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Mantle plumes, narrow upwellings of hot rock, owe
their origin to the instabilities of the thermal
boundary layer either at 670 km depth or at the base
of the mantle. These upwellings bring deep mantle
material to the base of the lithosphere and are
manifested on the earth’s surface by positive geoid,
bathymetry/topography, heat flow anomalies, and
extensive volcanism. The volcanism over a mantle
plume occurs due to the partial melting of hot
upwelling mantle as a result of decompression. The
extent of partial melting depends on the convective
velocities which are obtained through a fluid
dynamical modelling approach. The partial melting
introduces two important effects; the latent heat
effect during melting cools the plume, thus reducing
the degree of melting, and the melt removal reduces
the density of the mantle residue thereby introducing
convective instabilities in the system. The effect of
these factors on the mantle dynamics and melting
rate has been studied. The results indicate formation
of a swell root of depleted residue above the plume at
the base of lithosphere and reduction in the melt
production rate with time-varying fluctuations,
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THE uppermost rigid portion of the
lithosphere, 1s made up of a number of plates which
interact with each other forming spreading, subduction,
and transform boundaries. The tectonic activity and
volcanism are confined mainly to these plate margins.
However, volcanism also occurs in the interior of a plate
remote from any boundary, e.g. Hawatian volcanism in
the Pacific plate'. The geochemical signatures of this
volcanism are significantly different from those of mid-
oceanic ridge basalts (MORB)®. These centers of
intraplate  volcanism are called hotspots and are
associated with positive geoid, topography, and heat
flow anomalies. As an example, the Cape Verde hotspot
on the African plate is associated with 7.6 m geoid,
1900 m bathymetry, and 16 mW m™> heat flow
anomalyj. Wilson* related this volcanism to elevated
temperature at the base of the lithosphere. Morgan'
proposed that the hotspots are the surface expressions of
hot narrow upwellings in the Earth’s mantie which
convectively bring deep mantle material to the base of
hithosphere. He called these mantle upwellings mantle
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plumes. Ever since extensive research has been carried
out in this field to understand the origin of mantle
plumes, mantle dynamics, physical properties of the
mantle, and volume and composition of melts produced
by plume melting”®. In the absence of direct evidence
for these narrow (= 150 km diameter) mantle plumes,
most of the work has been restricted to numerical and
laboratory experiments, whose results have been
compared  with  constraints from  geophysical
observations of geoid, topography, heat flow anomalies;
magmatic underplating; geochemical signatures like
major and rare earth elements concentration; and
geochronological data on the dates and timing of
volcanism. Recently, some success has been achieved in
the detection of mantle plumes in upper mantle through
seismic tamographym.

A mantle plume is assumed to initiate as an instability
in hot thermal boundary layer that grows to form large
spherical blob (Figure 1). Once the blob becomes
destabilized, it starts moving upward due to its thermal
buoyancy. A narrow conduit connects the plume blob
with the thermal boundary layer and supplies material to
the blob. This type of plume imitiation model was
supported by laboratory experiments on glucose sympg
in which a low viscosity syrup at 80°C was injected at
the base of the model tank filled with relatively high
viscosity glucose syrup at 20°C. The most probable
location of the thermal boundary layer is the core-
mantle boundary region where temperature contrast of
over 1000°C exists between the lower mantle and the
outer core'®. The lateral heterogeneity in a 200-300 km
thick layer above the core-mantle boundary'"'?, labelled
D", also supports this region as a probable source region
of mantle plumes. However, the phase boundary
between the upper and the lower mantle at 670 km depth
perhaps inhibits subduction of lithospheric slabs into the
lower mantle"”, resulting in ponding of subducted
matertal at this boundary and in two-layered convection.
The region around 670 km depth has also been proposed
to represent a thermal boundary layer from which mantle
plumes can originate. The geochemical signatures of
volcanic rocks at hotspots support a model of two-layer
convection, in which plumes from 670 km depth entrain
some material from the lower mantle.
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Figure 1. Results of a numerical computation to show initiation and
subsequent evolution of a thermal plume 1n an axisymmetric cylinder
for a highly temperature-dependent viscosity fluid heated from
below. Frames a—-d show the thermal structure at different times.

