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Abstract. A mantle plume is a rising stream
of vigorous thermal convection, which takes a
mushroom-like shape and has a finite lifetime.
When the plume approaches to the lithosphere
the plume head first penetrates it. During the
solidification of magma near the plume head a
large igneous province (LIP) is formed. Later
the plume tail penetrates the moving plate and
forms a chain of volcanoes oriented in the
direction of plate motion. A hot spot (HS) is
the end location of the chain or the place of
modern penetration of the plume tail in the
form of an active volcano. In existing numerical
models of mantle convection the plume tails are
continuous streams. The question of why
between the volcanic islands there is an interval
of several hundred km (which corresponds to
the interval between eruptions of several million
years) is discussed starting from the time of
emergence of the concept of plumes. This work
on the numerical models shows that a primary
plume originates only at the mantle bottom and
dies not by attenuation but by pairwise

association of two adjacent plumes. Also the
work <tiidiec the internal <triictiire of mantle
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1. Introduction

Volcanoes on the Earth are divided into two types. The
volcanic sources of subduction zones and rifts originate
at the plate boundaries in the upper mantle and are
moved horizontally with plates and continents. The
volcanoes manifested in the form of hotspots and large
igneous provinces are caused by mantle plumes that
originate at the bottom of the mantle, regardless of
any boundaries of lithospheric plates.

A mantle plume is a rising jet of high-intensity ther-
mal convection with mushroom shape which is pre-
served up to several hundred million years. When a
head of a mantle plume breaks through the lithosphere
and the crust, a Large Igneous Province (LIP) arises in
the form of basaltic traps on continents and oceanic
plateaus at the bottom of the oceans. After the ma-
terial of the plume tail penetrates the moving oceanic
plate, a chain of volcanic islands is created which ends
with a modern active volcano called a hot spot (HS).
Such chains are well observed at the bottom of oceans.
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The examples of typical volcanic chains are the
Hawaiian-Emperor volcanic islands in the Pacific Ocean
and the Reunion hot spot in the Indian Ocean. On the
continents volcanic chains are almost not visible be-
cause the plume tail is difficult to break through the
thick continental lithosphere and crust.

shows the entire Hawaiian-Emperor chain
of volcanic islands in the Pacific Ocean. These islands
were formed when the plume tail, which probably arose
in the mantle more than a hundred million years ago,
intruded into the moving oceanic plate. The Large Ig-
neous Province created by the plume head apparently
already sunk into the subduction zone of the Pacific
Plate. This chain of volcanic islands has a bend sep-
arating it into two parts represented by the Emperor
Seamounts and the Hawaiian Islands. This bend of the
chain is currently explained by the change in motion of
the Pacific Plate of from North to Northwest about 43
million years ago.

The interpretation of the Hawaiian-Emperor chain of
volcanic islands was one of the fundamental arguments
in justifying the theory of plate tectonics and mantle
plumes. Wilson suggested that the Hawaiian
and other volcanic island chains may have formed due
to the movement of a plate over a stationary “hotspot”



/ "
/ o
Q; North
America
Y
so‘
-
]
4ON————¢
48 l L ] \
' .
W
20 b 1g‘¥
180E 140E

Figure 1. The Hawaiian-Emperor volcanic islands.
The ages of the islands are in million years according

to [Schubert et al., 2004} Tarduno et al., {2000].

in the mantle. In 1968 Christofferson suggested that
the bend of the island chains was associated with chan-
ges in the direction of motion of the Pacific Plate [Hsu,
[1982]. Morgan suggested and proved that the source of
heat and magma for the volcanic Hawaiian Islands was
a plume rising from the deep mantle [Morgan, [197]]

1973

shows more details about the chain of vol-
canic islands in the vicinity of the Hawaiian hotspot
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Figure 2. The chain of volcanic islands near the
Hawaiian hot spot. The asterisks indicate modern
volcanoes; their ages are in million years [Schubert et

al., 2004} Tarduno et al., |2000].

with data about their ages.

