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Continents slowly drift at the top of the mantle, sometimes colliding, splitting and aggregating. The

evolutions of the continent configuration, as well as oceanic plate tectonics, are surface expressions of

mantle convection and closely linked to the thermal state of the mantle; however, quantitative studies

are so far lacking. In the present study we use 3D spherical numerical simulations with self-consistently

mantle in order to investigate the feedbacks between continental drift, oceanic plate tectonics and the

thermal state of the Earth’s mantle, by using different continent configurations ranging from one

supercontinent to six small continents. With the presence of a supercontinent we find a strong time-

dependence of the oceanic surface heat flow and suboceanic mantle temperature, driven by the

generation of new plate boundaries. Very large oceanic plates correlate with periods of hot suboceanic

mantle, while the mantle below smaller oceanic plates tends to be colder. Temperature fluctuations of

subcontinental mantle are significantly smaller than in oceanic regions and are caused by a time-

variable efficiency of thermal insulation of the continental convection cell. With the presence of

multiple continents the temperature below individual continents is generally lower than below

supercontinent and is more time-dependent, with fluctuations as large as 15% that are caused by

continental assembly and dispersal. The periods featuring a hot subcontinental mantle correlate with

strong clustering of the continents and periods characterized by cold subcontinental mantle, at which it

can even be colder than suboceanic mantle, with a more dispersed continent configuration. Our

findings with multiple continents imply that periods of partial melting and strong magmatic activity

inside the continents, which may contribute to continental rifting and pronounced growth of

continental crust, might be episodic processes related to the supercontinent cycle. Finally, we observe

an influence of continents on the wavelength of convection: for a given strength of the lithosphere we

observe longer-wavelength flow components, when continents are present. This observation is

regardless of the number of continents, but most pronounced for a single supercontinent.

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

In 1931 Arthur Holmes proposed that continental drift and
seafloor kinematics are surface expressions of large-scale convec-
tion in the mantle. Plate reconstructions support this hypothesis:
for instance, the closure of the Tethys ocean happened as the
Indian continental block moved northwards at a very high
velocity, under the influence of hot mantle structures (Cande
and Stegman, 2011) and subduction at the Tethyan trench. The
influence of continental drift on mantle convection could be at the
origin of geoid highs in the Atlantic, as they are possibly caused
All rights reserved.

).
by insulation by the Pangaean supercontinent assembly during
the Mesozoic (Anderson, 1982). Enhanced magmatic activity may
have influenced continental break-up and dispersal of the frag-
ments, but long-lived thermal anomalies still remain stable at the
former site of continental insulation.

Numerical simulations and laboratory experiments have con-
firmed that the dynamic feedback between continents and mantle
convection is fundamental. Although continents do not actively
take part in the convective mantle overturn, they influence the
convective flow by imposing long-wavelength flow components
(Gurnis, 1988; Zhong and Gurnis, 1993; Guillou and Jaupart, 1995;
Lowman and Gable, 1999; Yoshida et al., 1999; Phillips and Bunge,
2005; Grigné et al., 2007; Zhong et al., 2007) and insulating the
convecting mantle (Lenardic and Moresi, 2001; Lenardic et al.,
2005; Cooper et al., 2006). The change in the temperature field
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Table 1
Symbols, definitions and values of the non-dimensional and dimensional para-

meters used in this study. As a lower than Earth-like Rayleigh number is used
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consequently modifies the body forces that drive the motion of
continental blocks.

The principal aspects of the dynamic feedback between mantle
convection and continents have been investigated and described,
but very few studies propose a quantitative framework that allows
comparison with geological observations and detailed convection
characteristics. Recently, on the basis of 3D spherical models Coltice
et al. (2007, 2009) and Phillips and Coltice (2010) proposed a theory
in which the evolution of the distribution of continents at the
Earth’s surface causes temperature changes of 50–100 K. Geological
observations support this hypothesis. For instance, the Central
Atlantic Magmatic Province was emplaced when continents were
aggregated to form Pangaea. It is associated with a broad sub-
continental temperature increase since no evidence of a hotspot
track or significant uplift has been found (McHone, 2000).

Describing the feedbacks between mantle convection, plate
tectonics, and continental drift is of fundamental importance but
requires state-of-the-art modeling. Yet, Coltice et al. (2009) and
Phillips and Coltice (2010) simplified their model by assuming
constant or at most layered viscosity without any temperature
dependence, such that the resulting temperature difference
between suboceanic and subcontinental mantle might be over-
estimated. A weakly temperature-dependent viscosity was used
by Zhong et al. (2007) and Zhang et al. (2009), but in order to
model Earth-like plate tectonics a stronger temperature depen-
dence and a weakening mechanism like plastic yielding are
necessary. Following earlier models in 2D cartesian geometry
(e.g. Lenardic et al., 2003; O’Neill et al., 2008), Yoshida (2010) first
presented a 3D spherical model with self-consistent plate tec-
tonics and continents, but could model only a part of the sphere,
which does not capture long-wavelength flow components, and a
relatively short integration time. Recently, a global spherical
model was introduced by Rolf and Tackley (2011), who investi-
gated the influence of a single continent on plate-like behavior
and found that continents strongly influence the regime of
convection, thus wavelength and heat budget of the mantle.

