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Estimation of the growth time and dimension of
plume head (PH) ascent from the deep mantle toward
the lithosphere is an important problem of geodynam-
ics, towards the solution of which an active search is
presently being carried out. An experimental and theo-
retical model of the plume that spreads at the lithos-
phere base is presented in [1]. This model envisages the
ascent of a purely chemical plume driven by a density
difference between the low-viscous plume material and
the high-viscous ambient massif. Results of the numerical
modeling presented in [2] are related to the development
of a thermal PH that approaches the lithosphere base when
the density difference between the plume material and the
ambient massif is caused by a variation of temperature
without additional melting. Estimates of the PH dimen-
sion based on geological data are given in [3-6].

The thermochemical plumes, the most important
regulators of the Earth’s thermochemical engine, are
formed at the core/mantle boundary in the presence of
a heat flow from the outer core and the local delivery of a
chemical dope that depresses the melting temperature at
the lower mantle base [7-10]. According to [8-10], the
melting temperature in the presence of the chemical
dope is T, = Ty, — kc,, where Ty, is the melting point
of “dry” lower mantle massif without a dope, coeffi-
cient k [°C/%] is a parameter that sets the decrease in
melting temperature owing to the dope, and ¢, is the
dope concentration at the plume—ambient mantle mas-
sif boundary. The site of dope delivery is marked by
the melting of plume channel and the ascent of plume.
As has been shown in [11], two refractory layers may
exist in the upper mantle. Having reached a refractory
layer (RL), the plume spreads beneath the RL with the
formation of a mushroom-shaped head. Such a situation
may arise in two cases [11]: (a) at a depth of ~650 km
under conditions of a certain relationship between the
melting temperature of the ambient massif (the authors
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of [11] considered the experimental curve of peridotite
KLB-1 melting reported in [12]) and variation of the
melt temperature adjacent to the plume roof in the
course of its ascent and (b) in the vicinity of the lithos-
phere base at a depth of 100—200 km, if the lithospheric
mantle is largely composed of dunite—harzburgite
material at a certain relationship between the melting
temperature of the depleted mantle and the melt tem-
perature adjacent to the plume roof.

The objective of this study is to establish the depen-
dence of the PH diameter at the RL base on the time and
thermal power of source. We propose a model of evolu-
tion of the thermochemical PH adjacent to the RL base.
As the diameter of PH increases, the heat flow in the
lithosphere above the plume roof decreases. The PH
diameter as a function of the thermal power of plume
source and time ¢ has been estimated from the balance
of heat flows in the PH. We have found that the time of
the PH growth at the RL base is commensurable with
the time of the secondary plume ascent within the RL.

The heat from the plume source delivered to the
plume roof at the RL base is transferred to the litho-
sphere and consumed for the melting of the ambient
massif; i.e., N = N, + N, where N is the thermal power
supplied to the plume roof, N, is the power transferred
to the lithosphere, and N,, is the power consumed for
melting. The melting occurs along the RL base, and the
melt-ambient massif interface propagates along the
base with velocity v. As a result, the PH diameter D
increases (Fig. 1).

Let us assess diameter D as a function of thermal
power N of thermochemical plume. The following ther-
mal balance is fulfilled at all times ¢ counted out from
the adjacent to when the plume has reached the RL
base: heat Q supplied by plume over time ¢ equals the
sum of the heat transferred to the lithosphere (Q,) and
the heat consumed for the heating of the ambient massif
and its melting (Q,,):

Q=01+ O ey

where Q = Nt. The heat transferred to the lithosphere is
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Fig. 1. Schematic evolution of PH that reached the RL. (x, = H — x;) the depth of the RL base; (Ax,) the height of the secondary
plume ascent; (H — x; — Ax,) the height of the eruption channel. The diagram shows temperature profiles across the RL x, at
moments #; < t, < t3. (I, 2) Locations of the PH at moments #; and #,, respectively. Free convection currents within a plume are

indicated.