As one can see from and [Figure 2] the

distance between the volcanic islands is several hun-
dred km. shows that the islands Nihai and
Kauai were formed about 5 Myr ago and shifted rela-
tive to the plume, which is now under Island of Hawaii,
approximately by 500 km. This conforms to the North-



West motion of the Pacific Plate. The comparison
with the ages of the islands by radioisotope data shows
that Pacific Plate was moving at an average speed of
10 cm/yr. The plume penetrated the lithosphere and
crust not continuously but by in batches (quanta) and
created volcanoes at intervals of several million years.
There was no single interval between the eruptions of
magma but a set of intervals.

Mijelde and Faleide have demonstrated that
both in the Hawaiian and lcelandic volcanism there ex-
ists a characteristic interval of 15 million years. It has
been argued that this interval is not connected with
the phenomena on the 660 km phase boundary, but is
due to processes at the place of origin of plumes at
the core-mantle boundary. Mjelde et al. ana-
lyzed the global volcanism on the Earth in the Cenozoic,
including the hot spots of the Pacific, Atlantic, and
Indian Ocean, the Yellowstone and the volcanism of
Europe. There were detected the primary peaks of ac-
tivity 10, 22, 30, 40, 49, and 60 Myr and the secondary
peaks 4, 15, 34, 45 and 65 Myr. Spectral analysis re-
vealed a dominant period of 10 Myr and a secondary
period of 5 Myr. O’Connor et al. studied the
distribution of intraplate volcanism by the method of
40Ar/39Ar ages. They found that the chain of Foun-



dation seamounts was generated due to pulsation of a

hot mantle jet with periods of the order of 1 Myr.
Properties of thermal plumes have been intensively

studied in numerical models and laboratory experiments

for more than two decades, see for examples [Camp-
bell, 2005} Farnetani and Hofmann, 2009} Schubert
et al., 2004} Tosi and Yuen, P013]. The numerical
models demonstrate that plumes arise spontaneously
at the bottom of the mantle under high-intensity ther-
mal convection. The plumes can shift horizontally at
the 600 km phase boundary and then become thin-
ner in the less viscous upper mantle, see for example
[Tosi and Yuen, R011 Trubitsyn and Evseev, 2014].
The analytical instability study of a rising plume indi-
cates the possibility of solitary waves propagating in the
plume [Olson, [1990} Schubert et al., 2004]. Accord-
ing to [Farnetani and Hofmann, [2009] 2010] chemically
and isotopically heterogeneous of plumes change their
form in lower mantle. For example, initial lenses of size
100 x 10 km in the TBL are stretched into filaments
500-1000 km long.

However, the currently available numerical models of
mantle plumes show only continuous jets and did not
reveal any wave instability in plumes. Therefore, till
now the unsolved problem remains why the plume tails




generate discrete magma eruptions.

The present paper shows the results of numerical
modeling of the evolution of mantle plumes with vari-
able mantle viscosity, phase transitions and spherical
effects. It is shown that the plume tail is a pulsating
jet already in the lower mantle and the main period
of pulsation is equal to about 10 million years. When
the plume encounters the 660 km phase boundary, it
flattens out against this surface and transforms into
secondary more frequent plumes in the form of individ-
ual thermals (heads detached from tails).

2. The Equations of Thermal Convection

The governing equations of mass, momentum, and en-
ergy conservation in the heated compressible viscous
mantle in an extended Boussinesq approximation (EBA)

have the form [Schubert et al., 2004
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where 7;; is the deviator of the tensor of viscous stresses,
U; is the velocity vector; p is dynamic pressure; T is
temperature; Ts is surface temperature; H is inter-
nal heating; Ra = apogATD3/(kono) is the ther-
mal Rayleigh number; Rb, = §p,D3g/(kong) are the
phase-change Rayleigh numbers; dp; is the density jump
across a phase change; Di = Dgag/cp is dissipation
number; D is the mantle thickness; AT is the temper-
ature difference across the whole mantle; po, 70, Cp,
ag, ko, ko = ko/(pocp) are the mean values of density,
viscosity, heat capacity, thermal expansivity, thermal
conductivity, and thermal diffusivity, respectively. [ is
the phase function

