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The Earth's surface and core–mantle boundary (CMB) heat fluxes are controlled by mantle convection and
have important influences on Earth's thermal evolution and geodynamo processes in the core. However, the
long-term variations of the surface and CMB heat fluxes remain poorly understood, particularly in response to
the supercontinent Pangea— likely the most significant global tectonic event in the last 500 Ma. In this study,
we reconstruct temporal evolution of the surface and CMB heat fluxes since the Paleozoic by formulating
three-dimensional spherical models of mantle convection with plate motion history for the last 450 Ma that
includes the assembly and break-up of supercontinent Pangea. Our models reproduce well present-day
observations of the surface heat flux and seafloor age distribution. Ourmodels show that the present-day CMB
heat flux is low below the central Pacific and Africa but high elsewhere due to subducted slabs, particularly
when chemically dense piles are present above the CMB. We show that while the surface heat flux may not
change significantly in response to Pangea assembly, it increases by ~16% from 200 to 120 Ma ago as a result of
Pangea breakup and then decreases for the last 120 Ma to approximately the pre-200 Ma value. As
consequences of the assembly and breakup of Pangea, equatorial CMB heat flux reaches minimum at ~270 Ma
and again at ~100 Ma ago, while global CMB heat flux is a maximum at ~100 Ma ago. These extrema in CMB
heat fluxes coincide with the Kiaman (316–262 Ma) and Cretaceous (118–83 Ma) Superchrons, respectively,
and may be responsible for the Superchrons.
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1. Introduction

Heat fluxes at the Earth's surface and core–mantle boundary
(CMB) have important influences on Earth's thermal evolution and
geodynamo processes in the core (Aubert et al., 2008; Davies, 1999;
Lay et al., 2008). It is generally agreed that the total surface heat flux
for the present-day is ~44 TW, of which ~8 TW comes from the
radiogenic heating in continental crust and ~36 TW is due to mantle
convection process (e.g., Davies, 1999). The total surface heat flux is
predominated by heat loss on sea floors, due to both their larger
surface areas and larger averaged heat flux than those for continents
(Fig. 1a) (Pollack et al., 1993). Oceanic heat flux is highest at the mid-
ocean ridges and decreases with increasing distance from the ridges.
This spatial distribution can be related to the age distribution of the
oceanic floor (Fig. 1b) and explained by a half-space cooling model
(e.g., Lister, 1977). However, time evolution of the surface heat flux is
not well understood even for the most recent geological history
associatedwith supercontinent Pangea. Grigne et al. (2005) suggested
that the present-day heat flux is at its peak since Pangea breakup at
~180 Ma ago, because Pangea breakup leads to shorter-wavelength
convection that transfers heat more efficiently. However, contrary to
Grigne et al.'s (2005) proposal, Loyd et al. (2007) and Becker et al.
(2009) showed that the total surface heat flux has decreased for the
last 140 Ma at a rate of ~0.2% every million years, using plate recon-
struction models that are available for back to the Cretaceous (i.e.,
~140 Ma) (e.g., Müller et al., 2008). However, there has been no
attempt to reconstruct surface heat flux history prior to Pangea
breakup.

CMB heat flux controls thermal evolution of the core, and has long
been suggested to play a crucial role in powering the geodynamo (e.g.,
Buffett, 2002; Davies, 1999). Based on geodynamo modeling, Olson
et al. (2010) suggest that global CMBheat flux and CMBheat flux in the
equatorial regionsmay control the geomagnetic polarity reversals and
may be the key to understanding the causes for the long-term (tens of
millions of years) stable polarities such as the Kiaman and Cretaceous
Superchrons that occurred during the time periods of 316–262 Ma and
118–83 Ma ago, respectively (Cande and Kent, 1995; Olson and
Glatzmaier, 1996). An unstable (stable) geomagnetic polarity occurs
when CMB heat flux or equatorial CMB heat flux is high (low) (Olson
et al., 2010). Several methods have been used to estimate CMB heat
flux. Davies (1988) and Sleep (1990) used the swell topography and
plate motions (i.e., plume buoyancy flux) to constrain the total CMB
heat flux to be ~3.5 TW or ~10% of the total surface convective heat
flux, but more realistic model calculations (Leng and Zhong, 2008;
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Fig. 1. The observed present-day surface heat flux (a) (Pollack et al., 1993), seafloor age distribution (b) (Müller et al., 1997), themodel present-day surface heat flux (c) and seafloor
age distribution (d) for case HF1.
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Zhong, 2006) suggested that the total CMB heat flux is ~12 TW, due to
adiabatic cooling effects on plume buoyancy flux. The latter is broadly
consistent with that inferred from the perovskite to post-perovskite
phase change studies (Hernlund et al., 2005; Lay et al., 2008). Also, the
present-day seismic structure has been used as a proxy for spatial
distribution of CMB heat flux in geodynamo studies (Aubert et al.,
2008; Olson et al., 2010; Olson and Glatzmaier, 1996). However, to
apply geodynamo models to understand geomagnetic polarity re-
versals such as the Kiaman and Cretaceous Superchrons, it is necessary
to formulate models of CMB heat flux that consider geological history
back to Pangea era (~330 Ma ago).

The surface and CMB heat fluxes are controlled by mantle
convection. Although mantle convection models have been formulat-
ed to constrain time evolution of mantle structures and to interpret
mantle seismic structure (e.g., Bunge et al., 1998; McNamara and
Zhong, 2005; Zhong et al., 2007) and surface vertical motion history
(e.g., Liu et al., 2008; Moucha et al., 2008), no such attempts have been
made to reconstruct the surface and CMB heat flux history. A difficulty
in reconstructing mantle convection and heat flux history back to the
Pangea era is the lack of constraints on plate motion history for the
Paleo-Pacific Ocean before 120 Ma (e.g., Lithgow-Bertelloni and
Richards, 1998), although continental plate motions in the African
hemisphere arewell constrained since the Paleozoic as in the assembly
and breakup of Pangea (e.g., Scotese, 2001). In a recent study (Zhang
et al., 2010), we constructed a proxy global plate motion for the last
450 Ma to examine the effects of Pangea on mantle structure
evolution, and showed that our models with this global plate motion
model reproduce the present-day seismic structure significantly better
than the models with only 120 Ma plate motion history (Bull et al.,
2009; McNamara and Zhong, 2005).

