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Two-dimensional thermo-chemical mantle convection simulations are used to investigate the influence of
melting-inducted differentiation on the thermal evolution of Earth's mantle, focussing in particular on
matching the present-day surface heat flow and the ‘Urey ratio’. The influence of internal heating rate, initial
mantle temperature and partitioning of heat-producing elements into basaltic crust are studied. High initial
mantle temperatures, which are expected following Earth's accretion, cause major differences in early mantle
thermo-chemical structures, but by the present-day surface heat flux and internal structures are indistin-
guishable from cases with a low initial temperature. Assuming three different values of mantle heat produc-
tion that vary by more than a factor of two results in small differences in present-day heat flow, as does
assuming different partitioning ratios of heat-producing elements into crust. Indeed, all of the cases pre-
sented here, regardless of exact parameters, have approximately Earth's present-day heat flow, with substan-
tial fractions coming from the core and from mantle cooling. As a consequence of the model present-day
surface heat flow varying only slightly with parameters, the Urey ratio (the ratio of total heat production
to the total surface heat flow) is highly dependent on the amount of internal heat production, and due to
the large uncertainty in this, the Urey ratio is considered to be a much poorer constraint on thermal evolution
than the heat flow. The range of present-day Urey ratio observed in simulations here is about 0.3 to 0.5, which
is consistent with observational and geochemical constraints (Jaupart et al., 2007). Magmatic heat transport
contributes an upper bound of 9% to Earth's present-day heat loss but a much higher fraction at earlier times
—often more than convective heat loss—so neglecting this causes an overestimation of the Urey ratio. Mag-
matic heat transport also plays an important role in mantle cooling. Considering these points, it is important
to include magmatic effects when attempting to understand the thermal evolution of the Earth.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The surface heat flow is arguably the most important constraint on
the thermal evolution of Earth's mantle. A typical estimate of the
present-day total surface heat flow is 46 TW (e.g. Jaupart et al.,
2007). It is useful to decompose this into oceanic and continental
parts: the surface heat flow through oceanic lithosphere is 32 TW
and that from the mantle is 39 TW (Jaupart et al., 2007) which,
when averaged over the entire surface, correspond to heat fluxes of
62 mW/m2 and 76 mW/m2 respectively. In our previous study on
the thermal evolution of Earth's mantle and core (Nakagawa and
Tackley, 2010), the model surface heat flow was around 20 TW,
which is a factor of 1.5 lower than Earth's oceanic heat flow. A
major reason for this is that the convective vigour was lower than
Earth-like, which was partly because the assumed reference viscosity
of 1022 Pa s is higher than the value constrained by post-glacial
a).

l rights reserved.
rebound and other observations (Barnhoorn et al., 2011; Haskell,
1935; Mitrovica and Forte, 2004; Peltier, 1996).