Here we extend the model of Rolf and Tackley (2011) to multiple
continent simulations and investigate how continental drift, sea-
floor tectonics and mantle convection interact in an environment
similar to Earth-like plate tectonics. We analyse how plate config-
urations and continental distribution influence the temperature of
the oceanic and continental mantle. In the next section we start
with a brief description of our numerical model (Section 2),
followed by details about the calculations performed and the
results we have obtained (Section 3). Afterwards we discuss our
results, integrate them into the geophysical context (Section 4) and
finally summarize the key aspects in Section 5.
here, one of the parameters in the definition of the Rayleigh number has to differ

from its estimation for the present-day Earth’s mantle: in this case the viscosity is

assumed to be higher as it is the parameter with the highest uncertainty.

Symbol Definition Value Unit

Ra0 Rayleigh number 1.0�106 –

H Internal heating rate 20.5 –

sO
Y

Surface yield stress 1.0�104 –

s0Y Yield stress gradient 2.0�105 –

R Buoyancy ratio �0.4 –

DsY Comp. yield stress contrast 10 –

DZC Comp. viscosity contrast 100 –

a0 Thermal expansivity 3.0�10�5 K�1

g0 Grav. acceleration 10.0 m s�2

D Mantle thickness 2.89�106 m

DT Temperature drop 1300 K

TS Surface temperature 300 K

r0 Reference density 3300 kg m�3

k0 Thermal conductivity 3.15 W m�1 K�1

k0 Thermal diffusivity 1.0�10�6 m2 s�1

Z0 Reference viscosity 3.1�1022 Pa s
2. Numerical model

Our intention here is to study the coupled tectonic and
thermal evolution of the mantle-continent system. We consider
here a first order view of that problem: mantle convection is
driven by the sinking of cold plates, while continents mostly resist
subduction due to their different composition. Hence, we model
mantle convection interacting with continents by convection of
an incompressible viscous material with a rheology that gener-
ates plate-like behavior, heated from within. The material is
compositionally heterogeneous since continents are lighter and
more viscous than the mantle. Therefore, a non-diffusive compo-
sitional field C is introduced to model the continents. These are
simplified as homogeneous Archaean cratons, with C¼1 repre-
senting pure continental and C¼0 pure non-continental material.
After advection some continental material can get entrained into
the mantle, thus C is a continuous field between 0 and 1. After
being initialized, the cratons are treated self-consistently, which
means they differ from normal mantle material only in terms of
physical properties. The compositional field is tracked using the
tracer-ratio method (Tackley and King, 2003). This modeling is
described in Rolf and Tackley (2011).

The governing non-dimensional equations for Boussinesq,
incompressible thermo-chemical convection are
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and t represent velocity, pressure, viscosity,
temperature, composition, radial unit vector and time, respec-
tively. The three controlling parameters are the internal heating
rate H, the buoyancy ratio R, which is the ratio of the density
difference Dr of continental material to the thermal density
variation r0a0DT, and the Rayleigh number Ra¼ a0g0D3

DTr0=k0Z0. In these definitions r0 is a reference density, a0 the
thermal expansivity, DT the temperature drop across the litho-
sphere, g0 the gravitational acceleration, D the mantle thickness,
k0 the thermal diffusivity and Z0 a reference viscosity obtained at
T¼1. The values of the various parameters used here are given in
Table 1.

In addition to a density contrast (controlled by the buoyancy
ratio R), continental and oceanic material have different viscos-
ities and yield strengths. The viscosity is given by

ZT ðT ,CÞ ¼ exp½lnðDZCÞC� � exp
~EA

Tþ1
�
~EA

2

" #
ð5Þ

where DZC ¼ ZðT ,C ¼ 1Þ=ZðT,C ¼ 0Þ accounts for the compositional
dependence and ~EA is the activation energy that accounts for the
temperature dependence of the viscosity. Here, ~EA is a constant
and set to 23.03, which gives five orders of magnitude viscosity
variation in the interval 0rTr1. This is sufficient for the
formation of a stagnant lid covering the mantle (Solomatov,
1995). Plastic yielding is assumed to be the weakening mechan-
ism that is necessary to break the stagnant lid and obtain Earth-
like plate tectonics (Moresi and Solomatov, 1998; Tackley, 2000a).
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The yield stress, which is the maximum stress the material can
resist before deforming plastically, is defined by

sY ðd,CÞ ¼ exp½lnðDsY ÞC� � ðsO
Y þd � s0Y Þ ð6Þ

where DsY ¼ sY ðd,C ¼ 1Þ=sY ðd,C ¼ 0Þ accounts for different yield
stresses of cratonic and oceanic lithosphere. sO

Y ¼ sY ðd¼ 0,C ¼ 0Þ
is the yield stress at the oceanic surface. It increases linearly with
increasing depth d at a rate of s0Y . If the convective stress exceeds
the yield stress, the viscosity is reduced to the yielding viscosity
ZY ¼ sY=2_E, where _E is the 2nd invariant of the strain-rate tensor.
The effective viscosity is then given by Ze ¼ ½Z�1

T þZ�1
Y �
�1.