The main goal of this study is to reconstruct the surface and CMB
heat flux history since the Paleozoic, using mantle convection models
with the plate motion history model (Zhang et al., 2010). We are
particularly interested in understanding how Pangea assembly and
breakup influence the surface and CMB heat fluxes and their impli-
cations for the thermal evolution of the mantle and geomagnetic field.
This paper is organized as follows. Section 2 describes mantle con-
vection models with the plate motion history for the last 450 Ma.
Section 3 presents model results. Discussions and conclusions are
presented in Sections 4 and 5.

2. Methods and models

Our three-dimensional sphericalmodels ofmantle convectionwith
the last 450 Maplatemotion history are the same as that in Zhang et al.
(2010). Here we only describe the most important aspects of the
models. Our models assume an infinite Prandtl number and the
Boussinesq approximation. The conservation equations of the mass,
momentum, and energy, and the advection equation of compositions
are described in Zhong et al. (2008). The material properties and
thermodynamic constants are shown in Table 1. Themodels consider a
mixed heating mode with heating from both below and within the
mantle, and employ temperature- and depth-dependent viscosity
with a relatively weak upper mantle. Some model calculations also
include phase changes of Ringwoodite to perovskite and perovskite to
post-perovskite.

Our models have five controlling parameters: internal heat gener-
ation rate H, buoyancy number B, Rayleigh number Ra, temperature-
and depth-dependent viscosity η, and surface plate motions (Zhang et
al., 2010). Nondimensional internal heat generation rate Η=QR2/κΔT,
buoyancy number B=△ρ/αρΔT, temperature- and depth-dependent
viscosity η=η0(r)exp[E(0.5-T)], and Rayleigh number Ra=ρgαΔTR3/
κηr,whereQ,ρ,κ, andα are the volumetric heat generation rate, density,
thermal diffusivity, and coefficient of thermal expansion of the mantle,



Table 1
Material properties and constants.

Parameters Value

Earth's radius, R 6370 km
Gravitational acceleration, g 9.8 m·s−2

Mantle density, ρ 3300 kg·m−3

Thermal diffusivity, κ 10−6 m2·s−1

Coefficient of thermal expansion, α 2×10−5 K−1

Temperature difference, ΔT 2500 K
Thermal conductivity, k 4 Wm−1 K−1

Clapeyron slope for the 670 km phase boundary −3 MPa/K
Density jump across the 670 km phase boundary 8%
Clapeyron slope for the 2700 km phase boundary 8 MPa/K
Density jump across the 2700 km phase boundary 1.5%
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respectively, ΔT is the temperature difference across the mantle, Δρ is
the density difference between the background mantle and the chem-
ical pile above the CMB, ηr is the reference viscosity and is the lower
mantle viscosity at mean mantle temperature, g is the gravitational
acceleration, R is the Earth's radius, η0(r) is the depth-dependent pre-
factor, and T and E are the non-dimensional temperature and activation
energy, respectively. In our calculations, H is set to be 100, which yields
~60% internal heating ratio for most cases, and E is 9.21, giving rise to
viscosity variations of 104 due to temperature variations. The lower
mantle viscosity is ~60 times higher than that for the upper mantle for
most cases (Hager and Richards, 1989), but this viscosity contrast is also
varied to study its effects. Details of themodel parameters are presented
in Table 2.

Our global plate motion model for the last 450 Ma consists of 34
different stages and was fully described in Zhang et al. (2010). Our
plate motion model for the last 120 Ma uses the published model by
Lithgow-Bertelloni and Richards (1998) and Ricard et al. (1993). For
platemotions before 120 Ma, ourmodel considers realistic continental
plate motions in the African hemisphere, but for plate motions in the
Pacific hemisphere, plate configurations are assumed to resemble
those at 120 Ma ago with divergent plate motions and averaged speed
of ~8 cm/yr.Wenote that in theplatemotionmodel for the last 120 Ma
(e.g., Lithgow-Bertelloni andRichards, 1998), the Pacific plates have an
averaged speed ranging from7 to 8 cm/yr, except for a period between
120 Ma and 80 Ma ago with significantly larger plate motions that
reach ~12 cm/yr at ~95 Ma. However, this time periodwith large plate
motions coincides with the Cretaceous Superchron, making the large
plate motions not as well constrained (e.g., Heller et al., 1996; Rowley,
2002; Cogné andHumler, 2004). The assumeddivergent platemotions
in the Pacific since the Paleozoic are supported by geological evidence
of accretionary terrains of oceanic origins along the Pacific rims (e.g.,
Safonova et al., 2009), and also by our study (Zhang et al., 2010)
Table 2
Input parameters and outputs for mantle convection models.

Case Ra Grids η0lm
a B I.C. &

HF1 2×108 12×64c 2.0 0.5 IC1(BC
HF1R 2×108 12×48c 2.0 0.5 IC1(BC
HF2 2×108 12×48c 2.0 – IC2(BC
HF3 108 12×48c 0.73 0.5 IC1(BC
HF4 2×108 12×48c 2.0 0.5 IC1(BC
HF5 2×108 12×48bx64 2.0 0.5 IC1(BC
HF6 2×108 12×64c 2.0 0.5 IC1(BC

a η0lm is the pre-exponential factor for the viscosity equation for the lower mantle at 670
mantle between 100 km and 670 km depths are 1 and 0.0333, respectively, for all cases.

b The symbols for initial and boundary conditions. Two different initial conditions, IC1
temperature profiles from pre-calculations with free-slip boundary conditions with andwith
represents the average spreading rate of 11 cm/yr for oceanic plates in the Pacific hemisph

c Clapeyron slopes for the perovskite to post-perovskite (2700 km) and the Ringwoodite t
density jumps across these two phase changes 1.5%, and 8%, respectively.

d t1 and t2 are the times when the equatorial CMB heat flux reaches the minimum. ξ is t
showing that the present-day seismic structure is reproduced
significantly better with divergent plate motions for the Pacific for
the last N300 Ma, compared to that with the plate motion only for the
last 120 Ma (Bull et al., 2009; McNamara and Zhong, 2005). In this
study, we also vary magnitude of plate motions in the Pacific
hemisphere before 120 Ma to examine its effects.