Previous thermal evolution studies have often focussed on the
Urey ratio, which is the ratio of total heat production to the surface
heat flow. Combining constraints on surface heat flow with geochem-
ical constraints on mantle heat production leads to a Urey ratio esti-
mate in the range of 0.21 to 0.49 (Jaupart et al., 2007); another
review places it at 0.08–0.38 (Korenaga, 2008). A long-standing prob-
lem is, however, that in parameterised models of thermal evolution
that use standard Nusselt number–Rayleigh number scaling (e.g.
(Davies, 1980; Turcotte, 1980)), or in fully dynamical simulations of
convection (e.g. Butler, 2009; Deschamps et al., 2010; Honda and
Iwase, 1996), the Urey ratio is found to be significantly higher than
this, creating a paradox in understanding Earth's thermal history.
Early on, Christensen (1985) recognised that a low exponent in the
Nusselt number–Rayleigh number scaling (i.e. β in Nu–Raβ) provided
a solution to this problem, and noted that this is characteristic of con-
vection with moderately temperature-dependent viscosity, although
it was subsequently argued (Gurnis, 1989) that when plates are cor-
rectly included, β reverts to the standard value of ~0.3. More recently
it was proposed that accounting for the dissipation due to slab
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bending produces a lower value of β (Conrad and Hager, 1999) par-
ticularly when dehydration strengthening is included (Korenaga,
2006; Korenaga, 2008), and although a crucial component of this scal-
ing—constant slab bending radius—is arguably invalid (as argued by
Davies (2009) and Leng and Zhong (2010) and observed by Buffett
and Heuret (2011)), isochemical numerical convection calculations
(Korenaga, 2010) do indicate a substantial effect of dehydration
strengthening on the heat flow scaling. However, thermal evolution
when both plate-like behaviour and material differentiation due to
partial melting are included is difficult to predict analytically because
both effects, in particular plate-like behaviour, are strongly depen-
dent on the horizontal length-scale and time (e.g. Grigne et al.,
2005, 2007; Labrosse and Jaupart, 2007). Moreover, including dense
compositional layers or ‘piles’ above the core–mantle boundary can
substantially alter the thermal history due to buffering of heat from
the core (Nakagawa and Tackley, 2004, 2005), storage of heat-
producing elements in the dense material (Coltice et al., 2000), and
temporal transitions in the style of layering (e.g. Davaille, 1999;
Gonnermann et al., 2002). These factors seriously limit the applicabil-
ity of parameterized approaches to studying the thermal evolution of
Earth's mantle.

The presence of continental lithosphere also likely has a large in-
fluence, with (Lenardic et al., 2011) finding out that the mantle heat
loss would be roughly the same if continents were removed and
their heat-producing elements mixed into the mantle, arguing that
a Urey ratio of 0.21 to 0.49 with continents is equivalent to a Urey
ratio of 0.33 to 0.76 without continents. Continents also influence
the horizontal length-scale (e.g. Grigne et al., 2007), which influences
heat loss (Grigne et al., 2005). Considering these various influences
on the scaling of convective heat transfer, it is best to study the ther-
mal evolution of Earth's mantle using fully dynamical models that in-
clude both plate-like behaviour and melt-induced differentiation.
Ogawa (2007) studied how the radiogenic internal heating rate in
the mantle affects the evolution of thermo-chemical structures in
mantle convection simulations that include melt migration, and
found that present-day seismic tomographic observations are best
matched by an internal heating rate that is not very large. However,
the Urey ratio was not studied in this paper and the model was in a
2-D rectangular box, in which the relative areas of surface and CMB
and the ratio of surface area to mantle volume are not correctly
reproduced.

In order to estimate the Urey ratio, the internal heating rate in the
mantle is required. This has been estimated using geochemical ana-
lyses (e.g. Lyubetskaya and Korenaga, 2007; McDonough and Sun,
1995), measurements of geoneutrinos (The KamLand Collaboration,
2011) and by inferring the heating rate needed to explain the ob-
served surface heat flow (Schubert et al., 2001). The estimates for
bulk silicate Earth range from 10 to 30 TW. Assuming that the amount
of heat production in the continental crust is 7.5 TW (Rudnick and
Gao, 2003), the range of heat production in Earth's mantle is approx-
imately 3 TW to 28 TW, which is a huge range. Thus, it is important to
test the influence of heat production rate on mantle evolution.

Here we study the thermal evolution of Earth's mantle and core,
including melt-induced silicate differentiation, plate-like behaviour
and a global core heat balance. We investigate the model evolution
as a function of heat production rate, initial mantle temperature and
partitioning of heat-producing elements into the basaltic component.
We study the Urey ratio that incorporates heat loss by both conduc-
tion andmagmatism (heat pipe mechanism), and find that our results
are consistent with the estimated surface heat loss and Urey ratio for
the Earth.