The numerical models in this study are computed in 3D spherical
geometry on a Yin-Yang grid (Tackley, 2008) with a resolution of
64�192�32�2 cells and an average of 12.7 tracers per cell. The
radial grid spacing is refined in the surface boundary layer. One case
was run with a resolution of 128�384�64�2 and did not show
significant changes. All cases have a reference Rayleigh number
Ra0 ¼ 106, which is defined by a non-dimensional reference viscos-
ity of 1 (obtained at T¼1). Using the parameter values in Table 1
this corresponds to a dimensional reference viscosity of Z0 � 3:1�
1022 Pa s. The heat input in these models comes from internal heat
sources only (H¼ 20:5, Hdim � 3� 10�12 W kg�1), i.e. the bottom
boundary is insulating. Accordingly the Rayleigh number based on
internal heating is RaH ¼ Ra0 � H� 2� 107, which is (due to compu-
tational costs) less than that estimated for the Earth mantle:
RaE

H ¼Oð109
Þ (Turcotte and Schubert, 2002). Because these models

do not generate hot plumes, they emphasize the effects of the
top boundary layer dynamics on the global thermal evolution. For
simplicity, a viscosity increase with depth owing to the phase change
27.2

22.2

Fig. 1. Snapshots of the supercontinent case. Shown is the viscosity field for front (left)

and (b) tB � 2:64 Ga. Red represents the highly viscous continent, green the oceanic pla

logarithm in Pa s. Viscosities have been scaled with the reference viscosity Z0 ¼ a0g0D
surface velocity field, where the arrow size scales with the magnitude of the velocity.
that defines the lower mantle is not considered here. The top and
bottom boundaries are free-slip.

In order to ensure that all cases are in the plate-like mode of
convection, the yield stress of normal mantle material is set to a
surface value of � 37 MPa, which increases with depth at a rate of
� 0:26 MPa km�1. These stresses are dimensionalized with a
factor Z0k0=D2 (see Table 1). The longevity of continental litho-
sphere is assured by (1) a density difference between continental
material and normal mantle of about �50 kg m�3 (R¼�0.4),
which is only slightly smaller than inferred from experiments on
peridotite xenoliths (Poudjom Djomani et al., 2001), and
(2) increased viscosity and yield stress of continental material
(DZC ¼ 100, DsY ¼ 10), which might be explained by the relative
dehydration of cratonic lithosphere (Hirth and Kohlstedt, 1996;
Karato, 2010) and follows results from various earlier modeling
studies (e.g. O’Neill et al., 2008).

To improve plate-like behavior we use a low-viscosity asthe-
nosphere following the implementation of Tackley (2000b), in
which the viscosity of material hotter than its solidus is decreased
by a constant factor DZM ¼ 0:1. The depth-dependent solidus is
calculated using TsolðdÞ ¼ Tsolð0Þþd � T 0sol, where Tsolð0Þ ¼ 0:6 is the
surface value and T 0sol ¼ 2:0 is the rate of increase with increasing
depth. These non-dimensional parameters approximately corre-
spond to 1160 K and 1 K km�1.
3. Simulations and results

In our set of simulations we use different continent configura-
tions ranging from one supercontinent covering 30% of the
and back half (right) of the sphere for two different points in time: (a) tA � 2:45 Ga

tes and blue the weak plate boundaries. The colorbar defines values of the decadic

TD3r0=k0Ra0 given in Table 1, such that Zdim ¼ Z � Z0. Black arrows indicate the
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Fig. 2. As Fig. 1, but for the case with six smaller continents for times (a)

tA � 1:3 Ga, (b) tB � 3:6 Ga and (c) tC � 4:4 Ga. The white number labels identify

different continents in subsequent figures.
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surface (Fig. 1) to six smaller continents with 5% coverage each
(Fig. 2). Except for a reference case without continents, the total
continental coverage is kept constant at a value of 30%, which is a
reasonable approximation for present-day Earth. The initial thick-
ness of the continental roots is fixed to 20% of the mantle
thickness (� 570 km), because it is scaled with the Rayleigh
number to obtain a realistic thickness ratio of continental to
oceanic lithosphere (see Rolf and Tackley, 2011). As our goal is to
study the physics of controlled continental configurations, the
model does not allow for the production of new continental
material by e.g. complex melting processes.

Initially we prescribe a linear geotherm inside the continents;
this forces the continents to be initially colder than their
surroundings. The models are run with the continents being fixed
in position until a statistically steady-state is reached, after which
continents are allowed to drift over the surface.

3.1. Supercontinent

We first concentrate on the configuration with only one super-
continent. Fig. 3a displays the temporal evolution of the average
temperature below the continent and below the oceanic part. Here
(and in all subsequent discussion) the subcontinental temperature
refers to the temperature at the base of the continental thermal
boundary layer and the suboceanic temperature is the temperature
at the base of oceanic boundary layer. The base of the boundary
layer is derived from the laterally averaged temperature profile by
using the profile’s maximum, which occurs under the plates in all
calculations (Fig. A1 in Appendix). As continental plates are thicker
than oceanic plates, subcontinental and suboceanic temperatures
are usually not calculated at the same depth. Overall, the tempera-
ture below the supercontinent is higher than below the oceans,
which is in good agreement with e.g. Phillips and Coltice (2010). On
average, subcontinental mantle is � 95 K hotter, but at times the
difference can be more than 140 K (Fig. 3a).