The non-dimensional radii for the top surface and bottom (i.e.,
CMB) boundaries are 1 and 0.55, respectively. Isothermal boundary
conditions are applied at the surface and CMB in all calculations, and
the fixed CMB temperature with time is justified because of the
relatively small (i.e., ~70 K per Ga)mantle secular cooling (e.g., Davies,
1999). For velocity boundary conditions, the surface is prescribedwith
time-dependent velocity (i.e., plate motion) while the CMB is a free-
slip boundary. All the cases start with one-dimensional initial
temperature profiles derived from pre-calculations that use the same
model parameters except that the plate motion boundary condition is
replaced with a free-slip boundary condition. Ra is also chosen to be
generally consistent with the imposed plate motion. While our
modeling practice in choosing initial temperature profiles and Ra in
our convectionmodels with imposed platemotions is reasonable (e.g.,
McNamara and Zhong, 2005), we would also like to point out how
plate tectonics and mantle convection are dynamically coupled
together remains a challenging problem due to our poor understand-
ing of plate boundary processes (e.g., Bercovici, 2003; King et al.,
2002). For eachmodel run, surface platemotions for thefirst stage (i.e.,
at 450 Ma ago) are employed for 150 Ma before the plate motions are
updated with subsequent plate motion history (Zhang et al., 2010).
Consequently, only model heat fluxes for the last ~400 Ma are
interpreted in this study. The governing equations are solved with
CitcomS (Zhong et al., 2000, 2008). For most cases, we use a grid with
~1,330,000 elements (i.e., 12×483 elements, see Zhong et al., 2000),
but three higher resolution models are also computed (Table 2).

Considering the important effects of seafloor age on the surface
heat flux (e.g., Lister, 1977; Parsons, 1982), we quantify seafloor age
distribution at different times in ourmodels. Seafloor age calculation is
only dependent on the plate motion model, and is computed
independently from mantle convection. In practice, we use the tracer
advection functionality of CitcomS to compute the age. Initially, tracers
with zero age are assigned to surface elements that have horizontal
resolution of 34 km. The positions and ages of tracers are updated
every time step basedon a given time increment and the imposedplate
motion history. At each time step, a fixed number of tracers with zero
age are continuously added to elements at divergent plate boundaries
where the positive divergence is greater than some threshold, and at
the same time, tracers are removed at convergent plate boundaries
with negative divergence. Seafloor age for each surface element is
computed by averaging ages of all the tracers in that element, and the
B.C.b Phase depthc (t1, t2)d ξ
(%)d

qs
(mW/m2)d

1) – (272, 96) 62 73.7
1) – (272, 97) 61 75
1) – (285, 130) 51 76.4
1) – (263,101) 55 75.1
1) 2700 km (268, 97.5) 56 74.8
1) 670 km (227, 98.5) 63 74.6
2) – (282, 99) 65 73.0

km depth. The pre-factors for the lithosphere (i.e., b100 km depth) and for the upper

and IC2, and two boundary conditions, BC1 and BC2, are used. IC1 and IC2 use 1D
out chemical piles, respectively. BC1 is for the average spreading rate of 8 cm/yr and BC2
ere before 119 Ma.
o perovskite (670 km) phase changes are 8 MPa/K, and−3 MPa/K, respectively, and the

he internal heating ratio. qs is the present day surface heat flux.
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elemental seafloor age is then projected to surface nodes to obtain the
seafloor age distribution on a grid. The age of continental regions in our
models is undetermined. Our forward modeling approach is different
from previous efforts in deriving seafloor age distribution that often
start from the present-day seafloor age distribution and integrate
backwards on either regional or global scales (e.g., Conrad and Gurnis,
2003; Müller et al., 2008; Wen and Anderson, 1995; Xu et al., 2006).
However, our forward-modeling approach is efficient in using with
mantle convection models and may also help verify the plate motion
model by comparing with present-day seafloor age distribution.

3. Results

In this section, we first present results of the surface and CMB heat
fluxes for reference case HF1 (Table 2).We then examine the influences
of different parameters including lowermantle viscosity, chemical piles,
phase changes, and plate motions.

3.1. Surface heat flux for case HF1

We start with reference case HF1 that has Rayleigh number of
2×108, and an initially 250 km thick chemical layer above the CMBwith
a buoyancy number B of 0.5 (Table 2). The global root-mean-square
velocity for the imposed surface velocity varies between ~6.6 cm/yr and
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Fig. 2. Time dependence of (a) globally averaged plate motions for cases HF1 and HF6, (b) the
age, τsf, for seafloor younger than 160 Ma, and the predicted oceanic heat flux, q1/2, based on t
cases HF1 and HF2, and (d) the equatorial CMB heat flux for cases HF1 and HF2. The tick mar
Fig. 2d, equatorial CMB heat fluxes for case HF1were computed for two latitude bands (10o an
for the Kiaman and Cretaceous Superchrons.
4 cm/yr from the Paleozoic to the present-day (Fig. 2a). The pre-
calculation for this case using free-slip boundary condition yields an
average surface motion of 3.6 cm/yr, suggesting that the convective
vigor or Ra is consistent with the surface plate motion. The depth-
dependent pre-factor η0(r) are 1 and 1/30 for the lithosphere and upper
mantle, respectively, and for the lower mantle, η0(r) increases linearly
from 2.0 at the 670 km depth to 6.8 at the CMB (Table 2 and Fig. 3a)
(Zhang et al., 2010). This leads to a mantle viscosity structure in which
the lower mantle on average is ~2 orders of magnitude more viscous
than theuppermantle (Fig. 3a).With Ra=2×108 andother parameters
listed inTables 1 and2, theaveragedviscosities for theuppermantle and
lower mantle are ~4.5×1019 Pas and ~7×1021 Pas, respectively. The
internal heating ratio for this case determined a posteriori from the
surface and CMBheatfluxes is ~61% (Table 2), implying a significant but
reasonable fraction of heating from the core (e.g., Bunge, 2005;
Hernlund et al., 2005; Leng and Zhong, 2008; Zhong, 2006).

