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ABSTRACT

Calculations of mantle convection generally use constant rates of internal heating and time-
invariant core-mantle boundary temperature. In contrast parameterized convection calculations,
sometimes called thermal history calculations, allow these properties to vary with time but only
provide a single average temperature for the entire mantle. Here I consider 3D spherical
convection calculations that run for the age of the Earth with heat producing elements that
decrease with time, a cooling core boundary condition, and a mobile lid. The calculations begin
with a moderately hot initial temperature, consistent with a relatively short accretion time for the
formation of the planet. I find that the choice of a mobile or stagnant lid has the most significant
effect on the average temperature as a function of time in the models. However the choice of
mobile versus stagnant lid has less of an effect on the distribution of hot and cold anomalies
within the mantle, or planform. I find the same low-degree (one upwelling or two upwelling)
temperature structures in the mobile lid calculations that have previously been found in stagnant-
lid calculations. While having less of an effect on the mean mantle temperature, the viscosity of
the asthenosphere has a profound effect on the pattern of temperature anomalies, even in the deep
mantle. If the asthenosphere is weaker than the upper mantle by more than an order of magnitude,
then the low-degree (one or two giant upwellings) pattern of temperature anomalies results. If the
asthenosphere is less than an order of magnitude weaker than the upper mantle, then the pattern
of temperature anomalies has narrow cylindrical upwellings and cold down going sheets. The
low-degree pattern of temperature anomalies is more consistent with the plate model than the

plume model (Foulger, 2007).
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INTRODUCTION

Theories of convection in Earth’s mantle extend as far back as Perry’s argument refuting
Kelvin’s estimate of the age of the Earth (Perry, 1895; England et al., 2007). Holmes (1931,
1933) proposed that subsolidus convection, powered by heat from radioactive decay was the
driving mechanism for plate tectonics, while Haskell (1935) showed that the uplift of
Fennoscandia after the melting of the ice sheet could be modeled by viscous flow. Gilbert (1890)
had previously described process similar to Haskell’s model to explain the shorelines of ancient
Lake Bonneville in western North America. Pekeris (1935) showed that thermal gradients near
the surface could drive mantle convection. However, advancement of the theory of convection
within the Earth’s mantle accelerated during the plate tectonic revolution (c.f. Schubert et al.,
2001; Bercovici, 2007).

The reader who is unfamiliar with the details of geodynamic modeling may not realize that
there are two approaches to understanding mantle convection: one based only on an energy
balance, which is sometimes called parameterized convection because a key relationship needed
to create a single equation is a parameterization between heat flow and the Rayleigh number; and
the second approach, which I will call Computational Fluid Dynamics (CFD), which solves the
equations of conservation of mass, momentum, and energy on a gridded (usually) representation
of the domain. Parameterized convection calculations are fast; one can perform 100’s of
calculations on a laptop in a day. CFD simulations in 3D spherical shell geometry require
significant computer resources (e.g., a large cluster) and a single calculation can run from days to
weeks. Parameterized convection provides a single average temperature for the entire mantle,

while CFD solves for temperatures and velocities throughout the mantle.



64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Computational Fluid Dynamic Approach

The pioneering work on mantle convection was based on methodologies developed in the field of
fluid mechanics applied to the Earth (Turcotte and Oxburgh, 1967; Schubert et al, 1969; Schubert
and Turcotte, 1971; Richter, 1973; McKenzie et al., 1974; Richter and Johnson, 1974, Busse,
1975). For reasons of both intellectual and computational tractability, this early work focused on
fluids with uniform material properties and small, two-dimensional, Cartesian domains. While
these studies do not address many of the complexities associated with the Earth’s interior, they
produced enormous insight showing that: 1) mantle convection provides sufficient energy to
drive plate motions (e.g., Turcotte and Oxburgh, 1967); 2) the phase transformation from
ringwoodite to perovskite plus ferropericlase is not sufficient to act as a barrier to convection
(e.g., Christensen and Yuen, 1984; 1985); 3) the long-wavelength geoid can be explained by
subduction (e.g., Kaula, 1972; Chase, 1979; Anderson, 1982; Hager, 1984; Ricard et al. 1984);
and 4) long-wavelength sea floor bathymetry can be explained by convection (Richter, 1973).
Modern numerical studies of mantle convection have addressed many of the unexplored
complexities from the earlier studies including: non-linear temperature-dependent rheology
(Torrence and Turcotte, 1971; Parmentier et al., 1976); compressibility (Jarvis and McKenzie,
1980; Leng and Zhong, 2008; King et al., 2010); three-dimensional geometry (c.f., Gable et al.,
1991; Tackley et al., 1993; Lowman et al., 2001; 2003; 2004), self-consistent equations of state
(Ita and King, 1994; 1998; Nakagawa et al., 2009); spherical geometry (Schubert and Zebib,
1980; Hager and O’Connell, 1981; Bercovici et al., 1989; Tackley et al., 1993; Bunge et al.,
1997; Wen and Anderson, 1997a, 1997b; Zhong et al., 2000); the role of plates and slabs (Gurnis
and Hager, 1988; Gurnis and Zhong, 1991; Zhong and Gurnis, 1992; King and Hager, 1994;

Bercovici, 1995; Chen and King, 1998; Trompert and Hansen, 1998; Tackley, 2000; Billen and
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Gurnis, 2003; Billen and Hirth, 2007; van Heck and Tackley, 2008, 2011; Billen, 2008, 2010;

Coltice et al., 2013,2014).

Observation Plus Theory Approach

In parallel with the fluid dynamic approach, many researchers have followed an approach that
makes direct use of observations, including: plate motions, seismic tomography models, geoid,
dynamic topography, sea floor age, and heatflow, as direct constraints on fluid models. Anderson
refers to this as the top-down approach (Anderson, 2001) because in most cases, the models first
and foremost reproduce plate velocities. Pekeris (1935) might be the first to consider the
geophysical top-down approach because he assumed that thermal gradients near the surface
provided the perturbation that drives convection. Hager and O’Connell (1981) showed that slab
geometry could be explained by viscous flow with imposed plate velocities. Forte and Peltier
(1987) highlighted the important of toriodal (strike-slip) plate motions. In a uniform viscosity, or
depth-dependent viscosity fluid buoyancy only produces poloidal, or rising and sinking, flow.
Shear flow, or toroidal flow, requires a laterally-varying viscosity. We know that there is a
significant component of toroidal, or shear, flow in the surface plate velocity field (i.e., major
strike-slip faults such as the San Andreas). Many authors showed that the long-wavelength geoid
could be explained by seismic anomalies in the lower mantle (Chase, 1979; Hager, 1984; Richard
et al. 1984; Hager and Richards, 1989; Forte and Peltier, 1991; Forte et al., 1991; King and
Masters, 1992). The approach of observation driven mantle models continues today (c.f., Becker
and O’Connell, 2001; Becker and Boshi, 2002; Conrad and Lithgow-Bertelloni 2002, 2006;
Conrad et al., 2007; Becker et al., 2009). Another important outcome of the above work is the

necessity of a weak asthenosphere, a topic that I will return to later.
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Parameterized Convection Approach