Fig. 1 displays two snapshots of the surface velocities and
viscosities, where the highest viscosity (red) corresponds to
continental material and the lowest (blue) to regions where
yielding occurs (plate boundaries). These snapshots represent
the two end-member configurations that are observed in the
simulation. The first one (top row, time tA) is characterized by
very few plate boundaries in the oceanic part of the model, i.e.
few, but large tectonic plates. In the second one (bottom row,
time tB), many new plate boundaries have formed, hence the
number of oceanic plates is larger, but the average plate size is
smaller. The two plate configurations shown in Fig. 1 correspond
to significant differences in the temperature distribution in this
model. At time tA � 2:45 Ga (with large plates) the subcontinental
temperature is at a relative minimum, while the suboceanic
temperature is very high and only � 30 K lower than below the
supercontinent (Fig. 3a). On the other hand at time tB � 2:65 Ga
the subcontinental temperature is very high and the suboceanic
one is much (� 145 K) lower.

The transition from one end-member configuration to another
is correlated with changes of the thermal field. For instance,
Lowman et al. (2001) as well as Grigné et al. (2005) showed that
the heat transport efficiency of mantle convection decreases with
increasing convective wavelength, consistent with Lenardic et al.
(2005) and Phillips and Coltice (2010), who proposed that
increased wavelength of convection and/or higher degrees of
insulation raise the internal temperature. However, in our mod-
els, the typical length scale of convection varies with time as the
number and size of plates change, hence insulation changes too,
because it is controlled by the ratio of the continental area to the
total area of a convection cell.

For the purely oceanic convection cells there is no continental
insulation, thus, the wavelength effect controls the temperature
in these cells. At time tA the wavelength is large, i.e. only few plate
boundaries exist and a limited number of downwellings cool the
material in the interior. Consequently, the average oceanic heat
flow is small (Fig. 3b) and the convection cell starts heating up.
As oceanic plates grow, they become thicker and finally unstable,
which results in the formation of new instabilities generating new
plate boundaries and fragmenting plates in our model. This allows
heat to escape more efficiently from the suboceanic mantle, such
that the heat flux through the oceanic surface can drastically
increase and its average temperature can decrease by up to 90 K
on a relatively short timescale of about 100–150 Ma. This is in
good agreement with the results of Gait and Lowman (2007), who
found a similar increase of surface heat flux in comparable
periods of time using a large aspect ratio 2D cartesian model
with evolving kinematic oceanic plates, but no continents. Stein
and Lowman (2010) also reported a strong coupling of surface
heat flux with the evolution of plate number and plate size in a 3D
cartesian model. In both of these studies, basal heating of the
mantle was considered. Despite the different heating mode
compared to the present study the heat flux observations are
very similar, which possibly implies that plumes do not have a
strong effect on the temporal variability of the surface heat flow
when plates are present.

Although the number and size of oceanic plates change
between the two configurations shown in Fig. 1a and b, the
large-scale convective flow is always dominated by very long
wavelength components. This can easily be seen by decomposing
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Fig. 3. (a) Time series of subcontinental (red) and suboceanic (blue) temperature for the case with a single continent, calculated at the base of the thermal boundary layer.

tA and tB indicate when the configurations shown in Fig. 1 occur. Time is dimensionalized by scaling the model transit time tM to the one of the present-day Earth’s mantle

ðtE ¼ 85 MaÞ, thus tdim ¼ t � tE=tM . The point of time origin is defined by the time when continents start to move. For dimensionalization of temperatures and heat flows see

the caption of Table 2. (b) Time series of the mean heat flow separated in continental (red) and oceanic part (blue). (c) Heterogeneity spectrogram of the temperature field

versus time. Shown are the logarithmic powers (log10) of the first six harmonic degrees depth-averaged over the upper mantle. For each point in time the spectrum is

normalized separately by the maximum spectral power occurring at this time. (d) As in (c), but for a reference case without a continent. Besides that, convection

parameters are identical to the cases with continents. Here, the point of time origin is defined arbitrarily after the transient period. (For interpretation of the references to

color in this figure caption, the reader is referred to the web version of this article.)
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the temperature field into spherical harmonics. Fig. 3c displays
the spectral amplitudes of the six lowest harmonic degrees.
Despite temporal changes in the flow pattern, the first harmonic
degree dominates throughout the entire calculation and varia-
tions in plate configuration only lead to more significant con-
tributions of the higher harmonic degrees (here mainly degrees
2 and 3). In many cases this onset of shorter wavelength
convection is followed by an increase in oceanic heat flow (which
can be as high as 45%), most prominent in Fig. 3b at times
t� 1:2 Ga and t� 4:1 Ga. However, these variations cannot break
the overall degree 1 pattern.