We first present the present-day surface heat flux from case HF1.
The calculated present-day surface heat flux compares well with the
observation (Fig. 1a and c). The calculated present-day average surface
heat flux is 74 mW/m2 (Fig. 2b) or 38 TW in total, which is slightly
higher than the estimated 36 TW for the present-daymantle heat flux.
Our model reproduced the observations of high heat flux at the mid-
ocean ridges, and low heat flux in continental regions (Fig. 1c),
although due to limited model resolution heat flux at some ridge
20

00

80

60

40

Seafloor age (M
a)

120

100

80

60

40

600 500 400 300 200 100 0

600 500 400 300 200 100 0

Time (Ma)

20

00

80

60

70

90

10

50

70

90

10

case HF1
case HF6

qsf for case HF1
τsf for case HF1

q
1/2

 for case HF1

case HF1
case HF2

case HF1 (±20o latitude)

Superchron
Cretaceous Normal

Superchron
Kaiman Reversal

globally averaged surface heat fluxes for cases HF1 and HF6, averaged heat flux, qsf, and
he half-space coolingmodel for the case HF1, (c) the globally averaged CMB heat flux for
k on the top horizontal axis shows the time for updating every stage of plate motions. In
d 20o on each side of the equator), and the two shaded zones represent the time periods

image of Fig.�2


a

b

Fig. 3.Depth dependences of horizontally averagedmantle viscosities for cases HF1 and
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segments appears too high. Our model did not include back-arc
spreading plate motions, and consequently did not reproduce the
observed heat flux highs there.

The averaged surface heat flux in general correlates positively with
the plate motions (Fig.2 a and b). Before Pangea assembly that
occurred at 330 Ma ago, the surface heat flux shows little variation
with time, similar to the plate motions. The surface heat flux
distribution before Pangea formation is characterized by high heat
flux in the oceanic areas (i.e., the Pacific hemisphere) and lowheatflux
in the continental areas (i.e., the African hemisphere) (Fig. 4g). From
330 Ma to 290 Ma ago, the average surface heat flux decreases slightly
due to the collision between Laurussia and Gondwana at 330 Ma ago
that leads to the disappearance of oceanic lithosphere between these
two continents. After 290 Ma, the surface heat flux starts to increase
due to the opening of the Tethys Ocean (Scotese, 2001; Zhang et al.,
2010) (Fig. 4e). Both the surface heat flux and plate motion reach to
peaks at ~240 Ma ago (Fig. 2b). After 240 Ma, Pangea grows gradually
as it collides with the China blocks and Cimmeria (Turkey, Iran, and
Tibet), causing oceanic regions to reduce and hence the global average
plate motion and surface heat flux to decrease (Fig. 2a and b). At
~190 Ma ago, Pangea starts to break up, and new seafloors at the
central Atlantic, Indian Ocean, South Atlantic, and North Atlantic are
created from 190 Ma to 120 Ma (e.g., Fig. 4c). This leads to an increase
in global platemotion and causes the global averaged surface heat flux
to increase by ~16% during this period (Fig. 2a and b). For the last
120 Ma, as the oceanic plate motion decreases, the surface heat flux
decreases steadily to approximately the pre-Pangea breakup value. It
should be pointed out that the sudden changes in the averaged surface
heat flux (Fig. 2b) are caused by sharp transitions of plate motions
from one time frame to the next in our plate motion model (Zhang
et al., 2010).

The total oceanic heat flux is controlled by seafloor area-age
distribution (e.g., Parsons, 1982). We computed the age distribution of
oceanic lithosphere at different times based on the plate motion model
used in case HF1 (Figs. 1d, 4d, f, and h). The present-day seafloor age
distribution is consistent with the observed except for back-arc regions
that were not considered in ourmodels (Fig. 1b and d). The seafloor age
distributions mostly reflect the seafloor spreading at various stages, for
example, the young Atlantic and Indian Oceans at 110 Ma ago (Fig. 4d),
and the Tethys Ocean at 200 Ma ago (Fig. 4f). We do not interpret the
seafloor age distributions prior to Pangea formation at 330 Ma, because
our plate motion model does not include any significant variability for
the oceanic plates. The agreement with the observed present-day
seafloor ages is expected, because they were used to derive the plate
motionmodel (e.g., Lithgow-Bertelloni andRichards, 1998;Müller et al.,
2008). However, we found the need to neglect or reduce the seafloor
production at the ridge between Pacific and ChathamRise Plates and the
ridge along the Izanagi–Pacific plate boundary between 84 and 100 Ma
to avoid too young seafloors in thewestern Pacific. Thismay result from
the limited number of plate motion stages in the original plate motion
model (e.g., Lithgow-Bertelloni and Richards, 1998) or too large plate
motions during the Cretaceous Superchron between 80 and 120 Ma.