2. Model description

A coupled model, in which a 2-D thermo-chemical mantle convec-
tion calculation is coupled to a parameterized core heat balance, is
used here. The model is very similar to that used in our previous pa-
pers (Nakagawa and Tackley, 2004, 2005, 2010). In Nakagawa and
Tackley (2010) we found that the thermo-chemical evolution
obtained using 2-D spherical annulus geometry (Hernlund and
Tackley, 2008) is very similar to that obtained in a full 3-D spherical
shell; therefore the present models use a 2-D spherical annulus. To
summarize: The compressible truncated anelastic approximation is
assumed, with the material properties thermal expansivity and ther-
mal conductivity dependent on depth. Viscosity is dependent on both
temperature and depth, and undergoes plastic yielding to mobilize
the lithosphere with a surface yield stress of 120 MPa, given by:

ηd ¼ A0 ∏ij Δη
Γ ij f j
ij

� �
exp 9:1535 0:5−zð Þ½ � exp 32:716

T þ 0:88

� �

ηY ¼ σ0 þ σ1 1−zð Þ
2 _ε

η ¼ 1
ηd

þ 1
ηY

� �−1

ð1Þ

where A0 is the prefactor calculated such that the nondimensional
viscosity is one at T=0.64 (corresponding to 1600 K) and z=0.5,
Δηij is the viscosity change at the various phase transitions, which is
1 for all except for the phase transition to perovskite
+magnesiowüstite at around 660 km depth where it is set to 30, Γij
is the phase function (between 0 and 1), fj is the fraction of phase sys-
tem j present, σ0 is the yield stress at the surface (120 MPa), σ1 is the
yield stress gradient (0.064 MPa/km) and _ε is the second invariant of
the strain-rate tensor. Here a viscosity reduction due to the post-
perovskite phase, which can influence the CMB heat flux (Nakagawa
and Tackley, 2011), is not included because we focus instead on the
influence of radiogenic heat production and magmatism. A difference
from our previous thermal evolution models (Nakagawa and Tackley,
2010) is the depth at which the reference viscosity is defined. In the
previous study, the reference viscosity was defined at zero pressure.
Here it is defined at the mid-depth of mantle. This lowers the viscos-
ity by approximately an order of magnitude (at each temperature and
depth) increasing the effective Rayleigh number accordingly.

To solve the equations of thermo-chemical multiphase mantle
convection in a 2-D spherical annulus and hence simulate thermal
history of both mantle and core we use the numerical code StagYY
(Tackley, 2008; Hernlund and Tackley, 2008). Rock mineralogy is
decomposed into the olivine system and the pyroxene–garnet sys-
tem, the proportions of which depend on local composition. The den-
sity profiles for the olivine and pyroxene–garnet system are plotted in
Fig. 1 of Nakagawa and Tackley (2010); for pyroxene the intermedi-
ate density profile is assumed here. Rock is assumed to be a mixture
of basalt and harzburgite (e.g. as in Xu et al. (2008)), with the field
C representing the fraction of basalt at each location. This is converted
to phase fraction assuming that basalt is pure pyroxene–garnet
whereas harzburgite is 3/4 olivine and 1/4 pyroxene–garnet. If the
local temperature exceeds a depth-dependent solidus (plotted in
Fig. 1 of Nakagawa and Tackley (2004)) enough basaltic melt is gen-
erated to bring the temperature back to the solidus assuming a latent
heat of 625 kJ/kg and this melt is immediately erupted at the surface
to form oceanic crust. Only melt generated in the upper mantle can
erupt; we also tried limiting the maximum eruption depth to
300 km but this made a negligible difference to the thermal history.
The composition of basalt does not change with degree of melting
and if no solid basalt exists at a particular location, no melting is pos-
sible there. Subsequent segregation of subducted crust above the CMB
generates compositional anomalies in this region. A numerical resolu-
tion of 1024×128 cells, with 30 tracers per cell to track composition,
is used. The initial CMB temperature is assumed to be 6000 K, and
400 ppm of radioactive potassium in the core is assumed, because
this combination produced one of the “best-fit” scenarios (for
explaining both the inner core size and the existence of long-term