= 1 (]_ + thi/(T)>
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where z; is the depth of a phase change, and w; is the
width of a phase transition. The dependence of depth



of a phase change on temperature is defined as
z(T) = z,O + (T - T,O)

where 7, is the Clapeyron slope, 2/0 and T/0 are the av-
erage depth and temperature of a phase change. Small
thermal effects of phase transitions in the heat transfer
equation ([2) are ignored.

The approximation EBA takes into account the ther-
mal effects of compressible fluid in the equation of the
temperature balance , I.e., adiabatic heating or cool-
ing of descending and ascending flows, respectively.
However, for simplicity it neglects smaller effects of
compressibility in equation for mass transfer (which
becomes the incompressibility equation) and the Stokes
equation [ Trubitsyn and Trubitsyn, 2019]. In the
EBA approach the temperature is measured from a
constant real temperature at the upper surface layer
Ts ~ 300 K, so the full absolute temperature of the
mantle is equal to T + Ts.

The equations (1)) typically use simple bound-
ary conditions with impermeable, shear stress free, and
isothermal boundaries. The temperatures on the upper
and lower boundary are taken equal to T; = 300 K
and T = Ts+ AT, respectively. The initial conditions
correspond to a conductive heating of the layer with an



arbitrary small perturbation of temperature.

For the nondimensionalization we use the following
scaling factors: the mantle thickness D for distance;
the temperature difference across the whole mantle AT
for temperature; the characteristic values of mean den-
sity po, viscosity 19 and heat capacity ¢,; the charac-
teristic values of thermal expansivity ag and thermal
conductivity ko; as well as the values k = ko/(pocp)
for thermal diffusivity, to = D?/x for time, Uy = x/D
for velocity, gg = koA T /D for heat flux, og = nor/D?
for dynamic pressure and stress, pg = pogD for static
pressure, and Hy = CPKJAT/Dz for the internal heat
generation.

The parameter values for the mantle were taken from
[Schubert et al., 2004} Tosi and Yuen, and are
the following: D = 2890 km, pg = 4.5 x 10% kg m~3,
cp = 1.25 x 103 J kg™! K71, g = 5 x 10! Pa s,
ko = 0.59 x 107° m? s, ap = 2.0 x 107> K71,
AT =3500 K, H=5.2x 10713 W kg~1. The main
phase transitions in the mantle occur at depths 420 km,
660 km and 2890 km. Their density jumps equal to
6.7%, 7.6% and 1.5% and Clapeyron slopes equal to
3 MPa/K, —2.5 MPa/K and 13 MPa/K, respectively.

With these parameter values the Rayleigh number
for compressible mantle, dissipation number and the di-



mensionless density of heat sources are equal to Ra =
1.5 x 107, Di = 0.45, H = 14, respectively. The scal-
ing factors for velocities and time are equal to 3.1 X
1073 cm/yr and 2.6 x 10! yr. The dimensionless
parameters of mantle viscosity, coefficient of thermal
expansion and thermal diffusivity can be functions of
depth and temperature.

3. Model

The study of mantle plumes was conducted in the model
of thermal convection in the spherical annulus domain
near the equator bounded by constant latitude 89° <
¢ < 91°, which is similar to that of [Hernlund and
Tackley, ; Ismail-Zadeh and Tackley, . This
model, in contrast to commonly used models of a cylin-
drical ring, axisymmetric sphere and Cartesian layer,
accurately accounts for the spherical geometric effects.