Based on the seafloor age distributions, we determined averaged
oceanic heat flux (i.e., for seafloor younger than 160 Ma) and seafloor
ages for the last 350 Ma (Fig. 2b). Our calculated averaged age of 64 Ma
for the present-day seafloor is consistent with the observed (Müller
et al., 1997; Xu et al., 2006). The averaged seafloor age is smallest at
~100 Ma ago after Pangea formation (Fig. 2b). The averaged seafloor
age shows its secondminimumat ~230 Ma ago, reflecting the opening
of Tethys Ocean (Fig. 4f). The averaged seafloor age correlates well
with the averaged oceanic heat flux that reaches maximum when the
averaged age is minimal, confirming the control of lithospheric age on
surface heat flux (Fig. 2b) (e.g., Lister, 1977). The averaged oceanic
heat flux for the present-day is ~96 mW/m2 (Fig. 2b), consistent with
the observed 100 mW/m2 (Pollack et al., 1993; Turcotte and Schubert,
2002). The averaged oceanic heat flux shows nearly the same time-
dependence as the total surface heat flux (Fig. 2b), indicating that the
oceanic heat flux predominates the total surface heat flux.

The area-age distributions at 350, 200, and 110 Ma ago and for the
present-day all show an approximately triangular form (Fig. 5a).
Although the triangular area–age distributions for 350 and 200 Ma
ago simply reflect our assumed plate motions for the Pacific plates
before 120 Ma, they are consistent with the area–age distribution for
the present-day seafloor and inferences from observations of eustatic
sea-level changes (e.g., Parsons, 1982). Finally, a half-space cooling
model (e.g., Turcotte and Schubert, 2002) is also used to estimate
surface heat flux q from ocean floors based on the seafloor age τ using
q = kΔTl =

ffiffiffiffiffiffiffiffiffi

πκτ
p

, where k and κ are thermal conductivity and thermal
diffusivity (Table 1), respectively, and ΔTl is the temperature drop
across the lithosphere and is determined directly from our convection
model to be 1390 °C (Fig. 3b). The oceanic heat flux estimated from
the cooling model closely follows the actual one but is ~6% smaller
(Fig. 2b), and the differencemay be due to sublithospheric small-scale
convection (e.g., Davaille and Jaupart, 1994; Huang and Zhong, 2005).

3.2. CMB heat flux for case HF1

The global average CMBheatfluxwith time for caseHF1 is shown in
Fig. 2c, and the CMBheatflux and temperature distribution at 2835 km
depth (i.e., 32 km above the CMB) at 330, 270, 180, 97, and 0 Ma are
shown in Fig. 6. The present-day CMB heat flux is characterized by two
lowheat flux areas belowAfrica and the central Pacific, and a high heat
flux girdle between them (Fig. 6i). This distribution of CMB heat flux
arises because the hot African and Pacific chemical piles tend to
insulate the core, while the cold downwellings elsewhere in the CMB



Fig. 4. Snapshots of the surface heat fluxes and seafloor ages for case HF1 for (a) the present day, (b) 110 Ma, (c) 200 Ma, and (d) 350 Ma ago. Seafloor age in black regions in the age
maps is undefined. The arrows in left column of maps show the plate motions. Solid and dashed lines in Fig. 4c–h represent continental and oceanic plate boundaries, respectively.
The coastlines for the present day are also shown in heat flux maps for reference.
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regions (Fig. 6j) enhance the CMB heat flux. The present-day average
CMB heat flux is 86 mW/m2 or 13.3 TW in total. Overall, the CMB heat
flux after Pangea formation shows two important features: the
maximumbetween 110 Ma and 70 Ma ago and theminimumbetween
310 Ma and 240 Ma ago (Fig. 2c), and both features may be related to
the surface tectonic events and hence surface heat flux. The CMB heat
flux reaches a peak at 330 Ma and then decreases to a low valley at
~310 Ma ago, similar to the surface heat flux (Fig. 2b and c). From 310
to 240 Ma, the average CMB heat flux remains relatively low at
~78 mW/m2, but increases to 84 mW/m2 at ~210 Ma ago (Fig. 2c). The
relatively low CMB heat flux after Pangea assembly may result from
reduced subduction (e.g., the cessation of subduction between
Gondwana and Laurussia) following Pangea assembly, while the
subsequent increase in CMB heat flux may be caused by enhanced
subduction associated with the opening of Tethys Ocean. Notice that
the opening of Tethys Ocean causes a surface heat flux maximum at
~240 Ma ago (Fig. 2b). After 210 Ma, the CMB heat flux remains stable
until ~150 Ma ago when it starts to increase to its highest value at
~110 Ma ago. The CMBheatflux remains high until it starts to decrease
steadily at 70 Ma ago (Fig. 2c). Notice that the surface heatflux starts to
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increase rapidly at ~170 Ma ago, is at its maximum between 120 Ma
and 100 Ma ago, and starts to decrease at ~100 Ma ago (Fig. 2b). This
suggests that the CMB heat flux is related to the surface heat flux and
surface tectonics (Gait et al., 2008) but perhaps with ~30 Ma delay.

We now focus on the CMB heat flux and lowermantle structures in
the equatorial regions because of their potential implications for the
geodynamo process (Olson et al., 2010). The CMB heat flux in
equatorial regions is computed within either 10° or 20° on either
side of the equator. The equatorial CMB heat flux has two maxima at
~330 Ma and 180 Ma ago and two minima at ~270 Ma and ~100 Ma
ago (Fig. 2d), all of which may be related to surface tectonics. The
maximum equatorial CMB heat flux at 330 Ma is caused by the long-
term convergence between Laurussia and Gondwana near the equator
(Scotese, 2001) that leads to accumulation of cold slabs in the
equatorial regions of the CMB (Fig. 6i and j). After Pangea is formed and
the Laurussia–Gondwana convergence ends, the equatorial regions of
the CMB below Pangea start towarmup, leading to reduced equatorial
CMB heat flux between 310 and 260 Ma (Figs. 2d, 6g and h) and
possibly also to the reduced total CMB heat flux during this period of
time (Fig. 2c). This is evident in the equatorial CMB heat fluxes for four
subdivisions of the equatorial regions (quadrants I and II in Fig. 5b are
for CMB regions below Pangea).