The convective motions in the mantle induced by
plumes have been analysed by employing numerical
techniques in two-dimensional, three-dimensional,
cylindrical, and spherical geometries. Starting from
simple models of convection of a uniform viscosity fluid
in a closed box heated from below' to explain observed
geoid and topography anomalies ‘at hotspots, later
models have grown in complexity and include highly
temperature- and pressure-dependent viscosity, internal
heating, plate motions, and melting in time-dependent
convectton. These experiments have been performed at

the Rayleigh numbers representative of the earth’s

mantle for both the two-layered and the whole mantle
convection. Two very important mechanisms that have
been considered in numerical studies of mantle
dynamics are the role of the endothermic phase
transition at 670 km depth, and the decompression
plume melting. The 670 km depth phase transition
opposes the flow of material across it, favouring a
tendency towards layered convection in the mantle.
Christensen and Yuen'>'® showed through numerical

experiments on whole mantle convection with a phase

transition that the tendency to layering increases with
increasing Rayleigh number and the negativity of the
Clapeyron slope. Recently, numerical results® have
shown that the mantle may episodically alternate
between two-layered and single-layer convection, The
transition from two-layered to single-layer convection in
these models is marked by an avalanche of new plumes.
Seismological observations at some subduction zones,
where the slab penetrates through the phase boundary”
whereas it seems to remain in the upper mantle in other
regions'® and cpisodes of enhanced global volcanic
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activity during the geological past'’ have been taken as
evidence for such a hybrid behaviour of mantle
convection,

Melting' at plumes provides another important
constraint on their dynamics. The volume and
composition of these melts help in constraining the
depth and temperature of the melting zone. The volume
of melt 1s estimated from the exposed volcanic rocks
and the igneous rocks underplated at the Moho which
are mapped by crustal seismic studies. The melt
produced ‘at plumes ascends to the Moho level. It
thereafter, gets trapped due to its relatively high density
and only about one fourth of fractionated melt erupts on
the surface as volcanics. White®™® estimated melt
production rates at hotspots based on this estimation and
found that melt production rate varies from 0.24 km®/yr
at Iceland to as low as 0.03 km’/yr at Cape Verde
hotspot. McKenzie ‘and Bickle*® parameterized the
experimental results on melting of garnet peridotite to
get solidus and liquidus temperatures and then estimated
the melt production during the decompression melting of
upwelling mantle at different adiabatic temperatures.
White and McKenzie*® correlated flood volcanism to the
melting of a large blob of a starting mantle plume and
suggested plume temperatures of 200-300°C higher than
the normal mantle. Numerical codes have been
developed to incorporate the effect of melting on the
mantle dynamics. |
. During the melting of an ascending plume, the
buoyancy of the material changes due to the removal of
melt from the matrix and due to the latent heat effect.
The melt removal reduces the density of the residue,
giving rise to an upward buoyancy which is termed
mantle depletion buoyancy. The latent heat effect
reduces the temperature of the residue upon melting,
giving a negative buoyancy component. These buoyancy
effects alter the flow of plume material at the base of the
lithosphere. These effects have been ‘mainly analysed in
the models of spreading ridges to explain the
narrowness of the zone of crustal production® ™. In
plume-lithosphere interaction models, Watson and
McKenzie®® and Farnetani and Richards®’ studied the
effect of latent heat on the plume flow and melt
production. Recently, Phipps Morgan et al.”® have
discussed a one-dimensional model of the Hawaiian
swell root formation including the effect of .mantle
depletion buoyancy. Dupeyrat et al.”’ studied the
depletion buoyancy effect 1n a two-dimensional
isoviscous model. We have carried out work to analyse
the effect of latent heat and mantle depletion buoyancy
on the rate of melting and plume flow in the
asthenosphere  taking pressure- and temperature-
dependent viscosity’”, These results are summarized in
this article. We first briefly describe the equations
relevant for the fluid dynamical modelhing and then
discuss the steps involved in the calculatton of the melt
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production rate. The inferences derived from the
modeclling study are summarized at the end.

Fluid dynamical modelling

The convective circulation in the mantle induced by
plumes is modelled by using
modelling approach as used in the studies related to
engineering applications. An important difference is that
the mantle convects in solid state, meaning that the
mantle behaves as a fluid in geological times but is solid
on short time scales. However, melting of mantle is
possible. An important consequence is that for the
Earth's mantle the Prandtl number is of order 10°,
which simplifies the general Navier~Stoke’s equation by
allowing to 1gnore the 1nertial terms. Under the assump-
tion of incompressible convection of a Boussinesq fluid,
the momentum and incompressibility conditions are

given by’
V-p=V.r+p g, (1)
V-u=0, I (2)

respectively, where u is the velocity vector, 7 is the
deviatoric stress tensor, p is the pressure, and g is the
gravity acceleration.