The dimensional coefficients of thermal expansion
«, thermal conductivity k, and thermal diffusivity « as

functions of the dimensionless depth x = 1 —z given in
[Matyska and Yuen, 2005} Tosi and Yuen, 2011 Tosi

et al., [2013] were approximated as (see [Figure 3]




a=142x107°(23+x)3K?
k = 3(1 4 3.3x) W/mK

LI 1.8(1+33x)10°m?s L (5)
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Accordingly, the dimensionless coefficients of ther-
mal expansion and thermal diffusivity (for the selected
scaling factors ag = 2x107> K~ and kg = 107° m?/s)
will be equal o = 21(2.3+x) 73 and k = 1.8(1+3.3x).
The dimensionless viscosity as a function of dimen-
sionless temperature T and pressure p was taken ac-
cording to [ Trubitsyn, 2016]. This function agrees with
the data of laboratory measurements at low pressures
and the data on post-glacial rebound in the whole man-

tle:

where Eg is the activation energy, and Vj is the acti-
vation volume.

The value of the activation volume for the upper
mantle was taken according to the laboratory measure-
ment for olivine V) = 4 cm3/mol, but for the lower
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Figure 3. The depth dependence for the coefficients
of thermal expansion a: and thermal conductivity x (with
two options for the lower mantle) [Tosi et al.,
The simplified profiles according to are shown by
red lines.

mantle the smaller value was taken as Vo = 2 cm3/mol.
The value of the activation energy for the whole man-
tle was taken according to the olivine data as Eg =
350 kJ/mol.

The piecewise constant coefficient A for the lower
mantle was taken from the condition of normalization
to the viscosity n(p, T) = A = 5x 10%! Pa s at a depth
of 700 km. The coefficient A for the upper mantle was
found from the condition of viscosity jump by a factor

of 30 across the 660 km phase boundary (see|Figure 4)).

For numerical solving the convection equations ([1])-



500

1000

2000-

2500+

Depth, km
o
o
e

10 ' 102" 10%

Viscosity, Pa s

Figure 4. Distribution of viscosity with depth ob-
tained from the data on post-glacial rebound [Paul-

son et al.,

from —(]

2005, and the viscosity profile calculated
6)) in the process of convection (red line).



(4) we use the finite element code Citcom [Tan et al.,

2006f Zhong, [2000] which was complemented by the
original graphics engine developed by M. Evseev [Tru-

bitsyn and Evseev, [2014].

4. Results of Calculation of Mantle
Convection Plumes

The solution of equations of convection ([I)—(f]) for
the above specified models of compressible mantle with
phase transitions and variables parameters shows that
at Ra > 10° nonstationary thermal convection occurs
in the mantle with downward and upward flows in the
form of the plumes. To ascertain the effects of the con-
vection vigor and the jump in viscosity at the 660 km
boundary on the evolution of mantle plumes we ex-
amined two models with no viscosity jump at Ra =
7.5 x 10° and with a jump of viscosity at Ra = 10°.
The contains also a video for model of vig-

orous mantle convection at Ra = 8 x 10".



4.1 Mechanism of Formation and Decay of
Mantle Plumes

Figures 5-9 represent the calculated long-term evolu-
tion of mantle convection at Ra = 7.5 x 10° with vari-
ably viscosity according to @ without a viscosity jump
at the phase boundary in the equatorial section of a
sphere.

shows the equatorial section of the sphere
for the time taken as the initial time point. Here one
can see ten rising mantle jets. They have the form of
plumes and are designated as A, B, C, D, E, F, G,
H, I, J. The plume A is only emerging at the bottom
of the mantle. The rising plume C has a character-
istic mushroom shape, and its head reaches the lower
third of the mantle. The heads of the rest plumes al-
ready have reached the surface and spread out along
it. At time t = 12 Myr the plume A rises to a third
of the mantle, and the lower part of the plume D is
horizontally shifted and jointed with plume C.

shows the structure of convection at a later
time. At time t = 24 Myr the plume A reached the
660 km phase boundary, and the plumes C and D
joined into a single plume C — D. As a result, in-
stead of ten plumes there are nine ones. Next, at time



Figure 5. Calculated evolution of convection in
the mantle at Ra = 7.5 x 10° with the dependence
of viscosity on temperature and pressure according to
(@ at two points in time, for the initial state t = 0
and after 12 Myr. Temperatures are shown by color,
velocities indicated by arrows.