The equatorial CMB heat flux gradually increases from 260 Ma to
180 Ma (Figs. 2d and 6e) because of the enhanced subduction and
convergence between the newly opening Tethys Ocean and Eurasia
near the equator (Figs. 6f and 5b) (Scotese, 2001; Zhang et al., 2010).
After 180 Ma, Pangea breakup initiates multiple continental plates,
and particularly the reduced convergence between the Africa–India
plate and Eurasia (Scotese, 2001) causes the equatorial CMB heat flux
to decrease to a minimum at ~120 Ma ago and to remain low until
~90 Ma ago (Figs. 2d, 6c, d, and 5b). The increase of the equatorial CMB
heat flux at ~90 Ma ago results from the northward acceleration of the
Indian plate (Lithgow-Bertelloni and Richards, 1998) that causes a
more intense subduction (Fig. 2d). The equatorial CMB heat flux starts
to decrease at ~60 Ma ago (Fig. 2d), possibly reflecting the global trend
in the CMB heat flux (Fig. 2c). It is interesting to note that the global
CMB heat flux is at its peak between 110 and 70 Ma (Fig. 2c). The
minimum equatorial CMB heat flux between 120 and 90 Ma (Fig. 2d)
implies that the CMB heat flux in non-equatorial or high latitude
regions must be significantly elevated during this period of time.

3.3. Influences of different parameters on the heat fluxes

We now present five more cases (cases HF2–HF6 in Table 2) in
which we remove the chemical layer, vary the viscosity structure, add
the phase changes of Ringwoodite to perovskite and perovskite to
post-perovskite, and increase the spreading rate for the Pacific oceanic
plates, to examine their effects on the heat fluxes.

CaseHF2differs fromcaseHF1by removing the chemical layer above
the CMB. The surface heatflux shows similar temporal variations to that
of case HF1 (Fig. 7a), suggesting that the surface heat flux is mainly
controlled by surface plate motions and is insensitive to the chemical
layer above the CMB. However, without the chemical layer on the CMB,
mantle temperature immediately above the CMB is significantly
reduced (Fig. 3b), causing the average CMB heat flux to increase by
~18%, compared to that for case HF1 (Fig. 2c). Also the global and
equatorial CMB heat fluxes for case HF2 shows very different temporal
variations compared to case HF1 (Fig. 2c and d), again suggesting a
significant role of chemical piles in the CMB heat flux. Although the
present-day CMB heat flux distribution for case HF2 shows low heat
fluxes beneath Africa and the central Pacific that are similar to that of
caseHF1, the spatial variations for caseHF2 aremuch smaller (Fig. 8 and
Supplementary Table 1).

A potentially important parameter that influences the response of
the CMB heat flux to subducted slabs is the viscosity contrast between
the upper and lowermantles. In case HF3, we reduce the lowermantle
viscosity by a factor of three (Fig. 3a) to investigate its effects on the
heat flux. It should be noted that the Rayleigh number Ra for case HF3
is reduced by a factor two to keep a similar convective vigor to case
HF1 (Table 2). Except for these two changes, case HF3 is identical to
case HF1. The temporal and spatial variations of the surface heat flux
for case HF3 remain similar to those for case HF1 (Fig. 7a). Although
the global and equatorial CMB heat fluxes show similar temporal
variations to those for case HF1, they are ~10% higher than those for
case HF1 (Fig. 7b and c). The enhanced CMB heat fluxes result from
more vigorous convection in the lower mantle due to the reduced
viscosity. Importantly, the equatorial CMB heat flux also shows two
minima at around 270 Ma and 100 Ma ago (Fig. 7c).

Case HF4 has a perovskite to post-perovskite phase change at
depth 2700 km (Table 1), and is otherwise identical to case HF1. The
surface heat flux is similar to that for case HF1 (Fig. 7a). The global and
equatorial CMB heat fluxes show similar temporal variations to those
for case HF1 but with ~16% higher amplitude (Fig. 7b and c). Higher
CMB heat fluxes arise because the exothermic phase change enhances
convective instability near the CMB (e.g., Matyska and Yuen, 2005;
Nakagawa and Tackley, 2004, 2008).

Case HF5 included a Ringwoodite to perovskite phase change at a
670-km depth (Table 1). The endothermic phase change leads to the
occasional ponding of cold slabs (hot upwellings) above (below) the
phase boundary (Christensen and Yuen, 1985), as evident in the radial
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temperature profile (Fig. 3b). The ponded materials may suddenly
flush through the phase boundary, thus enhancing the temporal
variability of the CMBheatflux (Christensen andYuen, 1985;Machetel
andWeber, 1991). This can be seen in the time dependences of global
and equatorial CMB heat fluxes (Fig. 7b and c), although the surface
heat flux remains largely unchanged relative to case HF1 (Fig. 7a).
Interestingly, the global CMB heat flux for case HF5 displays a strong
minimum at ~110 Ma (Fig. 7b). The equatorial CMB heat flux still
shows two minima at ~230 Ma and ~100 Ma, but the first minimum
occurs ~40 Ma later than that in other cases with chemical piles
(Fig. 7c).

