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Introduction

Partial melting is a common process in terrestrial planets and in fact difficult to avoid during
some period of planetary evolution [1]. In earlier thermal evolution and convection models, melt
production has been considered by the consumption and release of latent heat, the associated
formation of a crust and the redistribution of radioactive heat sources [2, 3, 4]. Melt, however,
is a most important element influencing also the viscosity of the mantle material. First, melt
in suspension with the silicate matrix reduces the viscosity. Depending on the melt fraction the
viscosity can be decreased by several magntiudes [5]. Second, melt can indirectly impact the viscosity
of partially molten rocks through its influence on water content [6]. Mantle material will be dried out
due to partioning of water from the minerals into the melt during melting process. As a consequence,
the viscosity of water-depleted regions increases and will finally be a factor of > 100 larger than the
water-saturated rocks.

In this preliminary study, we investigate the effects of both processes separately on the mantle
dynamics and the efficiency of heat transport, i.e., the decrease of the viscosity with partial melt
assuming a dry planetary interior and the increase of viscosity with depletion of water due to partial
melt assuming a wet planetary interior (a decrease of viscosity with partial melt is negelected
assuming that melt at degrees lower than a few percent will be separated from the solid matrix [6]).

Method

We use a 3D spherical convection model that can handle radial and lateral variations in the
viscosity [7, 8]. The non-dimensional equations of a Boussinesq fluid with Newtonian rheology and
including latent heat consumption by partial melting are:
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The viscosity law is modified in order to express the dependency on the degree of melt for a dry
mantle:
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where η0 is the reference viscosity, E is the activation energy, V is the activation volume, R is the
gas constant, T is the temperature, α is a coefficient which value is 26 for diffusion creep and Fcrit

is the critical partial melt fraction [12]. In the second case we assume a wet mantle and
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with COH as the concentration of OH in the solid material. See Figure 1 for the viscosity profiles
of both cases.

Figure 1: Viscosity profiles. The shaded region is where partial melt process locally takes
place. This process is marked by a decrease in the min viscosity profile for dry mantle and by
an increase in the max viscosity profile for wet mantle respectively

For simplicity, here we take 1
COH

to be equal to exp(αF ). We further assume constant temperatures
at the surface and at the core-mantle boundary, a constant heat production rate and free slip
boundary conditions. Pressure dependence of the viscosity is neglected (V = 0) and E is
150 - 250 kJ/mol.
In the case of a dry mantle we assume that either up to 5% or 30% of melt can remain in suspension

and reduces the visocity accordingly. Melt fractions beyond these critical values are assuemd to rise
instantaneously toward the surface and do not influence the viscosity. For the wet mantle case, we
assume that the solid residual will be continuosly depleted of volatiles with increasing melt fraction
but independent whether the melt remains in suspenison or is removed. This process results in a
decrease of the viscosity.

Results

First, we present a comparison of the results obtained for a dry mantle with a critical melt fraction of
5% and a wet mantle for quasi steady state solutions. For these cases we have a mixed heating mode
(heating from the core and radioactive heat sources). The Rayleigh numbers are set to Ra1 = 1e7
and RaQ = 3e7.
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Figure 2: Comparison between dry and wet mantle. From left to right: temperature fields
for dry and wet mantle, respectively, and temperature, viscosity and velocity profiles. Bluish
regions mark the zones of partial melt.

Rheology Nut Nub Surface Heat F low CMB Heat F low Lid Thickness

dry 5.12 1.88 46.44 17.08 0.197
wet 3.69 0.67 33.46 6.08 0.287

Table 1: dry vs. wet mantle results at non-dimensional simulation time = 2.0

In the second part, we further assume that the radioactive heat sources decay with time and that
the core is cooling. The thermal evolution is calculated for a dry mantle with Fcrit = 5%, a wet
mantle, a case where the viscosity in the partial melt zone is left unchanged and a dry mantle with
Fcrit = 30%. For all four cases we assume the same initial conditions. The Rayleigh numbers are
set to Ra1 = 1e7 and RaQ = 5e7.

Evolution

dry Fcrit = 5%
wet Fcrit = 30%
viscosity unchanged
dry Fcrit = 30%

dry Fcrit = 5%
wet Fcrit = 30%
visc unchanged
dry Fcrit = 30%
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Figure 3: Top from left to right: Temperature field of a dry mantle 5% melt, wet mantle,
viscosity unchanged, dry mantle 30% melt at non-dimensional simulation time 0.73. Bluish
regions mark the zones of partial melt.
Bottom from left to right: Lid thickness, lid variation, core temperature, weighted mode and
melt volume over the mantle volume as a function of time

Discussion

The effect of partial melt upon viscosity in the dry mantle case with Fcrit = 5% will only have
an local impact and only small changes can be observed in the velocity and temperature profiles.
However if more melt can remain in suspension or for the wet mantle case, the influence becomes
stronger and more global. For instance, the cooling rates differ significantly from the model with
unchanged viscosity (increased cooling for dry mantle case and lower cooling for the wet mantle
case). Furthermore, the convection structure becomes more large-scale in both cases.
In our models we have studied the effects of partial melt on the viscosity for both dry and wet mantle

cases. Note, however, that for a better comparison our models start with the same initial mantle
viscosity (before partial melt occurs). Future studies will consider that at the same temperature the
dry mantle has a higher viscosity than the wet mantle case.
Future steps are to extend our model by investigating the effects of partial melt upon compositional

changes and mantle differentiation. For this another equation for the composition conservation will
be added to the gorverning equations presented in the method section. Also tracer particles will be
used to monitor the evolution of single material points along their flow-characteristics.
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