2
0 ="a, @
where g is the heat flow from the plume roof to the
lithosphere averaged over the time ¢. The heat con-
sumed for heating of the massif surrounding the PH and
its melting is equal to

D8
Qm - p 4

[B(p+C(Tph_Tam)]7 (3)
where 9 is the average thickness of the PH commensu-
rable with diameter d of the plume channel; p is the
density of ambient massif adjacent to the PH; B is the
heat of melting; ¢ is the degree of melting in the PH;
C is the heat capacity; T}, is the melt temperature in the
PH; and T,,,, is the temperature of ambient massif. Assum-

ing 0 = d, we obtain from (1)—(3)

nD’pd D gt
Nt = 4p [Bo+C(Ty-Tu)1+ 2L @)
The diameter of the PH obtained from (4) is
12
D = [ 4Nt _ } . )
npd[BQ + (T, —T,,)] + gt
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In order to determine the g value, let us place the
origin of coordinates O at the PH boundary (Fig. 1) that
moves along the RL base with velocity v. When esti-
mating the intensity of heat transfer in the lithosphere,
velocity v is accepted as the average velocity v, =

2
const. Furthermore, we neglect term —;, which is
y

2
much less than term ? , where x is the vertical coor-

X
dinate counted out from the RL base and y is the hori-
zontal coordinate counted out along the RL base. If the
system of coordinates is fixed, the lithosphere may be
regarded as moving with velocity v, = const. In this
case, the heat transfer in the lithosphere above the
plume roof is described by equation

oT _ o'T
Voa— = a—z. (6)
y ox
If coordinate y = vyt, Eq. (6) is transformed into
2
or = aa_g. @)
ot ox
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Owing to the relatively high velocity of the plume
ascent and the great thermal inertia of the lithosphere,
one can accept that, at the initial adjacent to ¢ = 0, the
temperature at the RL base instantly changes from the
average temperature 7, of the lithosphere to the solidus
temperature 7, at the plume roof. Therefore, the follow-
ing boundary conditions should be set in order to esti-
mate the intensity of heat transfer at the plume roof:

T=T, at x>0 and r=0;
T=T, at x=0 and ¢>0; (8)

T—T, at x> and >0,

Ty +T,

where T = is the average temperature in the

lithosphere above the PH and T, is the temperature of
day surface (Fig. 1).

According to [13], Eq. (7) with boundary conditions
(8) can be solved as

7\‘(Ts_ T )
= (Tcat)l/zl ’ ©)

where A is the thermal conductivity of the lithosphere.

t
The heat flow averaged over time is g = %J.q dar.
0

From (9), we obtain the average (by time) value
2MT,-T))

A Tat ’

Ts - Tds
3 .

q= (10)

where T,— T, =

The plume can erupt at the surface according to the
following scenario. When the plume roof reaches the
RL base, material along the base is melted. Conse-
quently, the plume/RL boundary is marked by the for-
mation of a purely chemical (secondary) plume (Fig. 1)
owing to the density difference between the plume melt
and rocks above the plume roof. The secondary plume
ascends within the RL from its base to the Ax, level of
plume eruption at the surface (Fig. 1). The height of
eruption channel (H — x; — Ax,), where H is the distance
from the core—mantle boundary to the day surface and
x, is the distance from the core—mantle boundary to the
RL base, was assessed in [11].

Owing to the eruption of plume (Fig. 1), the further
growth of its head may cease. Substituting heat flow g
from (10) into (5), we obtain

D

172

4Nt

172

2mt) "MT,—T,) (il)

172
a

npd[B(p + C(Tph - Tdm)] +

Let us estimate the time interval ¢ from the adjacent
to when the plume roof reaches the RL base to the adja-
cent to of plume eruption. To do this, it is necessary to find
the velocity of the secondary plume ascent. In the case of
the plume ascending from the core/mantle boundary, the
secondary (chemical) plume is formed at the plume roof
under a pressure that exceeds the lithostatic pressure and
equals [11]

2
AP = pugx BT, - Ty)5) (12
where p, is the density of the mantle massif surround-
ing the plume channel, g is the acceleration of gravity,
x, is the coordinate of the RL base, B is the coefficient
of thermal expansion of melt in the plume channel, 7},
is the temperature of melt in the plume channel aver-
aged over the channel height, 7 is the average temper-
ature of the ambient mantle massif, and d is the diame-
ter of the mantle plume channel. AP varies from 10° to
1.4 -10° N/m2[11]. As follows from (12), AP decreases
with increasing diameter D. Further, we find the aver-

age AP value when the diameter of the PH changes
from d to D,,,,:

1

— 1

AP = 1——_7_[32908)615(Tm—To)dS
f

2
= L g BT, - Ty, (13)

where s = % , D is the increasing diameter of the PH at

the RL base, f= ——, and D,,,,, is the maximum diam-

max

eter of the PH. Let us introduce parameter & = % A+f+

)AL= 1,E= 1. Atf=0,&= %

The diameter of the secondary (chemical) plume is
commensurable with the diameter of the mantle plume
channel d or with the thickness of the PH that propa-
gates along the RL base (Fig. 1). Let us estimate the
velocity of the secondary plume ascent based on the
assumption that this plume at a first approximation is a
sphere and the secondary plume ascends within the RL.
according to the Stokes formula for a sphere moving in
a high-viscous liquid [14]:

DOKLADY EARTH SCIENCES Vol. 406 No.1 2006
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W = 6mnu,r, (14)

where W is the friction resistance of the moving sphere
(secondary plume, in this case), 1 is the dynamic vis-
cosity of RL, u is the velocity of the secondary plume

d. . . .. .
ascent, and r = > 1s its radius. The friction resistance of

the ascending secondary plume is estimated from the
relationship W= AP 7. In this case, we obtain from
(13) and (14)
APr _ EPog X1 B(Tw—To)r
6m 6m '
Using (15), we can find the time of ascent ¢ of the
secondary plume from the RL base to the height Ax,:
Ax, 6Ax.M
U EPogx 1 B(T—To)r
The time of growth of the main (thermochemical) PH is
commensurable with the time of the secondary plume

ascent. Now, we can find the diameter of the main PH,
taking into account expression (16) in relationship (11).

(15)

u0=

(16)

Accepting the parameters p, = 4500 kg/m?, x; =
H=28-10m, T,,— Ty = 310°C [11],m =5 - 10%'-

102 H - s/m2, r=5-10"m, B=3- 107 °C, f= Dd _
é ,and & = 0.398 from [15], we find that the velocity of

the secondary plume ascent is u, = 1.2-2.4 cm/yr. The
velocity 1, is much lower than the velocity of the main
plume ascent from the core/mantle boundary, which is

estimated at 0.6—1.1 m/yr [9]. At Dd

may erupt at the surface from the lower crustal level
[11]. Therefore, we suppose that the plume erupts at
H — x| — Ax, =30 km. The RL base may occur at a depth
of H— x, = 100-200 km, and Ax, = 70-170 km. At u, =
1.2 cm/yr, according to (16), the time of the secondary
plume ascent from the base of RL to the height of Ax,
ist= éic—e =5.8-14.2 Ma. At uy=2.4 cm/yr, t = é&‘ =
Uy Uy
2.9-7.1 Ma. As follows from [12], the temperature of
peridotite melting at the RL base at depths of 100 and
200 km is 1500 and 1800°C, respectively. For T, = 0,

< 1, the plume

Ts - Tds
T,— T4 =1500 and 1800°C and T,— T = 5 =750

and 900°C. In addition, the following values are
accepted to estimate the PH diameter from relationship
[11]: p=3430 kg/m?, B=2.1-10°J/kg, p=0.3, C =
10° J/kg - °C, Ty, = Ty = 100°C, A =3 W/m - °C. The
relationship between the PH diameter D and the ther-
mal power N of the plume source at the core/mantle
boundary is presented in Fig. 2 for t=2.9-14.2 Ma, d =
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Fig. 2. Diameter of the PH vs. its thermal power at d = 100 km,
degree of melting (¢) = 0.3, and dynamic viscosity of RL

n=5-1021-1022N - s/m?. (1) x, = 100 km, Ax, = 70 km;
N=5-102! N - s/m? = 2.9 Ma; (2) x, = 200 km, Ax, =
170 km; 1 =5 - 10! N - s/m?; £ = 7.1 Ma; (3) x, = 100 km,
Ax, =70 km; 1 = 1022 N - s/m?; 7 = 5.8 Ma; (4) x, = 200 km,
Ax, =170 km; 1 = 10*2 N - s/m%; 1 = 14.2 Ma.

100 km, and Ax, =70 and 170 km. As follows from Fig. 2,

at plume power N = 3 - 10! W, which corresponds to
the power of the Hawaiian plume [9], and at a viscosity
of the RL of 5 - 10>'-10?> N - s/m?, diameter D that pro-
vides for the eruption of the plume may be 770-1310 km.
At N =10'""W, D = 450-770 km. According to the esti-
mates published in [6], the PH diameter is ~2000 km
for two of the largest continental igneous provinces
(Mackenzie and CAMP), the largest of their kind in the
world, and for the Ontong-Java and Manihiki oceanic
lava plateaus. A thermal power of the plume source of
7 - 1012 - 10'> W should correspond to such a diameter.
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