In contrast to the fluid mechanical approach to convection, the parameterized convection
approach allowed researchers to balance heat lost through the surface of the Earth with heat from
the formation of the Earth and radiogenic heat sources (Sharpe and Peltier, 1978, 1979; Schubert,
1979; Sleep, 1979; Davies, 1980; Turcotte, 1980). This approach made possible the study of the
thermal evolution of the Earth using essentially analytic models. An extensive review of thermal
history models can be found in Schubert et al. (2001). Here I give a simple overview.

For an incompressible fluid, the conservation of energy equation states that any change in
temperature is related to the balance of the temperature advected into the region versus the heat
that diffuses across the boundary and the heat generated internally. This is expressed by the

equation below,

pc,

JaT _

—+u VT]—Vq=pH, (1)

ot

where p is the density of the fluid, ¢, is the specific heat at constant volume, 7'is the temperature,

t is time, u is the velocity of the fluid, g is the heat flux, and H is the rate of internal heat
production per unit mass. The first term is the change in temperature with time. The second term
is the temperature advection. The third term is the diffusion of heat and the final term is the

internal heat generation. Integrating this equation over the volume of the mantle yields,

JaT
Mc, T MH - Ag, 2)

where M is the mass of the mantle and 4 is the area of the surface, T is the average temperature
of the mantle, and g is the average surface heat flow. This assumes that there is no heat exchange
between the mantle and the core, an assumption that can be later dropped by adding a similar

equation for the thermal evolution of the core (c.f., Labrosse, 2003; Labrosse et al., 2007). The
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problem is that equation (2) has two unknowns, 7 and g. What allows the parameterized

convection formulation to take on a simple form is the substitution for the surface heat flux,
making use of the relationship between heat flow and Rayleigh number (e.g., Chandrasekar,

1961; Solomatov, 1995):

3 q _A Ra ! 3)
kT -1)yid” "\Ra

crit

where Nu is the Nusselt number, the ration of heat flow to the heat flow due to conduction, T’ < is

the surface temperature, d is the depth of the mantle, & is the thermal conductivity, 4 and f are

constants, and Ra is the Rayleigh number given by

VTd’
Ra=PEL2C 4)
Kn
and Ra,..;. is the critical value of the Rayleigh number for the onset of convection. In equation (4)

g is the acceleration due to gravity, a is the coefficient of thermal expansion, «k is the thermal
diffusivity, and n is the viscosity. It is straight-forward to add temperature-dependent viscosity
and radiogenic heat sources that follow an exponential decay (Schubert et al., 1980; Davies,
1980; Schubert et al., 2001). In the case of temperature-dependent rheology, the value of
viscosity used in the Rayleigh number has to be chosen and there are a variety of strategies. Some
thermal history models have allowed for p, o, and « to vary through the mantle (usually as a
function of pressure). When these properties vary, the Rayleigh number is no longer sufficient to
describe the problem without additional information. The relationship between heat flow and
Rayleigh number, including the effect of temperature and stress dependent rheology, has been
worked out in detail by Solomatov (1995). Furthermore, the analysis of Solomatov, which was
based on a 2D Cartesian geometry, may need to be reevaluated for a 3D spherical geometry.

Anderson (2004, 2005, 2013) raises the concern that calculations which ignore the pressure-
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dependence of the thermodynamic variables such as @, a, and k over-estimate the convective
vigor in the lower mantle. When the density (o) is allowed to vary, additional terms in the
equation must be considered (c.f. Jarvis and McKenzie, 1980; Ita and King, 1994). The simplicity
of the thermal history approach enables the calculation of thousands of models and systematic
variation of parameters (Hoink et al. 2013).

The value of the exponent 3 in equation (3) has been the source of considerable investigation.
Boundary layer theory gives a value of 1/3 and many constant viscosity numerical investigations
in 2D Cartesian geometry give values close to 0.3 (Schubert et al., 2001). When the viscosity is
temperature-dependent, and the velocities near the surface tend toward zero, which is the
stagnant lid mode of convection (Solomatov and Moresi, 1997) the value of B drops to nearly
zero (Christensen, 1984) while with plate-like surface boundary conditions B is close to 0.3
(Gurnis, 1989). The value of B depends on the mechanics of the surface boundary layer,
demonstrating that the surface plays mechanics plays an important role in the heat flow and
hence thermal evolution of the Earth, consistent with arguments from Anderson (1994, 2001). It
is important to point out that while this discussion has focused on the exponent 3 and the thermal
history approach, the mechanics of the boundary layer has a critical role in CFD approaches to
studying mantle convection as well.

Thermal history models have explored two effects that have been largely ignored by CFD
studies of mantle convection: the decrease in radiogenic heat production and the decrease in core-
mantle boundary temperature with time. CFD simulations of mantle convection have almost
always used a constant core-mantle boundary temperature. The first use of a decreasing core-
mantle boundary temperature in a mantle convection calculation was by Steinbach and Yuen
(1994) who showed that the higher temperatures and resulting higher effective Rayleigh number

early in Earth history leads to an endothermic phase transformation producing layered mantle
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convection early in Earth history, with a transition between layered and whole mantle convection
occurring approximately 500 million to 1 billion years before present. No mantle convection
simulations followed up on Steinbach and Yuen’s results for Earth; however, Redmond and King
(2004) suggested that due to a higher core temperature, Mercury’s thin shell would have
undergone subsolidus convection in the past and Sekhar and King (2014) showed that volcanism
on Mars may have shut down due to the decrease in core-mantle boundary temperature.