In the momentum equation (eq. 1), the stress tensor 7
1s related to the strain rate tensor g through the

constitutive rheological law’"
Tﬁ = ZH(P, T,C, E)SU, ) (3)

and the strain rate is related to the velocity by
: 1 |
8,;; = E—(aluj +aju,-). (4)

In plume-induced mantle convection, the circulation is
mainly driven by the thermal buoyancy. Therefore, one
needs to solve the energy equation

pClRT+u - VT=V-(kVT) + Q, (5)

where T 1s the temperature, C, is the specific heat, & is
the thermal conductivity, and Q is the rate of volumetric
heat generation. .

The thermal and mantle depletion buoyancy
contributions are included by computing the density
variation from

P =poll +a(Te-T) - D], (6)

where pgy and T are the reference density and reference
temperature, respectively, 8 is the chemical buoyancy
coefficient’® and D is the degree of depletion.
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a fluid dynamical.

Melt generation

McKenzie and Bickle®' synthesized the experimenta
results on melting of garnet peridotite and obtained :
parameterized form of the solidus and liquidus curve.
for mantle rocks as '

P=(T,-1100)/136 + 4.968 x 107*
exp(1.2 X 107%(T; - 1100)), (7

4

T1=1736.2 + 4.343 P + 180 tan"'(P/2.2169) (8

for quantification of melt production (Figure 2). In th
above equations, P is the pressure in GPa, T, is th
solidus temperature, and 7 is the liquidus temperature
They also obtained an empirical relation between the
melt fraction and temperature which is given as

X-05=T*+[(T*)*-0.25](0.4256 + 2.988T*), (9
where X 1s the melt fraction and T* is given by

_T-2T3=(T,+T)/2
I - T .

T*

Durning the melting process, some amount of heat i:
absorbed due to the latent heat effect reducing the
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Figure 2. Melt production rate curves after McKenzie and Bickle?!
but for the entropy change of 400 J/kg K. T; and T) are the solidus
and liquidus curves for garnet peridotite and the dashed curves are
the isolines of constant melt fraction. The lines marked by different
temperature values, e.g. 1300°C are the adiabatic temperatures which
become curved during melting due to the latent heat effect.
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Figure 3.. Plume convection under a 96 km thick lithosphere at 40 m.y. time. The results are: a, temperature and flow beneath the lithosphere;
b, degree of depletion of mantle residue in the absence of chemical buoyancy effect; ¢, temperature and flow, and d, degree of depletion for the

same case including the effect of chemical buoyancy.

temperature of the medium and hence the melt
production. This effect is not ' included in eq. (9).
McKenzie> applied this - correction in melting
calculations under the assumption of constant entropy of
melting. Since a direct implementation of such latent
heat-corrected melting calculation is computationally
tedious, Watson and McKenzie®® suggested a
parameterized form of the latent heat correction for use
in melting calculations in mantle convection codes. We
computed our results using the above parameterization,
but with a value of 400 J/kg K for the entropy change
during melting instead of 250 J/kg K as used by Watson
and McKenzie’® in their original calculations. We
computed melting using a Lagrangian tracer particle

method>!.

Results

We studied the effect of mantle depletion buoyancy on
the melting and mantle dynamics using a two-
dimensional spline-based finite element program. The
main results of our computations are summarized here,
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In our computations the viscosity was highly pressure-
and temperature-dependent. The results were computed

- for different cases of lithospheric thicknesses but only

the results for the case of thick lithosphere of 96 km are
presented here. Figure 3 shows the temperature, flow,
and melt fraction at 40 m.y. time without (a, b) and with
(¢, d) the effect of depletion buoyancy. The results
indicate the formation of a thick root at the base of the
lithosphere in presence of depletion buoyancy effect.
The flow in presence of depletion buoyancy has smali-
scale instabilities sinking from the base of the
lithosphere to the asthenosphere.

