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It is generally thought that the early Earth's mantle was hotter than today, which using conventional convective scalings 
should have led to vigorous convection and mixing. Geochemical observations, however, suggest that mixing was not as 
rapid as would be expected, leading to the suggestion that early Earth had stagnant lid convection [1]. Additionally, the 
mantle's thermal evolution is difficult to explain using conventional scalings because early heat loss would have been too 
rapid, which has led to the hypothesis that plate tectonics convection does not follow the conventional convective 
scalings [2]. One physical process that could be important in this context is partial melting leading to crustal production, 
which has been shown to have the major effects of buffering mantle temperature and carrying a significant fraction of the 
heat from hot mantle [3], making plate tectonics easier [4], and causing compositional differentiation of the mantle that 
can buffer core heat loss [5]. Here, the influence of this process on mantle mixing is examined, using secular thermo-
chemical models that simulate Earth's evolution over 4.5 billion years. Mixing is quantified both in terms of how rapidly 
stretching occurs, and in terms of dispersion: how rapidly initially close heterogeneities are dispersed horizontally and 
vertically through the mantle.  These measures are quantified as a function of time through Earth's evolution. The results 
will then be related to geochemically-inferred mixing rates for different stages of Earth evolution.  
 
 

dynamo activity) found in our previous mantle–core evolution calcu-
lations (Nakagawa and Tackley, 2010). All physical parameters are
listed in Table 1.

When magmatism is included there are two mechanisms of heat
loss across the surface: convective and magmatic. Magmatic heat
loss has two components: latent heat and cooling of the solidified ba-
salt. It is instructive to estimate how important this is on the present-
day Earth. An upper bound estimate comes from assuming that
the basalt cools to the surface temperature, which gives Qe ¼
∫ρ _m Cp T−Tsð Þ þ L

! "
dV where L is the latent heat, _m is the fractional

rate of melt generation and Ts is the surface temperature. Oceanic

crust is presently produced over an area of 2.9 km2/yr (e.g. Phipps
Morgan (1998)); assuming a thickness of 8 km and a density of
3000 kg/m3 leads to 2.2×106kg/yr of MORB production. Latent heat
release (assuming a latent heat of 500 kJ/kg) thus accounts for 1.1
TW, and magma cooling (from 1600 K minus adiabatic cooling of
200 K (McKenzie and Bickle, 1988) to 300 K with a specific heat ca-
pacity of 1200 J/kg/K) accounts for 2.9 TW, a total of 4 TW, which is
almost 9% of the total heat loss. For the case of spreading centre vol-
canism it might instead be considered that cooling is included in the
usual half-space cooling solution rather than the magmatic heat
loss, leading to a lower bound of 1.1 TW. Assuming a linear initial
temperature profile in the oceanic crust (McKenzie et al., 2005) is
half way between these bounds. In contrast, for intraplate volcanism
such as flood basalts, basalt cooling is certainly part of the magmatic
term and needs to be added to the conductive heat flow. In the simu-
lations in this paper, to avoid having to distinguish between spread-
ing centre volcanism and intraplate volcanism, we uniformly quote
the upper bound, which does not change the calculated total heat
flow (or thermal evolution), only the way that it is decomposed
into convective and magmatic components.

Two initial mantle potential temperatures are assumed, namely
1600 K (similar to the present-day potential temperature of the shal-
low mantle (Jaupart et al., 2007)) and 2500 K. The initial temperature
profile is adiabatic (assuming solid state) plus thin thermal boundary
layers at the surface and CMB. Our model parameterisation is not ca-
pable of treating the magma ocean that would in reality result from a
surface temperature of 2500 K (Abe, 1997); instead this simply

Fig. 1. Time evolution of thermo-chemical structures for cases with a low initial mantle temperature (top), a high initial mantle temperature (bottom) and BSE radiogenic heat
production. Time increases from left to right. Viscosity profiles for the final snap shots are plotted on the right.

Table 1
Mantle model physical parameters. Ra0=ρ0gα0ΔTsad3/κ0η0.

Symbol Meaning Non-D. value Dimensional value

Ra0 Rayleigh number 107 N/A
η0 Reference viscosity 1 1.4×1022Pa s
Δη Viscosity jump at 660 km 30 N/A
σb Yield stress at surface 1×105 117 MPa
σd Yield stress gradient 4×105 162.4 Pa m−1

ρ0 Reference (surface) density 1 3300 kg m−3

g Gravity 1 9.8 m s−2

α0 Ref. (surface) thermal expan. 1 5×10−5 K−1

κ0 Ref. (surface) thermal diff. 1 7×10−7 m2 s−1

ΔTsa Temperature scale 1 2500 K
Ts Surface Temperature 0.12 300 K
Lm Latent Heat 0.2 6.25×105 J kg−1

τ Half-life 0.00642 2.43 Gyr
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Figure 1. Time evolution of mantle composition and temperature in a simulation in [3]. 
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