As Anderson (2005,2013) has pointed out Earth accreted rapidly, perhaps in less than 5 Myrs,
and thus the Earth began hot and has been cooling down ever since. There are some thermal
history models where the mantle temperature increases soon after formation due to short-lived
radionuclides; however this is a minor concern at this point. The high temperature starting
condition for Earth’s evolution, which has been extensively explored with thermal evolution
models (c.f., Schubert et al., 2001), stands in contrast to CFD modeling of Earth’s interior, which
has often been carried out at steady state, statistical steady state, or only run for relatively short
periods of time from carefully chosen initial conditions. The initial condition may control the
final outcome of these models, especially because he argues that when properly accounting for
pressure-dependence of thermodynamic properties in the lower mantle, the lower mantle should
be modeled with a much lower Rayleigh number than most geodynamic calculations (Anderson,
2013). Anderson challenged the community to move away from the steady-state paradigm. The
path to explore initial conditions is straight-forward and well understood. It simply requires
additional calculations. As I will show below, there are some indicators in the calculations shown
here that the effect of initial condition is not a significant concern, especially at high Rayleigh
numbers. The climate community attempts to circumvent the uncertainty due to the initial
conditions by ensemble averaging a large number of models. Such an approach has not yet been

tried in mantle convection studies.
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The work presented here will begin to assess the impact of decreasing radiogenic elements
and core-mantle boundary temperature through time in 3D spherical convection simulations
starting from a hot initial condition. The models build on two recent and important advances in
mantle dynamics: the difference in mean temperature between Cartesian and spherical internally
heated convection calculations (Shahnas et al., 2008; O’Farrell and Lowman, 2010; O’Farrell et
al., 2013) and the impact of a weak asthenosphere on surface mobility of plates (Hoink and

Lenardic et al., 2008; Hoink et al., 2011, 2012).

Radiogenic Elements and Mantle Convection

The heat produced by the decay of uranium, thorium and potassium is included in the convection
equations through a rate of internal heating, play central roles in mantle dynamics and thermal
evolution. The rates of internal heating that have been used in older Cartesian convection
calculations always needed to be significantly smaller than geochemical estimates of abundances
of radiogenic elements in the bulk silicate Earth (e.g., Sramek et al. 2013). The approach often
used in CFD studies has been to find a heating rate, by trial and error that generates some
specified fraction of the total heat output, rather than using the geochemically determined
abundances. Attempts to use actual abundances of radiogenic elements in Cartesian convection
calculations have been shown to produce internal mantle temperatures that exceed the core-
mantle boundary temperature (e.g., Redmond and King, 2004). We now recognize that reason for
the heating imbalance in the older 2D Cartesian CFD studies had to do with the effect of
spherical geometry. The surface area of a spherical-shell is larger than the surface area of a
Cartesian domain when the same area of the base of the domain normalizes both domains.
Consequently, a spherical-shell cools more rapidly than a Cartesian domain. Increasing the

thickness of the spherical shell, decreases the mean temperature within the shell while holding all
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other parameters constant. Scaling relationships have been developed between spherical and
Cartesian geometries enabling researchers to match internal temperatures in spherical and
Cartesian geometry by rescaling the rate of internal heating (O’Farrell and Lowman, 2010;
O’Farrell et al., 2013). Because the calculations here will use a spherical geometry, we do not
need to worry about scaling.

There are large uncertainties in the abundances of heat producing elements. As pointed out by
Sramek et al. (2013), “estimates of the present-day heat-producing element (HPE) abundances in
the bulk silicate Earth (BSE, defined as the entire Earth less its metallic core) vary by a factor of
about three between different models (Turcotte and Schubert, 2002; O’Neill and Palme, 2008;
Arevalo et al., 2009; Javoy et al., 2010).” This does not address how to partition the heat
producing elements between the crust, upper mantle, and lower mantle. Anderson (2013)
cautions that the current mismatch between geochemical abundances and heat budgets suggest

that the physical assumptions underlying geochemical models are wrong.

The asthenosphere and convection

A low-viscosity relative to the lithosphere above and the upper mantle below characterize the
asthenosphere. The viscosity of the asthenosphere has been estimated by glacial isostatic
adjustment and geoid studies and estimates range from 10" _10* Pa s (c.f., Hager and Richards,
1989; King, 1995; Mitrovica 1996). Until recently, the role of the asthenosphere in mantle
dynamics has been underappreciated (c.f., Anderson and King, 2014; Anderson and Natland,
2014). Many CFD studies have demonstrated that a low-viscosity asthenosphere can lead to long
wavelength flow (e.g., Bunge et al., 1996, 1997; Tackley, 1996: Zhong and Zuber, 2001; Roberts
and Zhong, 2006; Zhong et al., 2007). In addition, CFD studies have been able to generate a low-

viscosity zone self consistently beneath a mobile lid through pressure- and temperature-
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dependent rheology (Tackley, 2000; Stein et al., 2004). The low-viscosity asthenosphere
stabilizes horizontal large-scale flow by allowing material to move easily while minimizing the
amount of viscous dissipation.

The importance of the asthenosphere in Earth’s thermal evolution has been underscored by
Hoink and Lenardic (2008), “temperature in the mid and lower mantle decreases with increasing
aspect ratio resulting in a sub-adiabatic lower mantle. This may require current thermal evolution
models to be revised because it allows for an increased heat flux across the core-mantle boundary
with increased convective wavelength. To date, thermal history studies that have considered the
role of convective wavelength have assumed that longer wavelength cells are less efficient in
cooling the mantle. Our results indicate that this will not be the case for mantle convection with

an asthenosphere.”

Rheology

Laboratory investigations recognize that the rheology of olivine is a function of temperature,
pressure, stress, water content, and grain size (Hirth and Kohlstedt, 2003). Many geodynamicists
take these microscopic creep laws and apply them at the macroscopic scale without considering
the many orders of magnitude extrapolation between the laboratory conditions and the Earth. The

effect of temperature and stress are largely considered to be the most significant effects on

rheology, with approximately an order of magnitude decrease in viscosity for every 100°C
increase in temperature or factor of 2 change in strain-rate (c.f., King, 2007). With the exception
of slabs, the largest changes in temperature are radial, hence it is perhaps not surprising that
depth-dependent viscosities are often a good approximation in geophysical models. It is
especially sobering when you consider that there is a 100% uncertainty on the pressure

dependence of the creep parameter, the activation volume (Hirth and Kohlstedt, 2003), and that

12
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geodynamic models often extrapolate the olivine rheology into the lower mantle (for lack of
creep data on higher pressure phases), well beyond the olivine stability field. Geophysical
observations have been generally reproduced by radial or layered viscosities, where the viscosity
of each layer is uniform (c.f.,, King and Masters, 1992; Mitrovica, 1996) and convection
calculations with uniform viscosity layers that are based on the average of a more complex
temperature dependent rheology reproduce the major features of the more complex calculations
(Christensen, 1984).