Figure 6. Further evolution of the mantle convec-
tion for time points t = 24 Myr and t = 28 Myr.



t = 28 Myr the base of the plume A at the bottom
of the mantle is approaching to the plume B. The
head of the plume A has reached the surface. Thus,
from the generation of head plume A to its approach
to the surface the time t, = 28 Myr has passed, which
corresponds to the average lifting speed of the head
Vo = 10 cm/yr. At time t = 28 Myr one can see that
the plumes A and B begin to come together.

represents the further evolution of convec-
tion. At time t = 34 Myr the base of the plume A
connected with the base of the plume B. These plumes
also come close throughout the whole lower mantle. At
time t = 39 Myr the plumes C — D and A — B, that
arose during the paired association of primary plumes,
become ordinary plumes. Thus from this point on there
are only eight plumes. The hydrodynamic mechanism
of attraction of mantle plumes identified in the present
work is apparently the cause of their death. Previously,
the effect of interaction of convective jets was investi-
gated in [ Trubitsyn and Kharybin, and interpreted
in the context of sedimentation convection which is an
extension of the Rayleigh-Taylor and Stokes flows.

At times t = 44 Myr and t = 50 Myr there are eight
tails of plumes. In the present models with low Rayleigh
number Ra = 7.5 x 10° the thickness of plume tails



Figure 7. The structure of mantle convection for
time points t = 34 Myr and t = 39 Myr.



Figure 8. The structure of mantle convection for
time points t = 44 Myr and t = 50 Myr.



range from 100 to 200 km. The width of heads can be
3-5 times more. Our numerical model reveals the new
important result for inner structure of mantle plumes.
The thickness of the plume tails is not constant in space
and time.

Comparing the changes in the structure of plumes
in time shows that plume tails are not continuous as is
usually showed by numerical models. They are pulsing
jets, i.e. they actually represent the heated channels
through which the portions (quanta) of hotter mate-
rial move from the bottom of the mantle. In the plume
A— B at t = 44 Myr the hot quantum is at the bottom
of the mantle. At t = 50 Myr it arises at a distance
of approximately one third the thickness of the man-
tle. Thus, velocity of this portion (quantum) of hot
material equals Vg, ~ 15 cm/yr. It follows that the
time of uplift of individual quantum through the whole
thickness of the mantle will be tq, ~ 20 Myr. So the
velocity of quanta is nearly the same as of the plume
head. Despite the fact that the head of the plume is
larger, it rises in high viscous lower mantle. The smaller
quantum rises inside low viscosity tail.

The quanta of material move inside the tail similar to
a conveyor. There are about two quanta on the length
of the tail at the same time. Therefore the interval



between each eruption of magma from the tail must
be equal to ter & tqu/2 =~ 10 Myr.

shows that the structure of convection with
eight mantle plumes continues to persist up to t =
100 Myr. However, at t = 120 Myr plumes G and H
begin to draw together, and two new plumes K and
L are generated at the bottom of the mantle. As a
result, at this time point there are eight tails of plumes,
one plume K with a head and one emerging plume
L. When comparing and we can
see that the lifetime of most of mantle plumes exceeds
100 Myr. However there are some exceptions.

and show that the plume A lived only 34 Myr.

4.2 Internal Structure and Pulsation of Mantle
Plumes. Secondary Plumes in the Upper Mantle

presents the calculated long-term evolution of
mantle convection at the equatorial section of a sphere

at Ra = 107 and a viscosity taken according to the
formula @ with a 30-fold jump on the boundary of
upper and lower mantle.