The observation of this very long wavelength convection is
consistent with previous results of e.g. Gurnis and Zhong (1991),
Zhong and Gurnis (1993), Yoshida et al. (1999), Phillips and Bunge
(2005), Zhong et al. (2007), Zhang et al. (2009), who found that
the presence of a supercontinent imposed a degree 1 structure. In
principle, the long wavelength structure could also be generated
by the mantle itself, as reported by e.g. Chapman et al. (1980),
Tackley (1996), McNamara and Zhong (2005), Yoshida (2008),
Hoeink and Lenardic (2010). However, a case without continents,
but with identical convection parameters shows that the spectral
energy is much more distributed without a continent and the
spectrum is more time-dependent (Fig. 3d). Thus, a dominance of
the first harmonic degree is not observed. On the contrary, the
higher order harmonics (up to degree 5) are prevalent instead.
However, this observation could depend on the yielding proper-
ties of oceanic lithosphere: increasing its yield strength may lead
to longer-wavelength convection even without the presence of a
continent (van Heck and Tackley, 2008).
In contrast to the oceanic area, the heat flow through the thick
continental lid is very small and quasi-constant in time. Thus, the
variations in subcontinental temperature cannot be correlated
with it. However, they can be explained by changes in the aspect
ratio of the continental convection cell. At time tA the plate
boundaries in the oceans are relatively far away from the
continental margin, such that the continental cell has a large
aspect ratio and contains some amount of oceanic seafloor where
cooling is more effective. According to the scalings of Lenardic
et al. (2005) and Phillips and Coltice (2010) thermal insulation in
this convection cell will be less efficient than at time tB, when the
continent is almost entirely surrounded by plate boundaries and
the continental cell hardly contains oceanic seafloor. Furthermore,
at time tA heat can escape from the subcontinental mantle to the
suboceanic mantle of the same convection cell, which leads to
lower subcontinental temperatures than at time tB, when the heat
is captured below the continent. However, temperature variations
below the continent are smaller than in the oceanic part and do
not exceed 4% or 70 K.

3.2. Multiple continents

The supercontinent we used in the previous section was
idealized as it was imposed as one uniform compact block.
However, supercontinents in Earth’s history formed by aggrega-
tion at a convergent plate boundary, i.e. an anomalously cold
region of the mantle that ultimately warms up after continent
assembly (e.g. Santosh et al., 2009). In order to investigate such a
scenario we now consider multiple continents that can assemble
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and disperse, instead of one imposed supercontinent. Variations
of the continent configuration with time are likely to have a
strong influence on the temperature distribution in the mantle
(e.g. Anderson, 1982; Guillou and Jaupart, 1995; Lowman and
Jarvis, 1995; Lowman and Gable, 1999; Trubitsyn et al., 2003;
Coltice et al., 2007; Heron and Lowman, 2011). Here we used six
different initial configurations with a constant total continental
coverage of 30% (Table 2), but a varying number and diameter of
continents to investigate the effect of changes in continent
configuration on the evolution of suboceanic temperature and
heat flow, as well as the difference between subcontinental and
suboceanic temperatures.

A noteworthy observation in these simulations is that the
assembled continent configuration is much more frequently
observed than the dispersed configuration. An extreme example
is the case with two continents of different sizes (covering 20%
and 10% of the surface area): the two continental blocks assemble
after 200–300 Ma and then never disperse again within a time
span of 4 Ga. The difficulty of splitting assembled continents is
observed in many of our simulations, but splitting appears to be
easier the more continents are present, possibly because it is
easier to generate short-wavelength flow structures, which might
be necessary for the existence of dispersed continental blocks
(Zhang et al., 2009). But it could also be possible that the size of
individual continents is a relevant parameter for continental
splitting. Furthermore, the rheology assumed in this study is not
dependent on damage or history. Adding these complexities to
our model could have important effects on the splitting of
continents as former sites of continental collision might be
weaker and heal only slowly with time.

However, in the present study we are mostly interested in the
thermal consequences of changes in continent configuration
rather than explaining the dynamic control of these changes
themselves. We find that suboceanic temperatures and heat flows
are not significantly affected by the continent configuration,
which is not surprising as the total continental coverage, i.e. the
insulating area, remains constant. Slightly lower suboceanic
temperature can be observed in cases with more fragmentation
of continents, but the difference is not more than 2%.

In contrast, the difference between subcontinental and suboceanic
temperatures decreases with stronger fragmentation of continents,
i.e. from � 90 K with a single supercontinent to � 30 K with six
Table 2
Time-averaged temperature difference between the subcontinental and subocea-

nic mantle ðTC�TO Þ, minima, mean values and maxima of the suboceanic

temperature ðTmin
O ,Tmean

O ,Tmax
O Þ and oceanic heat flow ðQmin

O ,Qmean
O ,Q max

O Þ for the

different continent configurations used in this study. Dimensional temperatures

are obtained by scaling the corresponding non-dimensional temperature to the

average suboceanic temperature of the 5%�6-case ðTref ¼ 0:906Þ, such that

Tdim ¼DT � T=Tref þTS . The lower convective vigor in our simulations leads to time

scales, velocities and heat flows that differ from those in the Earth’s mantle. Thus,

we scale the transit time of the model tM to that of the present-day Earth’s mantle

tE , which is 85 Ma assuming an average surface velocity of 3:4 cm a�1. This leads

to the following dimensionalization of (oceanic) heat flows (Coltice et al., 2012):

QO,dim ¼ qAOk0DT=ðTO

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k0tE=tM

p
Þ, where q is the averaged non-dimensional local

heat flux, TO the averaged non-dimensional suboceanic temperature and

AO � 3:57� 1014 m2 the area of the present-day oceans.