These observations do not negate the need to better understand mantle rheology, both from the
laboratory and computational investigations, but they are intended to provide balance to the
prevalent view that geophysical models must use the laboratory measured creep parameters in
order to study the Earth. As pointed out in the previous section, Hoink and Lenardic (2008) are
able to produce a mobile lithosphere with uniform viscosity layers that vary only with depth.
While these mobile lithosphere calculations do not have piecewise continuous velocities, as we
expect for plates, previously Koglin et al. (2005) showed that the details of the plate generation
method had little effect on the convective solution. Thus these mobile lithosphere calculations

may be sufficient to understand many aspects of Earth’s evolution.

METHOD
I use the spherical convection code CitcomS-3.2.0 (Zhong et al., 2000, 2008; Tan et al., 2006)

with 64x64x64 or 96x96x96 elements in each of the 12 spherical caps. CitcomS solves the
equations of conservation of mass, momentum and energy for a creeping, incompressible fluid
(Schubert et al., 2001). The calculations use the Bousinessq approximation, which means that
density, gravity, coefficient of thermal expansion, specific heat, and thermal diffusivity are all

assumed to be constant. Anderson (2004, 2005, 2013) has pointed out that by ignoring these
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pressure effects the vigor of convection in the lower mantle is over-estimated. I compensate for
this by using a lower Rayleigh number (equation 4) than is typically used in mantle convection
studies (Table 1). For scaling purposes, I achieve the lower Rayleigh number by assuming that
the scaling viscosity is 10** Pa s rather than the more commonly assumed 10*' Pas. I use a free-
slip surface and core-mantle boundary and a depth-dependent viscosity following (Hoink and
Lenardic, 2008) to generate long-wavelength convection. The viscosity is independent of
temperature and stress and is constant in for distinct layers, a lithosphere, asthenosphere, upper
mantle and lower mantle (Figure 1). I consider two different rheologies, one with and one
without an asthenosphere. For the non-asthenosphere case, the lithosphere is 90 km thick and has
a viscosity that is 1000 times the reference viscosity, the upper mantle (90 to 670 km) uses the
reference viscosity value, and the lower mantle (670 km to the core-mantle boundary) has a
viscosity 30 times the reference viscosity (Figure 1). For the asthenosphere cases, the viscosity in
the 90-400 km depth range is 0.01 times the reference viscosity. The choice of a depth-dependent
viscosity is not only computationally expedient, it allows me to avoid the stagnant-lid mode of
convection (Solomatov and Moresi, 1997), which would require not only temperature and
pressure-dependent rheology but also a yield-stress, or damage formulation to mobilize the
surface (Trompert and Hansen, 1998; Tackley, 2000; van Heck and Tackley, 2008). Koglin et al.
(2005) has shown that the method of producing mobile plates has little impact on the dynamics of
the system in 2D Cartesian domain. As I will show, the impact of a mobile surface in these
calculations is significant; however, the effects due to the mechanism that I use to mobilize the
surface are secondary for this problem.

I use radiogenic heat sources uniformly distributed throughout the entire mantle with
abundances based on Turcotte and Schubert (2002) (Figure 2) and a core-mantle boundary

temperature that decreases by 70 degrees per billion years based on Davies, 1980 (Figure 3). As
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discussed in the introduction, recent estimates of the abundances of heat producing elements in
the bulk silicate Earth vary by a factor of three (Sramek et al., 2013) and estimates of present
core-mantle boundary temperature on Earth range from 3,300—4,300 K (Lay et al., 2008). The
uncertainty in core-mantle boundary temperature will only increase going back through time.
Both of these assumptions should be systematically explored; however a full exploration of this

parameter space is beyond the scope of this work.

The initial temperature is 2173 °C with 40 Myr half-space cooling solution and a 1%
perturbation using a spherical harmonic degree and order 2,2; 4,2; 6,6; 20,10, and 40,20, pattern
applied the interior. The harmonic perturbations are added and the resulting anomaly pattern is
applied at five depths (270, 500, 1000, 1500 and 2000 km depth). This initial condition is used
for all calculations in this paper. The parameters that determine the Rayleigh number and

dimensional scaling for the models, which remain fixed in the calculations, are listed in Table 1.

RESULTS

I present a series of 3D spherical calculations to illustrate the effects of rheology, radiogenic heat
sources (as opposed to a uniform rate of heating with time), and decreasing core-mantle boundary
temperature with time on the average internal mantle temperature and planform of convection
over the age of the Earth (Table 2).

Decaying Heat Sources and Decreasing Core-Mantle Boundary
Temperature

The first calculation, DLAO, is a stagnant-lid convection calculation with a constant core-mantle
boundary temperature of 2273°C and constant rate of internal heating of 8 x 10™"> W kg ™', which
corresponds to present day heating using the values from Turcotte and Schubert (2002). This

calculation has no asthenosphere, which means the viscosity as a function of depth follows the
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solid black line in Figure 1. The thermal structure at present day is illustrated by isotherms of
temperature anomalies after removing the mean temperature at each radius. There are two scales
of convection apparent in this model. There are eight uniformly-spaced upwellings that extend
from the mantle to the surface and a smaller scale of upper mantle convective rolls illustrated by
the sub-parallel linear features (Figure 4a). The rolls occupy regions between the upwellings in a
near-equatorial and two polar bands. The upwelling geometry is consistent with a spherical
harmonic degree 4 order 2 pattern, which is one of the perturbations in the initial condition. This
pattern develops within the first 500 Myr of the calculation and remains stable throughout the rest
of the calculation.

In order to illustrate cooling through time, I plot the radial variation of the temperature and

Root-Mean Squared (RMS) velocity, where I use the v, and v, components of velocity,

integrated over the sphere at constant radius, 7,

T = [ }T(r,e,q;)rz sin(6)d6dg (5)

ﬁ(r);fn .ﬂf \/ve(r,e,(p)z+v¢(r,9,(;0)2rzsin(9)d6d<p. (6)
0 0
In the plots which follow, I add a 0.3°C/km adiabatic gradient to the T (r) as a function of radius
plots, even though the model is Bousinessq, in order to facilitate comparison with adiabatic
temperature profiles. Jarvis and McKenzie (1980) show that to first-order, the results of
compressible flow are equal to incompressible flow plus an adiabatic gradient. T (r) and VH (r)
as a function of radius are plotted every 500 Myr of model evolution in Figure 5a and b
respectively. The peak in VH (r) that occurs in the middle of the upper mantle because the
uniform viscosity of the upper mantle (10 Pa s) is smaller than the lithosphere above (10 Pa s)

and the lower mantle below (3x10” Pas) and the flow is fastest in the region of lowest
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viscosity. T (r) and VH (r) are nearly constant with time, showing that the calculation has settled
into a quasi-steady state within the first 500 Myr of model evolution. Near the surface VH (r) is

close to zero, showing that the calculation is in the stagnant-lid convection regime (Solomotov

and Moresi, 1997). The temperature below the lithosphere exceeds 2000 °C in calculation DLAO,
illustrating that the stagnant lid does not efficiently remove heat from the mantle.