A significant uncertainty in our models is the plate motions in the
Pacific hemisphere before 120 Ma. Zhang et al. (2010) found that plate
Fig. 6. Snapshots of the CMB heat fluxes (left column) and temperatures at 2835 km depth
270 Ma, and (i, j) 330 Ma ago. The two white lines in each map represent 10oS and 10oN latit
mark the four quadrants in which equatorial heat fluxes are quantified and presented in Fi
configurations in the Pacific hemisphere have relatively small effects
on long-wavelength mantle structures, provided that the hemisphere
is predominated by spreading centers. It is important to investigate the
influence of different oceanic platemotions on the heat flux, especially
the surface heat flux. In case HF6, the averaged plate motion for the
Pacific hemisphere before 120 Ma is increased to 11 cm/yr from the
8 cm/yr value in case HF1 (Fig. 2a), and otherwise this case is identical
to case HF1. The increased plate motions lead to ~13% higher surface
heatflux than that for caseHF1 before 120 Ma, but the surface heatflux
after 120 Ma is nearly identical to that for case HF1 (Fig. 2b), further
indicating the strong influence of plate motions on the surface heat
flux. However, the increased plate motions have relatively small
effects on the CMB heat flux (Fig. 7b and c). The equatorial CMB heat
(right column) for case HF1 at (a, b) the present day, (c, d) 97 Ma, (e, f) 180 Ma, (g, h)
udes for which our equatorial CMB heat fluxes are computed. The purple lines in Fig. 6f
g. 5b.

image of Fig.�7


Fig. 8. Snapshots of the long-wavelength (i.e., the first 4 spherical harmonic degrees and orders) components of the CMB heat fluxes for cases HF1 (left column) and HF2 (right
column) at (a, b) 330 Ma ago and (c, d) the present day. The spherical harmonic coefficients of these components are shown in supplemental Table 1.
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flux for case HF6 also shows two lows at 282 and 96 Ma ago, although
the high heat flux between these two lows is subdued (Fig. 7c).

4. Discussions

Our study represents thefirst attempt to reconstruct Earth's surface
and CMBheat flux associatedwith Pangea assembly and breakup since
the early Paleozoic using 3-D spherical mantle convectionmodels. Our
results confirm the dominant role of platemotions and seafloor ages in
controlling the surface heatflux (e.g., Lister, 1977; Parsons, 1982; Stein
and Lowman, 2010), and other processes such as sublithospheric
small-scale convection only have secondary roles. Our reference
model (i.e., case HF1), using a plate motion model for the last
450 Ma (Zhang et al., 2010), reproduces well the present-day surface
heat flux in both spatial distribution and amplitude. The most robust
and significant result on the surface heatflux fromour referencemodel
is ~16% of surface heat flux increase from 190 Ma to 120 Ma ago
associated with Pangea breakup and the subsequent ~18% decrease of
surface heat flux for the last 100 Ma (Fig. 2b). This indicates that the
present-day heatflux is only slightly lower than that at ~200 Ma ago or
before Pangea breakup. Our models show that the assembly and
continuous existence of supercontinent Pangea may not affect global
surface heatflux (Fig. 2b), provided that oceanic platemotions are kept
constant. In fact, the opening of the Tethys Ocean causes larger
variations in the global surface heat flux than the Pangea assembly.

This temporal variation in surface heat flux correlateswell with the
average seafloor ages (Fig. 2b). Twominima in the average seafloor age
occur at 100 and 240 Ma ago, reflecting the young seafloors resulting
from the Pangea breakup and the opening of the Tethys Ocean,
respectively. The area–age distributions in our reference model all
show approximately triangular forms (Fig. 5a). However, compared
with the present-day observation, the seafloor production in our
model is too large between 70 and 110 Ma. Also, the area–age
distribution curve for 110 Ma ago shows significantly larger seafloor
production for the 0–15 Ma age band than other ages (Fig. 5a). This
most likely reflects the large Pacific plate motions between 80 and
120 Ma used in the plate motion model (Lithgow-Bertelloni and
Richards, 1998). How to improve the fit to the present-day area-age
distribution is an important future research topic.

Our surface heatflux and seafloor age results necessarily dependon
our platemotionmodel, particularly the assumedplatemotions for the
Pacific plates before 120 Ma that in our reference case are assumed to
resemble the plate configurations at 120 Ma with a fixed averaged
speed of 8 cm/yr (e.g., Zhang et al., 2010). If the averaged platemotion
for the Pacific plates before 120 Ma is increased to 11 cm/yr (caseHF6),
the surface heat flux before 120 Ma becomes much higher, while the
heat flux for the last 120 Ma remains the same, compared to the
reference case. This leads to a pre-Pangea breakup heat flux that is
~16% higher than the present-day value (Fig. 2b). Eustatic sea-level
changes have been used to constrain surface heat flux changes (e.g.,
Turcotte and Burke, 1978), because both are mainly controlled by
mean seafloor ages (Turcotte and Schubert, 2002). Eustatic sea-level
changes show a ~150 m rise from 200 to 100 Ma and then a fall for the
last 100 Ma to the pre-200 Ma level (Haq et al., 1987; Haq and
Schutter, 2008; Miller et al., 2005; Watts and Steckler, 1979). This
temporal variation in eustatic sea-level changes is similar to that for
the surface heat flux from our reference case but not to that from case
HF6 with larger plate motions. Based on the relationship between the
eustatic sea-level and surface heat flux changes (Turcotte and
Schubert, 2002), we suggest that the eustatic sea level changes after
Pangea formation to the first order support the predicted time evo-
lution of surface heat flux from our reference model and the assumed
plate motion model for the Pacific plates before 120 Ma used in that
reference case.
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Time evolution of surface heat flux for the last 140 Ma has also been
estimatedbasedon reconstructed seafloor agedistributions (e.g., Becker
et al., 2009; Loyd et al., 2007). The rapid decrease in surface heat flux for
the last 120 Ma from our models is consistent with Loyd et al. (2007)
and Becker et al. (2009), but is in disagreement with the Grigne et al.'s
(2005) proposal that the present-day heat flux is at its maximum.
Becker et al. (2009) also suggested that the surface heat flux increases
from Pangea breakup to ~120 Ma ago, based on an assumed periodicity
in the seafloor production. Korenaga (2007) reiterated the argument of
eustatic sea level and surfaceheatfluxchanges byTurcotte andSchubert
(2002) that the surface heat flux before Pangea breakup should be
comparable to the present-day value. Assuming that seafloor age-area
distribution for the last 180 Ma resembles that for the present-day,
Cogné et al. (2006) found that the averaged seafloor age is uniformly
small from 40 Ma to 100 Ma ago with a minimum at 50 Ma, while the
averaged seafloor age between 120 and 180 Ma ago is similar to that for
the present-day. Although Cogné et al. (2006) only used the averaged
seafloor ages to explain the eustatic sea level changes and did not
attempt to convert the ages to surface heat flux, their results also imply
that the surface heat flux at 180 Ma ago is similar to the present-day
value and that the surface heat flux is maximum between 100 Ma and
50 Ma ago. While this result is broadly consistent with ours, the
occurrence ofminimal averaged seafloor age at 50 Ma ago in Cogné et al.
(2006) is significantly later than that in our model (i.e., at 100 Ma ago).