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.
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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
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
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. 2. Surface heat flux (top) and volume-averaged mantle temperature (bottom) as a
function of time for the cases in Fig. 1. The blue line in the surface heat flux profile in-
dicates the constraint provided by Jaupart et al. (2007), which is 32 TW.
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causes a short-lived phase of massive magmatism resulting in a high-
ly processed early mantle, in contrast to the low initial T case in which
magmatism develops gradually. The chemical composition C, which
represents the MORB fraction, is initially uniform at C=0.2, which
is consistent with the amount of MORB that can be generated in a
pyrolitic composition (Xu et al., 2008). Three different values of man-
tle radiogenic internal heating rate are assumed: (1) The value of
28.5 TW obtained by matching the surface heat flowwith an assumed
Urey ratio (Schubert et al., 2001), here referred to as the “Textbook”
value, (2) Bulk Silicate Earth (BSE; 20 TW) (McDonough and Sun,
1995) and (3) BSE with heat-producing elements in the continental
crust extracted (7.5 TW (Rudnick and Gao, 2003)), giving 12.5 TW
in the mantle. These values are within of range of the heat production
determined by observations of geoneutrinos (The KamLand
Collaboration, 2011).

We thus introduce a Urey ratio for each heat loss mechanism
(convective and magmatic), given as follows:

Urc ¼
RHM
QsSm

;Ure ¼
RHM
QeSm

ð2Þ

where Urc is the convective Urey ratio, Ure is the magmatic Urey ratio,
QS is the surface heat flux, Qe is the eruptive surface heat flux, RH is
the total heat production rate in the mantle, M is the mass of mantle
and Sm is the surface area of mantle. Using total surface heat flux,
which is Q=Qs+Qe, the total Urey ratio can be defined as

Ur ¼ RHM
Q

¼ RHM
Qs þ Qeð ÞSm

¼ 1
Urc

þ 1
Ure

� �−1
ð3Þ

where Ur is the total Urey ratio.
The heat production rate decays with time, and is locally depen-

dent on fraction of basaltic material C

RH ¼ H0
1þ Hc−1ð ÞC
1þ Hc−1ð Þ〈C〉

� �
exp

ta−1ð Þln2
τ

� �
ð4Þ

where H0 is the present-day heating rate, Hc is the ratio of heat pro-
duction rate in basalt to heat production rate in harzburgite, ta is
the age of the Earth, bC> is the mean basalt fraction and τ is the aver-
aged half-life of heat production, taken to be 2.43 Gyr. The basalt/
harzburgite partitioning factor is a free parameter, taken to be 1, 10
and 100 to check the sensitivity of thermal evolution scenarios to
this. The latter factors correspond to relative (to the average) heat-
producing element concentrations in (basalt, harzburgite) of (3.6,
0.36) and (4.8, 0.048) respectively.

We here analyse 10 cases with different combinations of total
mantle heat production, initial mantle temperature, and basalt heat-
ing enhancement.

3. Results

3.1. Effect of initial mantle temperature

Fig. 1 shows thermo-chemical structures as a function of time and
1-D viscosity profiles at the final time snap shot for both low and high
initial mantle temperatures and BSE heat production rate. At the
earliest time (t=0.9 Gyr) the compositional fields are very different.
The high initial temperature case has already experienced massive
melting, crustal production and crustal recycling, resulting in a highly
depleted upper ~half of the mantle and a large amount of basalt in the
lower ~60% of the mantle. The low initial temperature case, in con-
trast, has undergone only gradual melting and differentiation, with
most of the mantle still primordial but some basalt and harzburgite
in the deep mantle. As time progresses, however, the compositional
structures become more similar, with large-scale dense piles above
the CMB, of which there are sometimes two and sometimes one.
Viscosity profiles indicate that for both cases the upper mantle viscos-
ity is about 1020 Pa s and the lower mantle viscosity ranges from 1023

to 1024 Pa s, values that are in the range of estimates from inversion
of post-glacial rebound, geoid and other data (Barnhoorn et al.,
2011; Haskell, 1935; Mitrovica and Forte, 2004; Peltier, 1996).