In at the time conventionally taken as
t = 0 one can see eight pulsating plume tails, which is

similar to for the model with no jump in vis-



Figure 9. The structure of mantle convection for
time points t = 100 Myr and t = 120 Myr.



Figure 10. The calculated temperature and ve-

locities of mantle convection at Ra = 107 for two
time points with an interval of 1.8 million years.



cosity. The spatial distance between the quanta of hot
material in the plume tails is approximately one third
the thickness of the mantle.

The main difference of this model from previous ones
is as follows. Without a viscosity jump when the plume
enters the upper mantle it is only hindered and slowed
down. Now with the viscosity jump due to lower vis-
cosity of the upper mantle the plume accelerates, be-
comes thinner and can generate secondary fast plumes
with large heads and very thin tails. These secondary
plumes are not continuous in space and time. They do
not born on the phase boundary, but are a continuation
of the primary plume. Contrary to the primary plume
these secondary plumes die due to exhaustion of each
quantum and the primary plume is not able adequately
supply them heat. Sometimes these secondary plumes
have no tails and are similar to thermals.

shows a more detailed evolution of one
plume that corresponds to the plume B in [Figure 10}
At time t = 0 there are two quanta of hot material
in the tail. The first quantum approaches the 660 km
boundary. At t = 1.8 Myr the secondary mantle plume
is born from this quantum. It has a thin tail and a large
head. At t = 3.6 Myr the tail of this secondary plume
breaks up, and his head spreads out along the surface.
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Figure 11. The detailed evolution of mantle
plume, corresponding to plume B in




At the same time t = 3.6 Myr a new secondary plume
is born at the phase boundary. At time t = 5.4 Myr
this new secondary plume reaches the surface.

It is important that both new secondary plumes are
originated from the same quantum of the primary tail.
This shows that secondary plumes are born on the
phase boundary approximately two times more often
than quanta of hot material in the primary plume tail.
As can be seen in the video (see Electronic Supplement
to this article) the secondary plumes are shifted hori-
zontally compared to the location of the primary plume
[Tosi and Yuen, 011} Trubitsyn and Evseev, [2014].

The next quantum of material approaches the phase
boundary at t = 14.4 Myr, and after that two sec-
ondary plumes are also born at t = 14.4 Myr and t =
16.2 Myr. The interval between portions of hot mate-
rial in the plume is equal to t = 14.4—1.8 = 12.6 Myr.

Thus, in the convection model at Ra = 107 each
quantum of hot material in the plume tail rises from
the bottom of the mantle to the surface during about
20 Myr. Since there is a conveyor with approximately
two rising quanta, the interval between quanta is ap-
proximately 10 Myr.

Each quantum generates about two secondary plumes.
However they are not born continuously. The first sec-
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ondary plume appears just after the approach of the
quantum to the phase boundary. The next secondary
plume is occurs after t = 2 Myr. Then there is an
interval 10 — 2 = 8 Myr for coming of a next quantum
through the primary plume tail. Therefore, two inter-
vals t = 2 Myr and t = 8 Myr can be between the
secondary plumes.

Thus, in the considered model the quantum of hot
material comes to the phase boundary from the lower
mantle every 10 Myr and then secondary plumes are
born in upper mantle with intervals of t = 2 Myr and
t = 8 Myr. Therefore there are at least two intervals
for magma eruptions 2 Myr and 8 Myr.

5. Conclusion

The numerical simulations of thermal convection with
variable viscosity and phase transitions show that man-
tle plumes represent the ascending mantle flows, often
having the mushroom shape.

1. Plumes occur at high vigor of convection, starting
from Ra = 5 x 10° when the thickness of plume
tails is about 200 km and the width of plume heads
can be 3-5 times more. With increasing Rayleigh



number the thickness of tails decreases.

. Primary mantle plumes originate as fluctuations in
the instability of the thermal boundary layer and
only at the bottom of the mantle near the highly
heat-conductive iron core. Primary mantle plumes
cannot emerge inside the mantle because they need
a tank capable to bring heat to a plume for a long
time up to 100 Myr.