Our model calculations with dense chemical piles above the CMB
show consistently that surface plate motions, by organizing mantle
convection structure in the lower mantle, have significant effects on
both themagnitude and distribution of the CMBheatflux. Our reference
case shows that for the present-day, the CMB heat flux is significantly
lower below the African and Pacific chemical piles than the surrounding
regions, because the hot chemical piles tend to insulate the core. This
CMB heat flux pattern has been used in geodynamo modeling (e.g.,
Aubert et al., 2008; Olson and Glatzmaier, 1996). Global CMB heat flux
from most of our models displays a maximum from 120 to 70 Ma ago
(Fig. 7b), while the equatorial CMB heat flux displays two clear minima
at ~270 Ma and ~100 Ma ago (Fig. 7c), all of which may be related to
surface tectonic events, as discussed in the result section.

Reduced CMB heat flux or equatorial CMB heat flux may stabilize
geomagnetic polarities and lead to superchrons (Olson et al., 2010).
Over our modeled geological time periods, two superchrons, the
Kiaman andCretaceous Superchrons, occurred during the time periods
of 316–262 Ma and 118–83 Ma, respectively. We found that the two
minima in the equatorial CMB heat flux at ~270 Ma and ~100 Ma ago
and the maximum in the global CMB heat flux at ~100 Ma coincide
approximately with the two superchrons. It should be noted that
during the Cretaceous Superchron (i.e., 80–120 Ma ago), the maxi-
mum global CMB heat flux and the minimal equatorial CMB heat flux
from our models suggest that the CMB heat flux in the polar or high
latitude regions must be elevated significantly. How such a CMB heat
flux pattern affects geomagnetic polarity reversals has interesting
implications for the Cretaceous superchron. Taking into account of
recent geodynamo studies by Olson et al. (2010), we suggest that the
CMB heat flux from our models may help explain the Cretaceous and
Kiaman superchrons.

Finally, ourmodels suggest that the dense chemical piles above the
CMB have the strongest effect on the CMB heat flux. The removal of
chemical piles (case HF2) leads to more smooth spatial variations
with smaller amplitudes in the CMB heat flux, although the long-
wavelength patterns remain similar (Fig. 8). Using similar convection
models, Lassak et al. (2010) found that the chemical piles do not affect
the amplitude and patterns of CMB dynamic topography at long-
wavelengths (spherical harmonic degrees and orders less than 4).
This is similar to our finding here for the CMB heat flux except that we
found that the amplitudes differ significantly (Fig. 8 and Supplemen-
tary Table 1). A perovskite to post-perovskite phase change near the
CMB (case HF4) and a reduced viscosity contrast between the upper
and lower mantles (case HF3) also greatly enhance the CMB heat flux
magnitude, because they enhance the relative convective vigor in the
lower mantle. However, the temporal variations of global and
equatorial CMB heat fluxes from our models appear to be rather
robust, provided that the models include dense chemical piles above
the CMB. It should be pointed out that numerical resolution has only
relatively small effects on our results, as shown by case HF1R and that
a reduced numerical resolution (12×483 elements, Table 2) re-
produces the temporal and spatial variations in the heat flux results
for case HF1 but with a slightly (~5%) larger amplitude (Fig. 7).
5. Conclusions

We have formulated 3-D spherical models of mantle convection
with imposed plate motion history to reconstruct temporal evolution
of surface and CMB heat flux since the Early Paleozoic and Pangea era.
Our model results can be summarized as follows.

1) Ourmodels reproducewell present-day observations of the surface
heat flux and seafloor age distributions. The models confirm that
the surface heat flux is mainly controlled by seafloor age and
oceanic plate motions, while indicating a relatively small role of
sublithospheric small-scale convection in the global surface heat
flux.

2) The assembly process of supercontinent Pangea and the existence
of Pangea may not have significant effects on the surface heat flux.
However, Pangea breakup hasmajor influences on the surface heat
flux that increases by ~16% from 190 Ma to 120 Ma ago associated
with Pangea breakup and decreases subsequently by ~18% for the
last 100 Ma, as global plate motions slow down. This indicates that
the present-day heat flux is similar to that at ~200 Ma ago or
before Pangea breakup. While the amount of surface heat flux
increase before 120 Ma depends on our assumed plate motions for
the Pacific plates, this temporal variation is consistent with the
eustatic sea-level changes since Pangea assembly.

3) Surface tectonics and plate motions, by influencing the dynamics
of subducted slabs in the lower mantle, have significant effects on
temporal and spatial distributions of the CMB heat flux. Our
models show that the present-day CMB heat flux is relatively low
below the African and Pacific superplumes but is high elsewhere
due to subducted slabs. However, the amplitude of these heat flux
variations is significantly larger when the chemical piles exist
above the CMB.

4) While our models with the chemical piles above the CMB
consistently predict a maximum global CMB heat flux between
110 Ma and 70 Ma ago, themodels also show that CMB heat flux in
the equatorial regions is relatively low around 270 Ma and 100 Ma
ago. We note that these two minima in the equatorial CMB heat
flux coincide with the Kiaman Superchron and Cretaceous Super-
chron, and suggest that our CMB heat flux results may help explain
the occurrence of the superchrons.
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