The time evolution of convective surface heat flux and volume-
averaged mantle temperature are shown in Fig. 2. In the low initial
mantle temperature case, the convective surface heat flux is roughly
constant with time, with superimposed fluctuations due to episodi-
city in plate-like behaviour and/or magmatism. In contrast, the high
initial temperature case has a surface heat flux that decreases mono-
tonically (with fluctuations), but by 4.5 Gyr the convective heat flux
has converged to a similar value in both cases, and this value is
close to the constrained value by Jaupart et al. (2007) (32 TW), for
which the contribution of heat production in the continental crust is
removed. The amplitude of time variations of the surface heat flow
over the last few 100 Myr is about ±5 TW. The time evolution of
volume-averaged mantle temperature is quite different for the first
~1.5 Gyr. In the low initial temperature case the mantle heats up dur-
ing this period, whereas in the high initial temperature case there is
initially very rapid cooling from ~3000 to ~2600 K due to massive
melting and magmatism, followed by a monotonic decrease. After
1.5 Gyr the mantle temperature evolution is very similar in both the
cases. The initial temperature rise in the low initial temperature
case occurs because internal heating is high whereas convective
activity is slow due to the low temperature hence high viscosity.

The heat budget is analysed in left side of Fig. 3. In both cases,
there are times when magmatism carries a larger amount of heat
flow than thermal conduction through the surface, particularly at
early times. Magmatic heat transfer is high when the mantle temper-
ature is high, which occurs in both cases but particularly in the high
initial temperature case. Large pulses in magmatic heat flow are ob-
served; these pulses of magmatism are due to time variation in the
surface plate motion and also plumes. As in Fig. 2 the surface heat
flow is close to be constant for the case with a low initial mantle tem-
perature but monotonically decreases for the case with a high initial

image of Fig.�2


Fig. 3. Contributions to the heat budget (left) and Urey ratios (right) for the cases in Figs. 1 and 2. Top: Case with low initial mantle temperature. Bottom: Case with high initial
mantle temperature.
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mantle temperature. The core is an important contributor to the glob-
al heat budget, with a contribution that is often comparable to radio-
genic heating, with present-day CMB heat flow in the range of 10 to
15 TW. In the latter half of the calculation, mantle secular cooling
also contributes substantially to the heat budget.

The right side of Fig. 3 shows the Urey ratios as a function of time.
For both cases, the Urey ratio that is calculated purely from convec-
tive heat flow is always higher than 0.5, similar to what was obtained
in previous studies of convective heat transport, which did not con-
sider melt-induced differentiation and thermo-chemical effects
(Butler, 2009; Deschamps et al., 2010). As discussed earlier, the actual
Urey ratio for Earth is in the range of 0.21 to 0.49. When magmatic
heat flow is included (as it should be), the Urey ratio is much lower
at early times and slightly lower at the present day, better matching
the constraint. The total Urey ratio is roughly constant with time
(plus small-timescale fluctuations) in the range of 0.3–0.5. Thus, in-
cluding magmatism in the present-day heat flow helps in matching
the constrained range of values (Jaupart et al., 2007). Note that our
simulations do not include continental lithosphere, which is thought
to have an important effect on heat transport (e.g. Lenardic et al.,
2011).

3.2. Effect of internal heating rate

Fig. 4 shows thermo-chemical structures at t=4.5 Gyr for the
cases with a high initial mantle temperature and the three different
internal heating rates. The structures look qualitatively similar for
BSE and Textbook, but for BSE–CC the dense piles above the CMB ap-
pear smaller and there are more of them.

Fig. 5 shows convective heat flux and volume-averaged mantle
temperature as a function of time. The surface heat flow is only slight-
ly different between the three cases, with fluctuations being larger
than any systematic difference, and all converge to roughly the obser-
vational constraint (32 TW) at the present day. The temperature
evolution is, however, quite different between the different cases,
with a higher rate of cooling and hence a lower present-day temper-
ature for the cases with a lower internal heating rate. Thus, a lower
internal heating rate is compensated, to some extent, by more rapid
cooling.