When I repeat the calculation allowing for internal heat generation based on radioactive decay
(Figure 2) and including decreasing core-mantle-boundary temperature (Figure 3), I find that the
deep upwelling structures seen in calculation DLAO are absent and the calculation is dominated
by the short wavelength rolls in the upper mantle with broad, isolated anomalies in the lower
mantle (Figure 4b). The plots of T (r) and VH (r) as a function of radius (Figure 6a and b) are
similar to those from calculation DLAO although in the case of DLA1, T (r) decreases with time.
This is to be expected as both the internal heat sources and core-mantle boundary temperature
decrease with time. As was the case with calculation DLAO, the near the surface value of VH (r)
is close to zero; however T (r) as a function of radius is even larger in calculation DLA1 than
was the case in calculation DLAO. This is because for most of the calculation, the heat production
term is larger in DLA1 than DLAO, as the heat production term in DLAO is based on present day
heat production and the amount of Heat Producing Elements (HPEs) increases with time in the
past.

In order to compare these calculations with thermal evolution models, I integrate the
temperature (including the adiabatic gradient) over the volume of the mantle with time and
present the mean temperature as a function of time in Figure 7. In contrast to calculation DLAO,
which is almost unchanged from it’s initial state over 4.5 Gyr of model, calculation DLA1 heats

up for the two billion years, and then cools by almost 400 degrees over the last two and a half
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billion years of the calculation. Consistent with the plots of 7 () as a function of radius, the

average mantle temperatures (Figure 7) are unrealistically large. For example, in both DLAO and

DLAI, the temperature immediately below the top thermal boundary layer is 2000 “C, which is
significantly hotter than any reasonable estimate of mantle temperature at 100-200 km depth
(e.g., Anderson, 2013).

While these calculations vary two properties at one time, which is generally not the best
practice for understanding complex systems, it is necessary to generate a calculation with mantle
temperatures that are more in line with the Earth before investigating the effect of internal
heating and core-mantle boundary temperature individually. Thus the next series of calculations
will focus on producing present day geotherms that are more consistent with the Earth.

Adding an asthenosphere

The next calculation, DLA2, is otherwise identical to calculation DLA1 except that I include an
asthenosphere in the radial viscosity following the dashed-dot line in Figure 1. The change in
planform is dramatic, with a ring of upwelling material and downwelling material 90 degrees
apart (Figure 4c). The upwelling material extends from the core (red sphere) to the surface, while
the blue surface only extends part way through the mantle. This planform is typical of stagnant-
lid convection with a viscosity increase with depth (Zhong and Zuber, 2001; Roberts and Zhong,
2006; Zhong et al., 2007). The plot of VH () as a function of radius has a larger peak in velocity
at a shallower depth compared with DLAO and DLA1, reflecting the lower viscosity (10* Pa s)
in the asthenosphere (Figure 8b) and the plot of T () as a function of radius decreases with time
(Figure 8a) more rapidly than in DLA1 (Figure 6a) indicating that the weak asthenosphere aids in
removing heat from the system by allowing more material to circulate through the asthenosphere

than in the model without it. Comparing the mean mantle temperature from calculation DLA2
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(red line in Figure 7) with the previous calculations, the increase in temperature early in the
calculation is not as large as was the case for calculation DLA1 and the mantle cools more
rapidly. While there is a major planform difference between DLA1 (Figure 4b) and DLA2
(Figure 4c), it is the difference in the flow velocity in the asthenosphere that leads to the

difference in the mean mantle temperature (Figure 7).

The Affect of Lithosphere Mobility

To assess the impact of the stagnant lid on the thermal evolution I reduce the lithosphere
viscosity to 100 (DLA3) and 10 (DLA4) times the reference viscosity with all other properties
identical to calculation DLA2. Both the thermal evolution (green line in Figure 7) and planform
of calculation DLA3 (not shown) are nearly identical to calculation DLA2. In the near surface,
VH (r) is approximately 10 mm/yr, significantly greater than zero but still small relative to the
deeper flow. Calculation DLA4 has a convection pattern with a single broad upwelling in one
hemisphere and a broad downwelling in the other hemisphere (Figure 4d), sometimes called a
degree-1 pattern because of its correspondence with the degree-1 spherical harmonic. Once again,
this temperature pattern has been previously recognized in stagnant-lid convection with a
viscosity increase with depth (Zhong and Zuber, 2001; Roberts and Zhong, 2006; Zhong et al.,
2007). Here I show that the same pattern develops even with a mobile lid. In DLA4, in value of
VH (r) near the surface is larger than the value of VH () in the lower mantle, although smaller
than VH (r) in the upper mantle (Figure 9a). In calculation DLA4 the thermal boundary layer is

approximately 100 km thick and the mantle temperature directly beneath the lithosphere is

approximately 1500 “C (Figure 9b), both of which are closer to Earth values than those in the
previous calculations. The impact of the mobile lithosphere is to flux warm material across the

surface where it can cool efficiently. Then the cool, near-surface material sinks back into the
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mantle. The surface velocities from calculation DLA4 are plotted on the temperature isosurface
plot (Figure 4d) in order to make the point that while the lithosphere in this calculation is mobile,
the near-surface velocities are not piecewise continuous. There is significant strain across the
surface and these calculations do not reproduce plate-like behavior. However it is notable just

how significant the mobile surface is at cooling the mantle.