. The plume mode of thermal convection is a tran-
sition between stationary and turbulent convec-
tion. Therefore, both the ascending and descend-
ing mantle plumes are non-stationary and, in par-
ticular, can change their position in space. An im-
portant factor influencing the horizontal movement
of the plumes is the effect of the mutual hydro-
dynamic attraction and displacement of adjacent
plumes.

. The numerical experiments show that the main
reason for the decay of mantle plumes is not their
attenuation, but merging of two adjacent plumes
into one new plume. Lifetime for most mantle
plumes is about 100 Myr or more. But, as an
exception, the lifetime of plumes may be less, even
down to 30 Myr.



5. When the plume approaches to the lithosphere,
about 20 Myr after its origin at the bottom of the
mantle, the plume head first penetrates the litho-
sphere. Later the lithosphere is penetrated by the
plume tail. The plume tails are not continuous jets
because they are constantly fluctuating. They are
similar to the heated channels in which the quanta
of hot material ascend periodically.

6. The sizes of quanta are smaller than head sizes,
but quanta move in the pre-heated low-viscosity
channel. As a result, the speed of rising quanta
is comparable to the speed of rising plume head,
approximately 15 cm/yr. The physical meaning of
these quanta probably is that this is a transitional
mode from convection with stationary plumes to
convection with thermals, when only heads without
tails constantly emerge from the mantle bottom.

7. When a plume passes through the phase bound-
ary with a viscosity jump, it slows down a few due
to the jump of the density and is accelerated due
to lower viscosity of the upper mantle. As a re-
sult, new smaller upper mantle plumes (secondary
plumes) are born at the phase boundary. Since the
conveyor of quanta rises in the channel of plume



tail, and there are approximately two quanta in a
tail, the interval between quanta is twice as small
as the time of their ascent and is approximately
equal to 10 Myr. Next, each quantum generates
about two secondary plumes. However the latter
are not born continuously, but only after the quan-
tum has approached to the phase boundary. There-
fore in considered model between the secondary
plumes appear two time intervals t = 2 Myr and
t = 8 Myr. These secondary plumes can cause
volcanic eruptions with the same time intervals.

. The calculated lifetimes of plumes and periods of
oscillation of the plumes are in qualitative agree-
ment with the observed times of emergence of vol-
canic islands. In contrast to the fast velocities
of solitary waves [Olson, [1990} Schubert et al.,
[2004], the velocities of quanta of hot material in
the plume tail computed in our model are compa-
rable with convection velocities and therefore are
of a different nature.

. Since the aim of this work has been a study of
plume pulsation and their motion through the up-
per mantle, the influence of the D" layer and the
accumulation of heavy material at the bottom of



the mantle on the spatial distribution of plumes
[ Torsvik et al., 2010} Trubitsyn et al., were
not taken into account. This work also did not con-
sider the passage of plumes through the lithosphere
and the crust which can also lead to additional pul-
sations in eruptions.

10. The calculated model with Ra = 7.5 x 10° shows
that the pulsation of mantle plumes and secondary
plumes in the upper mantle occurs even at low
Rayleigh numbers and the pulsation is an intrinsic
property of mantle plumes.

Appendix

The authors created a high-resolution video of the cal-
culated evolution of vigorous mantle convection for
200 Myr at Ra = 8 x 107 that can fit a little ear-
lier Earth. In this case the quanta of hot material in
the plume tail in the lower mantle are expressed even
clearer, and their faster rise sometimes becomes sim-
ilar to isolated thermals. In addition, the secondary
plumes in the upper mantle occur more often. There-
fore smaller periods should appear in the spectrum of
eruptions.



The low-resolution video produced from the origi-
nal authors’ video is included into the PDF version
of this article (i.e. version of record). Original high-
resolution video of mantle convection is freely acces-
sible from RJES server (http://rjes.wdcb.ru/v16/
2016ES000569/plumes-hr.html).
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