Fig. 6 shows the heat budget and Urey ratios as functions of time.
In the heat budget profiles, magmatism again strongly affects heat
transport and the mantle cooling rate. The CMB heat flow is typically
larger than the radiogenic heating rate for BSE–CC but drops below
the radiogenic heating rate for BSE and Textbook cases. Regarding
the Urey ratio, including magmatic heat transport strongly decreases
the Urey ratio compared to including only conduction, but the values
do depend on internal heating rate, with higher heating rate leading
to a higher Urey ratio. The total Urey ratio is also affected, although
less so, by internal heating rate and at 4.5 Gyr is in the range of
0.4–0.5 for all cases. For BSE–CC the total Urey ratio is close to the
convective Urey ratio at t=4.5 Gyr because magmatism is low, as is
realistic for present-day Earth.
3.3. Effect of heat-producing element partitioning

Thermo-chemical structures at t=4.5 Gyr for cases with different
partitioning of heat-producing elements into the basaltic material, a
BSE total heating rate and high initial temperature are shown in
Fig. 7. The main features are qualitatively not very different between
these three cases, but increasing heat concentration into the basaltic
material appears to result in fewer piles of basalt above the CMB,
which are also larger and hotter. With higher partitioning of heat-
producing elements, a larger area of the CMB is left uncovered, allow-
ing plumes to form. In the case with the highest partitioning, two
plumes form at the edge of piles, consistent with observational con-
straints (Thorne et al., 2004; Torsvik et al., 2006) and some previous
numerical simulations (Tan et al., 2011).

image of Fig.�3


Fig. 4. Thermo-chemical structures at 4.5 Gyr for cases with three different values of internal heat production and high initial temperature. From left to right: BSE–CC, BSE and Text-
book. Top: compositional field. Bottom: temperature field.
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The time evolution of surface heat flow and volume-averaged
mantle temperature are plotted in Fig. 8. The values and the time evo-
lution of surface heat flux are fairly similar for the three heat partition
factors, and after 4.5 Gyr are close to the observed 32 TW, but the
evolution of volume-averaged mantle temperature is quite different.
Higher concentration of heat production rate into basaltic material re-
sults in lower mantle temperatures. This temperature difference de-
velops between about 0.3 Gyr and 1.2 Gyr into the evolution then
remains roughly constant, diminishing towards the end. This appears
to be related to a higher rate of magmatism during the early phase, as
discussed in the next paragraph.
Fig. 5. Time evolution of surface heat flow (top) and volume-averaged mantle temper-
ature (bottom) for cases with three different values of heat production and high initial
mantle temperature.
The heat budget andUrey ratios as a function of time for three differ-
ent rates of enhancement are plotted in Fig. 9. The convective surface
heat flow and the CMB heat flow are not sensitive to the heat partition-
ing. Themagmatic heat flow is usually not much different except that it
is significantly larger during the early phase (~0.3–1.2 Gyr) for cases
with higher partitioning, which results in the divergence of volume-
averaged temperature noted for Fig. 8. As a result of the cases having
similar surface heat flows, the Urey ratio is not much different, except
that the total Urey ratio is slightly lower during the early phase of the
high heat partitioning case.

4. Discussion

4.1. Influence of magmatism

The presented calculations indicate that magmatism is an impor-
tant heat transport mechanism, particularly at early times. As dis-
cussed earlier, for present-day Earth, magmatism contributes an
upper bound of 9% of the total heat transport. Early parameterized
models of Davies (1990) predicted that magmatism can be important
for Earth's heat loss, but it has largely been ignored by the Earth man-
tle modelling community, with a few exceptions. Xie and Tackley
(2004) found magmatic heat transport to be the most important
heat transport mechanism at early times in thermo-chemical convec-
tion models. In models of early Mars, Keller and Tackley (2009) found
that magmatism has a dramatic buffering effect on early mantle tem-
perature, causing cases with differing initial temperatures to con-
verge to the same value that is much lower than obtained without
magmatism, an effect subsequently termed the “thermostat effect”
in the martian evolution models of Ogawa and Yanagisawa (2011).
The influence of magmatism is explicitly explored here in supplemen-
tal material.

