole-
rock geochemical data with regard for such parameters
as the Ca and Ni ratios in olivine and thermobarometric
data) (see, for example, Walker et al., 1995; Brandon et
al., 1998, 1999, 2003; Sobolev et al., 2005). The con-
tent of the lower mantle component in the marginal por-
tions of plumes and the products of their differentiation
can decrease to zero.

These problems deserve separate consideration, but
in any event, the mineralogical and geochemical fea-
tures and, particularly, isotopic–geochemical data pro-
vide extremely important information that can be used
to refine and further detail the theory of mantle plumes.
A significant role belongs here to seismographic and
other data of deep geophysics. Recently obtained seis-
mic tomographic materials (for example, in Zhao,
2001, 2004) are generally consistent with our results
and also suggest that mantle plumes are systematically
curved, and their thermal aureoles expand under the
effect of mantle convective flows.

Finally, the theory of lower mantle and two-storey
plumes should be naturally compatible with plate tec-
tonics, whose driving forces are convective flows in the
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Fig. 12. Dependence of the plume head diameter on the
thermal power of the plume at d1 = 100 km and degree of
melting ϕ = 0.3. (1) x2 = 100 km, ∆xa = 70 km, η = 5 ×
1021 (N s)/m2, t = 2.9 m.y.; (2) x2 = 200 km, ∆xa = 170 km,

η = 5 × 1021 (N s)/m2, t = 7.1 m.y.; (3) x2 = 100 km, ∆xa =

70 km, η = 1022 (N s)/m2, t = 5.8 m.y. (4) x2 = 200 km, ∆xa =

170 km, η = 1022 (N s)/m2, t = 14.2 m.y.
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mantle. Zonenshain and Kuz’min (1983, 1993) and the
authors of this paper (Dobretsov and Kirdyashkin,
1994, 1998; Dobretsov et al., 2001) published evidence
in support of the two-storey tectonic structure and evo-
lution of the Earth: the tectonics of lithospheric plates
and hot fields.
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