The Affect of Rate of Internal Heat Generation

In an effort to explore the tradeoff between rheology and rate of internal heating, I considered
calculations otherwise identical to calculation DLA4 except for a constant (with time) rate of
internal heating equal to the present day value (DLAS), a constant (with time) rate of internal
heating equal to the average value over the 4.5 Gyr of Earth history (DLAG6) (Table 2). DLAS and
DLAG6 have patterns of temperature anomalies and plots of VH (r) and T (r) as a function of
radius that are similar to DLA4 (Figures 4d and 9 respectively). The mean mantle temperature as
a function of time (Figure 7) for these calculations follows a sensible progression. Comparing the
smallest constant rate of internal heating the mobile surface simulation (DLAS - yellow curve on
Figure 7) cools off much faster than the stagnant lid simulation (DLAO - black curve on Figure
7). Here in DLAO the CMB temperature is constant while in DLAS it is decreasing, but as I will
show in the next section, the decreasing CMB temperature plays a secondary role to lithospheric
mobility. For the larger but constant rate of internal heating with a mobile surface (DLAG -
yellow curve on Figure 7), the mantle cools slower than DLAS (mobile surface smaller rate of
heating), but still significantly faster than DLAO (smaller heating, stagnant lid). Hence whether or
not the simulation has a mobile lithosphere has a larger effect on mean mantle temperature than

the range of internal heating parameters considered.
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The Affect of Core Mantle Boundary Temperature

The affect of CMB temperature is illustrated by considering the difference between DLA6 and
DLA7, both of which have mobile lids, and a constant (with time) rate of internal heating equal
to the average value over the 4.5 Gyr of Earth history (Table 2). Once again, DLA6 and DLA7
have patterns of temperature anomalies and plots of VH () and T (r) as a function of radius that
are similar to DLA4 (Figures 4d and 9 respectively). The difference being that the CMB
temperature of DLA7 remains fixed while DLA6 decreases but the difference is only seen in the
thermal boundary layer at the CMB. The impact of the CMB temperature on the mean mantle
temperature can be seen by comparing the yellow (DLAG6) and black (DLA7) curves on Figure 7.
The two curves overlap for the first billion years of model evolution. This makes sense because
the only difference is the temperature at the core mantle boundary, which changes by only about
3% (70 degrees out of 2200) in the first billion years. Then between one and two billion years,
the mean mantle temperature for the constant core mantle boundary temperature calculation is
lower than the decreasing core mantle boundary temperature calculation, reflecting a difference
in the evolution of the flows. After two billion years, the mean mantle temperature of the
decreasing CMB temperature case (yellow curve) is lower than the mean mantle temperature of
the constant CMB temperature case (black curve). This is to be expected because the lower
temperature at the core mantle boundary provides less heat to the mantle. The fact that the
decreasing core mantle boundary temperature has a small effect on the mantle temperature is not
surprising because in these calculations, like the Earth, most of the heat is generated by

radioactive decay, rather than heating from the core below (e.g., Davies, 1980).
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Higher Rayleigh Number and Systematic Variation of
Asthenosphere Viscosity

To address the question of whether the low Rayleigh number in these calculations is the cause of
the long-wavelength structure, I consider three additional calculations with a Rayleigh number 10
times that of the previous set of calculations. These simulations have a scaling viscosity of
10*' Pa s and are in the range of resent day estimates of mantle Rayleigh number. Because of the
higher Rayleigh number, these calculations are computed on a 96x96x96 element cubed-sphere
grid. The mean mantle temperature as a function of time curves for these calculations are shown
in Figure 10, along with the mean mantle temperature for calculation DLA4 (mobile lithosphere,
radiogenic heat sources, decreasing core temperature boundary condition) for comparison.
Calculation DLA9 (blue curve) is identical to calculation DLA4 (black curve) except for the
order of magnitude increase in Rayleigh number, achieved by decreasing the scaling viscosity.
The planform of the calculation single upwelling in one hemisphere and a downwelling in the
other hemisphere (Figure 11b), very similar to the lower Rayleigh number calculation DLA4
(Figure 11a). It is important to note that there is no degree-1 structure in the initial conditions, so
I have confidence that the pattern of hot and cold temperature anomalies is not being controlled
by the initial condition. With greater convective vigor, it is not surprising that this calculation has
a shorter initial warming period and begins cooling earlier in time as seen in the mean mantle
temperature curve (Figure 10). Calculation DLA10 (red curve on Figure 10) is identical to
calculation DLA9 except that the asthenosphere viscosity is increased from 0.01 times the
background to 0.03 times the background. The pattern of hot and cold temperature anomalies in
calculation DLA10 (Figure 11c) is dominated by a single giant upwelling in one hemisphere
much like DLA4 (Figure 11a) and DLA9 (Figure 11b). There is more structure in this upwelling,

which looks more like a cluster of plumes as opposed to the single massive upwelling seen in
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Figure 11a. However, the temperature structure is dominated by one anomalously hot hemisphere
and one anomalously cold hemisphere. When the asthenosphere viscosity is increased to 0.3
times the reference viscosity (DLA11) the pattern of hot and cold temperature anomalies is
completely different (Figure 11d). In this case the pattern of hot and cold temperature anomalies
is narrow upwellings and downwelling sheet planform, first described by Bercovici et al. (1989).
Interestingly, the mean mantle temperature for this case closely follows that of the lower
Rayleigh number and low viscosity asthenosphere simulation (DLA4), which has the one
anomalously hot hemisphere and one anomalously cold hemisphere planform (Figure 10). Hence
the mean mantle temperature, which is the primary output of thermal history calculations, is not a
good predictor of the convective planform. Even with a fairly simple model, where I hold almost
all parameters fixed and vary the Rayleigh number, lithosphere and asthenosphere viscosities,
and rate of internal heating, I find multiple patterns of mantle convection that produce nearly the

same mean mantle temperature.

DISCUSSION

The reader familiar with thermal history calculations will no doubt immediately recognize that
the calculations here begin at a low initial mantle temperature and I have chosen a larger mantle
viscosity than typically used in mantle convection studies. I chose to begin from a lower initial
temperature because I do not have sufficient numerical resolution for the high-Rayleigh number
conditions of the early Earth. These are best seen as numerical experiments designed to
understand the interaction between physical parameters as opposed to simulations of the Earth.
As such, trying to directly compare these calculations with the Earth or previous thermal history