Configuration TC�TO

(K)
Tmin

O =Tmean
O =Tmax

O

(K)

Q min
O =Q mean

O =Q max
O

(TW)

30%�1 (93737) 1579/1633/1689 21/27/36

20%þ10% (59739) 1588/1628/1692 21/27/36

15%�2 (45737) 1590/1625/1691 22/29/35

15%þ10%þ5% (47745) 1556/1609/1669 23/29/39

10%�3 (35743) 1551/1616/1680 22/29/37

5%�6 (34732) 1558/1600/1646 20/30/36
small continents. Although the temporal fluctuations and therewith
the standard derivation of this signal are relatively high in our
simulations with three or more continents, our finding is con-
sistent with the much simpler models without oceanic plates of
Coltice et al. (2007) and indicates that a significant temperature
excess is more likely below large continents, which might lead to
partial melting below these continents (Anderson, 1982). This is
also supported by our two simulations in which continents with
varying sizes are considered. As continents barely deform in these
simulations, individual continents can be tracked throughout the
whole evolution. Hence, subcontinental temperatures can be
computed separately for each continent. In the case with two
continents covering 20% and 10% of the surface, respectively, the
mantle below the larger continent is more than 100 K hotter (on
average) than the mantle below the smaller continent. Similar
observations can be made in the case with three continents
covering 15%, 10% and 5%, respectively.

The temperature excesses below continents described so far
are affected by the different initial diameter of individual con-
tinents. However, in the course of a supercontinent cycle con-
tinental fragments will naturally have varying sizes, such that we
will focus on the simulation with six identical continents (each
covering 5% of the surface) in the following sections to describe
the link between continent configuration and the thermal state of
the mantle.

In this simulation (a movie is presented in the supplementary
online material), the suboceanic temperature shows smaller
variations than it does in the supercontinent case. The fluctua-
tions of the subcontinental temperature can be interpreted in
terms of three end-member continent configurations displayed in
Fig. 2: (i) the dispersed state, for instance at time tA � 1:3 Ga
(Fig. 2a), where continents build three pairs or are more dis-
persed, (ii) the compact state at time tB � 3:6 Ga (Fig. 2b), which is
similar to the supercontinent state, and (iii) the chain-like state at
time tC � 4:4 Ga (Fig. 2c), where all continents are indeed con-
nected, but form an elongated chain.

In Fig. 4a the temporal evolution of suboceanic temperature and
the temperature below all individual continents is displayed. Con-
sistent with e.g. Phillips and Coltice (2010) and our data given in
Table 2, the average subcontinental temperatures are lower than in
the supercontinent case (compare to Fig. 3a). Additionally, temporal
variations in the temperature below individual continents as high as
15% (� 260 K) are observed. Sometimes the temperature below a
continent is lower than that below oceans, especially for the
continents that are located at the end of a chain structure (Fig. 2c).
Furthermore, variations of suboceanic temperature and oceanic heat
flow are smaller than in the supercontinent configuration (r5% and
r30%, respectively, see Fig. 4a and b) and the heterogeneity
spectrogram (Fig. 4c) shows a more distributed spectral energy than
in the supercontinent case (although still longer-wavelength than
the no-continent case) with an alternating dominance of the 1st, 2nd
or (rarely) 3rd harmonic degree. Apparently, the clear link between
variations in convective wavelength, oceanic heat flow and the
resulting changes in suboceanic and subcontinental temperatures
that we observed in the supercontinent case, is not observable in this
multiple continent case. Most likely it is superposed by the effects of
continental assembly and dispersal.

In order to analyze these effects in more detail, we first focus
on two specific examples and then try to obtain a more general
observation. The temperature below continent ‘3’ in Fig. 2b is
plotted as the orange line in Fig. 4a. At time tB � 3:6 Ga the mantle
below this continent is very hot; much hotter than the suboceanic
mantle. This can be explained by the supercontinent configura-
tion at time tB. Continent ‘3’ is located in the center of the
supercontinent and surrounded by other continents (‘4’, ‘5’ and
‘6’ in Fig. 2b). The highly clustered continents protect each other
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from the influence of subduction of cold oceanic material, which
results in a general warming under the supercontinent and
particularly below its center, i.e. below continent ‘3’.

The warming effect of a supercontinent assembly is illustrated
in Fig. 5, where the mean suboceanic temperature is compared to
the mean subcontinental temperature for a time period that starts
before the formation of the supercontinent and lasts until con-
tinents have dispersed again (Fig. 5a). At time t�2 � 2:85 Ga the
continents are dispersed and the temperature of the subconti-
nental mantle is only slightly higher than the temperature of the
suboceanic mantle (Fig. 5b). After that, continents start to
assemble over a cold downwelling, such that the subcontinental
mantle cools slightly (t�1 � 3:18 Ga, Fig. 5c). However, once
supercontinent assembly is completed warming of subcontinental
mantle sets in and the warmest state is reached about 400 Ma
later, lasting about 200 Ma (Fig. 5d) before the first break-up
events occur at time tþ1 � 3:81 Ga (Fig. 5e). This leads to cooling
of subcontinental mantle and when the former supercontinent
has split into two dispersed fragments of three continents at time
tþ2 � 4:07 Ga (Fig. 5f), the average subcontinental mantle is about
100 K colder than at its hottest state. The total duration of the
supercontinent event (dispersed–assembled–dispersed) is about
1.2 Ga, longer than expected on Earth, which is not surprising,
because our models are simplified (for instance, basal heating and
depth-dependent viscosity have been neglected here).