Thermal evolution modelling using fully dynamical convection
simulations exhibited a Urey ratio of around 0.6 (Butler, 2009),
while statistically steady-state, isoviscous calculations suggested 0.4
to 0.6 (Deschamps et al., 2010). These values are higher than the
0.21–0.49 indicated by geophysical and geochemical constraints
(Jaupart et al., 2007). The convective Urey ratio (i.e. not including
magmatic heat transport) found in the present study is similar to
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Fig. 6. Heat budget contributions (left) and Urey ratios (right) as a function of time for cases with three different values of heat production and high initial mantle temperature
(2500 K). (a) and (d): BSE–CC. (b) and (e): BSE. (c) and (f): Textbook.

Fig. 7. Thermo-chemical structures after 4.5 Gyr for cases with three different partitioning of heat production into the basaltic material. The total amount of heat production is BSE
value and the initial mantle temperature is high (2500 K). Top: compositional field. Bottom: temperature field.
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Fig. 8. Surface heat flow (top) and volume-averaged mantle temperature (bottom) as a
function of time for the cases in Fig. 8 with different partitioning of internal heating
into basaltic material.
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that found in these simple numerical models, but when magmatic
heat transport is included the present-day Urey ratio decreases to
the range of 0.4–0.5, which is at the upper end of the constrained
value.

4.2. Possible influence of continents

The heat production rate in continental crust has some uncertain-
ty, with a plausible range of 6 to 8 TW. Based on numerical simula-
tions, Lenardic et al. (2011) conclude that the mantle heat flow
would be roughly the same if continents were removed and their
heat sources mixed into the mantle, which would shift the Urey
ratio to the range of 0.33–0.76, a range that encompasses our present
models as well as previous numerical models. This argument does not
consider the fact that in these two scenarios the contributions from
core cooling and mantle cooling would be different, resulting in a dif-
ferent thermal history, but the influence of this is difficult to assess
without detailed study.

4.3. Early Earth

After the moon-forming giant impact the mantle was likely
completely molten (e.g. Benz and Cameron, 1990; Stevenson, 2007);
its subsequent history is one of cooling and solidification, starting
with solidification of the magma ocean (Abe, 1997; Solomatov, 2007).
Recently it was proposed that in addition to a surface magma ocean, a
basalmagma ocean existed in the deepmantle and continued for a geo-
logically long period (Labrosse et al., 2007). Our current model param-
eterization is not capable of treating magma oceans, but the high
initial mantle temperature cases here are intended to, in a crude way,
emulate the rapid near-surface magmatic processing of the mantle
that likely took place in early times and was, for example, considered
by Davies (1990) in developing scalings for heat loss by magmatism.
Modelling internal magmatic processing, such as that related to a
Basal Magma Ocean (Labrosse et al., 2007) or “upside-down differenti-
ation” (Lee et al., 2010) is beyond the scope of the presentmodel.While
the resulting mantle structure is quite different from cases with a low
initial temperature early in the simulation, after 4.5 Gyr of evolution
the structures look very similar, meaning that present-day mantle
structure is not a good constraint on early evolution. Other observations
must be used to constrain processes in the early Earth that can be tested
with numerical mantle convection simulations.

4.4. Potential energy release due to basalt segregation

The energy balance graphs do not include potential energy release
due to the settling of dense basalt above the CMB, so it is worth per-
forming a rough estimate of this. Within the assumptions of the present
model (total volume fixed, gravitational acceleration constant in radius
and time), the change inmantle potential energy for the extreme case of
going from a uniform mantle to one with all the basalt (20%) in a layer
above the CMB and all the harzburgite above it can be straightforwardly
calculated. If the basalt-harzburgite density difference is 200 kg/m3 and
the energy release is spread out over 4.5 Gyr, the average power release
is 0.76 TW, which is small compared to the other heat budget contribu-
tions. In contrast, for example, a decrease in mean temperature of
100 K/Gyr releases about 15 TW.