The evolution of the rate of melt production with time
for lithospheric thicknesses of 60 and 96 km,
respectively, is shown in Figure 4. The results for the
case of no depletion buoyancy are shown by the solid
lines and those with the chemical buoyancy are shown
by dashed lines. The melt production rate 1s
significantly high for melting under thin lithosphere. In
this case, melt production is initially high but gradually
decreases when no chemical buoyancy is included.
Inclusion of chemical buoyancy effect, however,
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Figure 4. Evolution of melting rate for plume flow beneath thin
(60 km) and thick (96 km) lithospheres. The results with and without
the effect of chemical buoyancy are shown by dashed and solid
curves, respectively (after Manghik and Christensen’).
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Figure 5. Depth integrated melt production rate -as a function of
distance from the plume-axis at 40 m.y. time for melting under
96 km thick lithosphere to show a lateral shift with time 1n the zone

of maximum me.« production due to the formation of swell root (after

Manglik and Christensen™").

enhances melting rate at injtial times and significantly
reduces melting at later times. For thick hthosphere
case, in the absence of chemical buoyancy the melt
production  rate increases steadily with time and is
smooth. In the presence of depletion buoyancy eftect,
the melt production rate decreases by 50%. This
reduction 1n the melting rate is the result of

accumulation and gravitational trapping of the depleted

residue below the thinned lithosphere above the plume
that inhibits further plume upwelling to shallow depth in
the zonc of melting. Also, the melt production rate
significantly fluctuates with time 1n presence of
depletion buoyancy. Another effect of the presence of
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the depleted residue at the plume axis is the lateral shift
in the zone of maximum melt production. This result for
96 km thick lithosphere case is shown in Figure 5. The
results were obtained by vertically integrating the melt
production 1n different columns in lateral direction. The
results show a lateral shift in the zone of maximum melt
production with time.

Conclusion

These results can be summarized to state that the mantle
depletion buoyancy effect significantly influences the
flow of plume material by introducing small-scale
instabilities in the asthenosphere and by forming a
depleted swell root at the plume center inhibiting further
upwelling. This results in the reduction in the melt
production and a lateral shift in the volcanism.

Although the numerical modelling of mantle
convection with plumes has grown in complexity, there
are still many unresolved issues, e.g. how to 1ntroduce
plate boundaries 1n the modelling and how the
continents influence the asthenospheric flow pattern. In
the Indian context, the Deccan volcanism 1s one of the
best examples of plume-lithosphere interaction. The
three-dimensional studies of interaction of a starting
plume with moving continental lithosphere undergoing
stretching can be taken up in the future in order to
understand the mantle dynamics and the tectonics of the

-western part of the Indian continent.
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In this review, a new method is proposed based on
Cantor’s Theory of Cardinality to analyse the
experimental data on unstable nuclear systems which
includes fundamental particles and their flavours, 3-
decay including spin and parity, a-decay and the
systematics of the energy levels of light nuclei. The
method also derives a formula for the binding

energies of unstable nuclei. All this is based on the

theory of discreteness and continuity.

eyl

THE carliest review on nuclear physics was written
nearly sixty years ago by H. A. Bethe and his associates’
to explain various nuclear phenomena within the
framework of quantum theory. The review which was
published in a series of three articles incorporated a
thorough and comprehensive study of the developments
in the field of nuclear physics at that time. The review
covered almost every aspect of the nucleus ranging from
a-, B-, y-radioactivity, nuclear reactions, nuclear forces
and many-body effects, etc.

Bethe's work was epoch-making and influenced all
other research subsequent to his paper. For many ycars
it was considered that the nuclear forces obtained by
various experiments were sufficient to understand all

CURRENT SCIENCE, VOL. 73, NO. 12, 25 DECEMBER 1997

nuclear phenomena but unfortunately the strong many-
body nature of the problem shifted the fundamental
approach to the study of nuclear models and has been
the approach of all later workers. Though enormous
developments have taken place in nuclear sciences, such
as the discovery of magic numbers, excited states of
nuclei up to high energies, discovery of parity, to
mention only a few that fall in this category, an overall
picture of nuclear systems which includes fundamental
particles is still incomplete and will probably remain as
such.

Even though there has been a continuous progress in
dealing with nuclear systems and fundamental particles,
there still is a lack of a coherent formulation which
would permit an analysis of all observed phenomena in a
fundamental way. In place of a single umfying theory,
there are scattered islands of knowledge in a seca of
scemingly uncorrelated observations. So far, attempts
have been made to formulate several theories and
models to understand various physical phenomena,
which concentrate only on small sections of the
observed behaviour. Experiments are often performed,
cuided by existing theories to mainly confirm certatn
features predicted by them, rather than making
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