During this dispersed state, or even when the two fragments
reassemble and build an elongated chain rather than a compact
supercontinent (like at time tC � 4:4 Ga, Fig. 2c), the mantle below
individual continents can be significantly colder than the average
suboceanic mantle. For instance, the temperature below conti-
nent ‘4’, which builds one end of the continent chain in Fig. 2c, is
about 80 K lower than that below the oceanic regions. Due to the
low degree of connectivity (only one other continent is connected
to continent ‘4’) the formation of a subduction zone that almost
surrounds this continent cannot be hindered, which finally cools
the mantle below continent ‘4’.
So far we have only used two example configurations to
describe the relationship between the connectivity of continents
and the temperature below continents, but to obtain a statisti-
cally more robust finding all continent configurations that occur
in this simulation should be considered. We use the angular
distance between each pair of continents as a time-dependent
proxy for the continent configuration. Thus, the degree of con-
nectivity of each of the six continents is described by the
evolution of the angular distances anorm to the five neighboring
continents (the time series of all angular distances is presented in
Fig. A2 in Appendix). The mean value anorm of these angular
distances at a given time measures the average angular distance
of a continent to its neighbors: the smaller the mean angular
distance is, the more closely the continents are assembled.
Consequently, it will be smallest for a compact supercontinent
configuration. Along with this calculation of anorm, the tempera-
ture below individual continents is monitored as has already been
shown in Fig. 4a. Thus, we obtain a data set consisting of one
averaged angular distance and six subcontinental temperatures
for each time step, which is then used for a statistical analysis
presented in Fig. 6 (see figure caption for details). Although the
standard deviation of the subcontinental temperature is relatively
large, a clear trend is observed: the more dispersed the continents
are on average (i.e. the larger the mean angular distance is), the
lower is the temperature below the continents, which indicates
the importance of the continent distribution for the Earth’s
thermal evolution.
4. Discussion

Our models presented here are a next step towards a geody-
namic model of mantle convection consistent with global tec-
tonics. They first confirm that previous results obtained with
plate-like behavior but in 2D (Lenardic et al., 2011), or in 3D
geometry but without plate-like behavior (Coltice et al., 2007;
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Phillips and Coltice, 2010), still hold: mantle temperature below a
supercontinent is statistically higher by 450 K than below
dispersed continents. However, they also show that changes in
surface tectonics have a strong impact on the thermal evolution
below continents and oceans. In the supercontinent configuration,
our calculations show that most of the temporal evolution of
mantle temperature depends on the dynamics in the oceanic area.
When new instabilities and plate boundaries are generated the
heat flow is maximum and the suboceanic temperature decreases
while that below the supercontinent increases. When the super-
continent is stable, dynamics in the oceanic area is only slightly
constrained by the presence of the continent. When the shape of
the supercontinent is chain-like, strong temperature gradients
below the center and the edges exist. The mantle underneath
continental boundaries can be colder by as much as 15% than the
mantle underneath the center of continents. A continent focusses
the heat below its center, such that the mantle below the
continent center, which is also the center of the chain-structure,
is the hottest. The hot material then flows laterally towards the
edges of the chain-structure and slowly cools by diffusion in the
boundary layer (continents are not perfect insulators). As part of
this flow is parallel to the axis of the continent chain, the formerly
hot material has experienced a long period of cooling when it
reaches the end of the chain and usually meets a cold down-
welling at the ocean–continent boundary. In more compact
supercontinent configurations, the period of cooling is shorter
because the distance between the center and the edge is smaller.

With multiple continents, the dynamics of the oceanic regions
are more constrained because the location for the onset of new
cold instabilities and plate boundaries is confined to a smaller
area (between several continents). Hence major tectonic changes,
like complete reorganization of plate motions observed with a
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stable supercontinent, do not occur with dispersed continents.
However, the continent distribution has more degrees of freedom,
and as a consequence, fluctuations of the thermal field below
individual continents have a higher amplitude, but fluctuations in
the oceanic regions are smaller.

Plate tectonic reconstructions are rather limited because only
the last 150 Ma are well accessible (e.g. Engebretson et al., 1984;
Scotese, 1991; Deparis et al., 1995; Lithgow-Bertelloni and
Richards, 1998; Torsvik et al., 2010). Hence it is difficult to
compare the thermal predictions of our model to long-term
observations. However, one indication is the residual roughness
of the seafloor, which does not account for the effects of spreading
rate and is therefore appropriate to examine the role of mantle
temperature on the seafloor roughness. The residual roughness in
the Central Atlantic is anomalously low (Whittaker et al., 2008).
This may be explained by the formation of the local Cretaceous
crust from the hot mantle below Pangaea: a large-scale thermal
anomaly would tend to create a thicker than normal crust with
reduced brittle fracturing and consequently lower seafloor rough-
ness. Evidence for a significantly hotter mantle below Pangaea is,
for instance, given by the emplacement of the Central Atlantic
Magmatic Province (see Coltice et al., 2007). After the initial
break-up of Pangaea the temperature anomaly took about 100 Ma
to vanish by thermal diffusion through the Atlantic seafloor
(Whittaker et al., 2008). These observations are consistent with
our simulations that predict hotter subcontinental mantle below
a compact supercontinent. The reconstructions of the oceanic
heat flow suggest rather high heat flow after the break-up of
Pangaea followed by a steady decrease of around 15% since 80 Ma
ago (Loyd et al., 2007; Becker et al., 2009). These numbers fall in
the range predicted by our models with multiple continents, and
we expect a period of cooling below continents and oceans right
after the break-up.