4.5. Mantle cooling rate

Another constraint on the thermal evolution of Earth's mantle is the
cooling rate inferred from petrological studies. Abbott et al. (1994)
found that the mantle cooling rate from the Archean to present is in
the range of 60 to 80 K/Gyr, and Herzberg et al. (2010) obtained an es-
timate consistent with the upper end of this range. The cooling rate of
volume-averaged temperature predicted from our simulations can be
inferred from Figs. 2, 5 and 8, and is around 70 K/Gyr. Hence, it appears
to be consistent with the petrological estimates. Note that the petrolog-
ical estimates are for the shallow mantle but the temperature in our
figures is averaged over the whole mantle. In a future study we will
make a more detailed comparison.

5. Conclusions

Here we investigate the influence of initial mantle temperature,
internal heating rate and partitioning of heat-producing elements
into basaltic material on the thermo-chemical evolution of the Earth's
mantle. The main findings are as follows:

1. The present-day surface heat flow, to a first approximation, does not
depend on the initial mantle temperature or partitioning of heat-
producing elements into basalt, and is weakly dependent on the
exact value of internal heating rate. The value of surface heat flux
obtained in all cases in this study is close to the observationally-
constrained value of 32 TW (Jaupart et al., 2007). Along similar
lines, in our previous paper on the thermal evolution of Earth's
core (Nakagawa and Tackley, 2010) it was found that the present-
day state hardly depends on initial core temperature.

2. Thermal and chemical structures after 4.5 Gyr of evolution are not
sensitive to the initial mantle temperature, even though early
thermo-chemical structures depend strongly on initial temperature.
However, they are slightly changed by the heat production rate and
the partitioning of heat-producing elements into basalt.

3. Magmatism is an important heat loss mechanism for much of the
planet's history. From the figures showing heat budget contribu-
tions (Figs. 3, 6 and 9), it is clear that magmatic heat flow is the
dominant heat loss mechanism at early times. For the present-
day Earth, mid-ocean ridge magmatism accounts for an upper
bound of 9% of the heat loss. Pulses of magmatism cause rapid
cooling.

4. Accounting for magmatic heat loss reduces the calculated Urey
ratio, by a large amount at early times, with all cases being in the
range of 0.4–0.5 at the present day, which is at the upper end of
the constrained range. The present-day surface convective heat flux

image of Fig.�8


Fig. 9. Heat budget contributions (left) and Urey ratios (right) as a function of time for the cases in Figs. 8 and 9 with different partitioning of heat production rate into basaltic
material. (a) and (d): Hc=1. (b) and (e): Hc=10. (c) and (f): Hc=100.
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in all cases converges to about 32 TW, but higher internal heating
rate leads to higher magmatic heat transport to be added to this.
Nevertheless it appears that Earth's surface heat flux can be
explained even if the Urey ratio is higher than some authors have
suggested.

5. Since in the present study the present-day surface heatflow isweak-
ly changed by changing various parameters including internal heat-
ing rate, the calculatedUrey ratio is quite dependent on the total heat
production in the mantle. The mantle heat production has huge un-
certainties: observations of geoneutrinos indicate a wide range of
10–30 TW (The KamLand Collaboration, 2011) while geochemical
analyses variously indicate a Urey ratio between 0.08 and 0.49
(Jaupart et al., 2007; Lyubetskaya and Korenaga, 2007; McDonough
and Sun, 1995). In contrast, the surface heat flow is reasonably well
constrained, at least at the present day. Therefore, it is better for nu-
merical convection (or thermal evolution) models to attempt to
match the surface heat flow rather than the Urey ratio.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.epsl.2012.02.011.
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