calculations would be unproductive.
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These calculations only begin to explore the parameter space for the thermal history of the
Earth, yet there are some interesting observations that can be drawn. First, the role of the mobile
lithosphere is critical. This is certainly not a novel observation, as many others have made it
before (e.g., Bunge et al., 1996, 1997; Tackley, 1996: Zhong and Zuber, 2001; Roberts and
Zhong, 2006; Zhong et al., 2007). It is quite interesting that in these calculations I have included
no yield-stress, damage theory, or plate breaking criterion; I simply have a very weak
asthenosphere and somewhat weak lithosphere. This produces not only long-wavelength flow but
also a mobile lithosphere as has been previously shown by Hdoink and Lenardic (2008) and
others. This mobile lithosphere does not produce piecewise rigid caps and the degree to which
that might impact the mean mantle temperatures in these calculations is at present unknown.
Including a yield-stress rheology with thermal history calculations is an ongoing project. Whether
the lithosphere was mobile or rigid had by far the largest impact on the thermal evolution of the
calculations. In this regard, I confirm the result of Hoink and Lenardic (2008) that long-
wavelength flow cools the mantle more efficiently than previous work has shown. The question
of when plate tectonics as we know it began on Earth is critical to understanding Earth’s thermal
history (see Stern’s article in this volume). A simple exercise will illustrate the point. Models of
the formation of the Earth suggest that accretion happened rapidly and that after the moon-
forming giant impact the Earth was molten. It would have cooled rapidly due to the mobile
surface. As the Earth continued to cool, its thermal history would be significantly altered by
whether or not it went into a stagnant lid phase of convection before plate tectonics began. If the
Earth entered a stagnant lid phase of convection, cooling would be significantly reduced and
cooling would have slowed or perhaps even stopped. When the Earth finally entered the plate

tectonic phase, rapid cooling would have resumed. The results here show that even if an early
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phase of plate tectonics were different than what we observe today, a mobile lid phase of
convection would allow for rapid cooling.

While the onset of plate tectonics is important for many aspects of Earth’s evolution, based on
this work perhaps an equally important question is whether there has always been a weak
asthenosphere. In New Theory of the Earth, Anderson lays out three first-order questions of
mantle dynamics: 1) Why does Earth have plate tectonics?; 2) What controls the onset of plate
tectonics, the number, shape and size of the plates, and the onset or plate reorganization?; 3)
What is the organizing principle for plate tectonics is it driven or organized from the top or by the
mantle? What if anything is minimized? Indeed, the onset time of plate tectonics is critical based
on this work while the number, shape and size of plates may or may not impact the results
presented here.

A second observation based on these calculations is that the long-wavelength pattern of
convection and the single large upwelling (i.e., degree-1 convection) persists even in calculations
where there is strong internal heating and (relatively) high mantle temperatures, as would be
expected in the early Earth (e.g., DLA4). This is not really a surprising result because it is well-
known that convection predominantly heated from within has broad, diffuse upwellings (e.g.,
McKenzie et al., 1974). Zhang et al. (2010) have suggested that Earth’s mantle may oscillate
between degreee-1 convection during supercontinent assemblage and degree-2 convection and
that the Large Low Shear Velocity Provinces (LLSVPs) at the base of the mantle beneath African
and the south Pacific which are observed in seismic topographic images may be a reflection of
this long-wavelength, degree-2 convection pattern. This leads to the obvious question, where are
the narrow upwelling plumes and can they exist within this long-wavelength mode of

convection? It is striking that these calculations do not resemble many narrow upwelling plumes
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pattern of convection that is envisioned by many deep Earth geoscientists. The models here are
much more consistent with the plate model of Foulger (2007) than the plume model.

Next, unless the decrease in core-mantle boundary temperature is dramatically larger than
what I considered here (e.g., 300 degrees over the age of the Earth), the effect of core-mantle
boundary temperature will be minimal. Indeed, this does not seem very controversial because
estimates put the contribution of core heat to the total heat flow at the surface at about 10% (e.g.,
Davies, 1988; King and Adam, 2014). This is certainly a question that deserves more attention;
however because I have explored a very limited number of calculations here and these
calculations lack consistent heat exchange between the core and mantle further discussion does
not seem justified.

Finally, perhaps the most interesting and no doubt controversial suggestion is that the
planform of the deep mantle may be controlled by the strength of the asthenosphere. With a weak
asthenosphere, the simulations produce very long-wavelength structures (one or two hot
anomalies). This planform is consistent with the two observed LLSVPs that have been a
consistent feature of mantle tomographic models. The cylindrical upwelling, downwelling sheet
planform requires an asthenosphere viscosity that is no more than a factor of 10 weaker than the
upper mantle. There is ample geophysical evidence (c.f., Hager, 1984; King, 1995; Mitrovica,
1996) that the asthenosphere is weaker than this. In fact, because asthenosphere means ‘weak
layer’, the concept of a strong asthenosphere is an oxymoron.

At this point the reader will note that I have gone to lengths to avoid using the term ‘plume’ to
describe the cylindrical upwellings in these calculations. My reason for doing so is the confusion
that has come by various different researchers and research areas using the term to mean
something different. For example, the LLSVPs near the base of the mantle have been called

superplumes by some authors (e.g., Romonowicz and Gung, 2006) but in many ways these

26



590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

structures more appropriately described as Large Low Shear Velocity Provinces (LLSVP)
because calling them superplumes or thermochemical piles already gives a specific interpretation
to the observation. The cylindrical upwellings in DLAO are certainly ‘plumes’ in the way that
researchers in fluid mechanics would use that term but are certainly broader and have a larger
thermal anomaly than ‘mantle plumes’ in the sense proposed by Morgan (1971). As Anderson,
Lustrino, and Eugenio point out on the mantleplume.org website, the list of types of plumes
described in the literature include: fossil, dying, recycled, tabular, finger-like, baby, channeled,
toroidal, head-free, cold, depleted residual, pulsating, throbbing, subduction-fluid fluxed,
refractory, zoned, cavity, diapiric, starting, impact, incubating, incipient, splash, passive, primary,
secondary, satellite, strong, weak, tilted, parasite, thermo-chemical, asymmetric, fluid dynamic,
depleted, stealth, lateral, CMB, shallow, 670-, mega-, super-, mini-, cacto, cold-head, headless,

petit, implausible (IMP), and plumelet.

CONCLUSIONS

I have considered eleven 3D spherical convection simulations that start from a hot mantle and
cool for the age of the Earth, examining the planform of convection and the mean mantle
temperature as a function of time. The simulations vary the rate of internal heating, core
temperature boundary condition, viscosities of the lithosphere and asthenosphere, and Rayleigh
number. The effect of a variable core-mantle-boundary temperature is minimal. The most
significant effects were the lithosphere and asthenosphere viscosity.

A strong lithosphere (stagnant lid) leads to higher mean mantle temperatures while a mobile
lid leads to lower mean mantle temperatures. Low-degree convection patterns have been
previously reported in stagnant-lid calculations (e.g., Zhong and Zuber, 2001), I find identical

low-degree patterns in mobile lid calculations with a weak asthenosphere. A significant caveat at
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this point is that while the lithosphere in these calculations is mobile, it is not piecewise constant
or plate-like. It is unknown what impact plate-like surface velocities will have on this result.