According to our models, the present-day tectonic configura-
tion would generate limited temperature differences between
continents and oceans, and between individual continents. Even-
tually, the mantle below the largest continents and plates would
be the hottest because of less efficient cooling. The thickness of
the transition zone provides a proxy to study the temperature
within the upper mantle, although some variations cannot be
attributed to purely thermal effects. The recent work of Houser
et al. (2008) suggests that there is no systematic thinning of the
transition zone below oceans or continents. Hence, the subconti-
nental mantle is not significantly hotter than the suboceanic
mantle in the present-day situation. The hotter regions (i.e. places
where the transition zone is thinner) are below the Pacific, Africa
and Asia, which are the bigger plates and continents. However,
our models do not include plumes, which may contribute sig-
nificantly to local thinning of the transition zone.

Our models give a possible explanation for the suggested
episodicity in growth of continental crust (e.g. Condie, 2004;
Pearson et al., 2007). These episodes of crustal growth are likely to
correlate with melting under the continents, i.e. high excess
temperatures below the continents. In our models these excess
temperatures are strongly varying in time in response to changes
in continent configuration. Thus, the temperature below a certain
continent will exceed the solidus temperature only during epi-
sodes of continental aggregation.

Although our models give a deeper insight into the link
between the thermal and tectonic history of the Earth’s mantle,
they are still rather simplified, so here we briefly discuss the
major shortcomings, which will be improved in future studies.
First, our assumption of an entirely internally heated mantle is
certainly not true for the Earth, but it is a first-order approxima-
tion of the Earth’s mantle (e.g. Davies, 1988; Sleep, 1990; Turcotte
and Schubert, 2002). However, active upwellings due to basal
heating could have important effects on the thermal field of the
mantle and might lead to a less pronounced or even vanishing
temperature excess below continents. For instance, Heron and
Lowman (2010, 2011) do not report a significant temperature
excess below continents and no preference of plumes to form
under continents as observed in various earlier studies (e.g.
Gurnis, 1988; Zhong and Gurnis, 1993; Lowman and Gable,
1999; Yoshida et al., 1999; Zhong et al., 2007; O’Neill et al.,
2009). They explain their observation by the dominance of the
lateral size of a tectonic plate on the temperature below this plate,
regardless of whether an oceanic or a continental plate. However,
their results are obtained with prescribed oceanic and continental
plates that both have the same thickness and are therefore not
representative of Earth.

Strong plumes from the lower mantle might also affect the
timescale of continental aggregation (Phillips and Bunge, 2007). This
would give a possible explanation why the timescale of aggregation
in our presented model is significantly longer than the expected
300–500 Ma for the Earth (e.g. Zhong and Gurnis, 1993). However,
this time scale is not well constrained, especially for supercontinents
prior to Pangaea, as the tectonic history is well-known only for the
last 150 Ma (Lithgow-Bertelloni and Richards, 1998). Additionally,
deviant time scales could also be explained by the simplified
viscosity profile in our models, for instance the omission of a depth
dependence, or the usage of a smaller than Earth-like Rayleigh
number (due to computational reasons).

Finally, continents on Earth are not completely resistant against
deformation and can rift, which is not the case in our models.
Plumes, which may erode the base of the lithosphere and induce
additional stresses could make continental rifting easier (Storey,
1995; Santosh et al., 2009), although it is still under debate if
plumes constitute a major driving force of continental rifting (e.g.
Lowman and Jarvis, 1996, 1999; Li et al., 2008). Break-up could
alternatively be enhanced by using more deformable continents in
our models. So far, we have treated continents as strong cratons
that hardly deform. Weaker rheology would lead to greater con-
tinental deformation, but also to more efficient subduction and
recycling of continental material (e.g. Lenardic and Moresi, 1999;
Lenardic et al., 2003), which is not suitable for investigating the
long-term thermal history of the mantle. A possible reconciliation is
the inclusion of weaker mobile belts that protect the continental
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interior against deformation (Lenardic et al., 2000) and could serve
as sutures within a supercontinent (as in Yoshida, 2010), which are
thought to be preferred locations of continental rifting (e.g. Murphy
et al., 2006).
5. Conclusions

In the present study we have presented 3D spherical mantle
convection simulations with self-consistently generated plates
and mobile continents. We have investigated how the presence of
continents affects the evolution of the Earth’s mantle with regard
to the thermal history below continents and oceans and its link to
the tectonic history, i.e. the distribution of continental and
oceanic plates. Our results can be summarized in two concluding
remarks:
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2.
 If more than one continent is considered, effects of continental
aggregation and dispersal are superposed upon the trends
observed with a single supercontinent. These effects lead to
much stronger variations in subcontinental temperatures that
are directly related to the distribution of continents. However,
fluctuations of oceanic heat flow (30% variation between mini-
mum and maximum) and suboceanic temperature (r5% varia-
tion) are smaller than in the supercontinent case. If continents
are assembled in a compact cluster (like a supercontinent), they
isolate each other from subduction and inflow of colder oceanic
material, which causes a heating of up to 100 K of the mantle
below. If, however, the continents are dispersed or loosely
connected in a chain-like structure, there is no significant
warming and subcontinental mantle can even be colder than
suboceanic mantle. This suggests that melting and magmatic
activity below continents are episodic processes, which possibly
explain the observed episodicity in the growth of continental
crust (Condie, 2004; Pearson et al., 2007).
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Lenardic, A., Moresi, L.N., Mühlhaus, H., 2000. The role of mobile belts for the
longevity of deep cratonic lithosphere: the crumple zone model. Geophys. Res.
Lett. 27, 1235–1238.
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