The viscosity of the asthenosphere controls the pattern of convection in the mantle (even the
deep mantle). Calculations with a weak asthenosphere (more than 10 times weaker than the upper
mantle) have long-wavelength flow patterns with one or two massive upwellings. Calculations
with a stronger asthenosphere (less than 10 times weaker than the upper mantle) have many
cylindrical upwellings and downwelling sheets, a planform that goes back to Bercovici et al.
(1989). Given our present understanding of the asthenosphere, this work suggests that the long-
wavelength anomalies seen in seismic tomography models more closely reflects the structure of

the lower mantle than a series of narrow, upwelling plumes.
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968  Figure 1: Radial viscosity plots used in the calculations. The black line is the stagnant-lid, no
969  asthenosphere model, the red line is the model based on Héink and Lenardic (2008) producing a
970  semi-mobile lid.

971

37



40 L L
T 30 T B
2 | L
(\‘; 20 Total L
5 | i
I— 10 . -
i K L
Th
O T T T T
4 3 2 1 0

Time (Ga)

972

973  Figure 2: Radiogenic heat production (H) through time based on Turcotte and Schubert (2002). U
974  denotes the contribution from uranium including both isotopes U>** and U**® Convection Plumes
975  in the isotopes; Th denotes the contribution from thorium; and K denotes the contribution from
976  potassium.
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979  Figure 3: Core-mantle boundary temperature through time based on Davies (1980).

980

39



981

982
983
984
985
986
987
988
989
990
991
992
993

a)

c)

Figure 4: Isosurfaces of a temperature anomaly (relative to the mean temperature with depth) for
models a) constant heating rate and core-mantle boundary temperature with no asthenosphere
(solid black line in Figure 1) (DLAO), b) heating rate following Figure 2 and core-mantle
boundary temperature following Figure 3 with no asthenosphere (solid black line in Figure 1)
(DLA1), c) DLAZ2 is otherwise identical to DLA1 except for a low viscosity asthenosphere
(dashed line in Figure 1) and d) otherwise identical to DLA2 except for a low viscosity in the
lithosphere to enable mobile lid convection (DLA4) . The orange isotherm is 200 degrees above
the mean temperature and the blue isotherm is 200 degrees below the mean temperature. These
isotherms were taken after approximately 4 billion years of model evolution when the
calculations had settled down into a stable pattern. In d) DLA4 I plot arrows showing the pattern
of the near surface velocity.
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995  Figure 5: Horizontally averaged velocity (equation 6) (left) and temperature (equation 5) (right)
996  profiles for calculation DLAO, constant heating rate and core-mantle boundary temperature with
997  no asthenosphere (solid black line in Figure 1). Curves are shown for every 500 Myr of model
998  evolution. A 0.3 K/km adiabatic gradient is added to the temperature to facilitate comparison
999  with the geotherm.
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1001

1002 Figure 6: Horizontally averaged velocity (equation 6) (left) and temperature (equation 5) (right)
1003 profiles for calculation DLAI, heating rate following Figure 2 and core-mantle boundary

1004  temperature following Figure 3 with no asthenosphere (solid black line in Figure 1). Curves are
1005 shown for every 500 Myr of model evolution. A 0.3 K/km adiabatic gradient is added to the
1006  temperature to facilitate comparison with the geotherm.
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Figure 7: Mean temperature as a function of time for models DLAO (black), DLAT (blue), DLA2
(red), DLA3 (green), DLA4 (brown), DLAS (orange), DLAG (yellow), DLA7 (black).
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1012

1013 Figure 8: Horizontally averaged velocity (equation 6) (left) and temperature (equation 5) (right)
1014 profiles for calculation DLA2, heating rate following Figure 2 and core-mantle boundary

1015 temperature following Figure 3 with asthenosphere (dashed-dot line in Figure 1). Curves are
1016  shown for every 500 Myr of model evolution. A 0.3 K/km adiabatic gradient is added to the
1017  temperature to facilitate comparison with the geotherm.
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1019

1020  Figure 9: Horizontally averaged velocity (equation 6) (left) and temperature (equation 5) (right)
1021 profiles for calculation DLA4, heating rate following Figure 2 and core-mantle boundary

1022 temperature following Figure 3 with an asthenosphere (dashed-dot line in Figure 1) and a weak
1023 lithosphere. Curves are shown for every 500 Myr of model evolution. A 0.3 K/km adiabatic
1024  gradient is added to the temperature to facilitate comparison with the geotherm.
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1026

1027  Figure 10: Mean temperature as a function of time for models DLLA4 (black), DLA9 (blue),
1028  DLAIO0 (red), DLA11 (green).
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1041

Figure 11: Isosurfaces of a temperature anomaly (relative to the mean temperature with depth) for
calculations a) DLA4 heating rate following Figure 2 and core-mantle boundary temperature
following Figure 3 with an asthenosphere (dashed-dot line in Figure 1) and weak lithosphere, b)
DLADJ, identical to DLA4 except an increase in Rayleigh number by a factor of 10, c) DLA10,
identical to DLA9 except the asthenosphere viscosity is 0.03 times the reference viscosity, d)
DLAT11, identical to DLA10 except the asthenosphere viscosity is 0.3 times the reference
viscosity. The orange isotherm is 200 degrees above the mean temperature and the blue isotherm
is 200 degrees below the mean temperature. These isotherms were taken after approximately 4
billion years of model evolution when the calculations had settled down into a stable pattern. a)
DLAA4 is identical to Figure 4d and is repeated for comparison.
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1042

1043
Model Earth
Parameters Value
reference density 38x%10° kg/m3
thermal expansion coef. 20x10° K™
surface gravity 10 m/s2
surface temperature 273 K
convective temp drop 2000 K
depth of the mantle 2.890 x 10° m
thermal diffusivity 107 m2/s
reference viscosity 10” Pas
Rayleigh number 3.5 x10’
1044
1045  Table 1: Model Parameters
1046
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1047

1048
Model  Lithosphere Asthenosphere = CMB Heat
Viscosity Viscosity  Temperature Production
ny n, L emb H (107" W/kg)

DLAO 1000 1 const 8
DLAI1 1000 1 decr. radio
DLA2 1000 0.01 decr. radio
DLA3 100 0.01 decr. radio
DLA4 10 0.01 decr. radio
DLA5S 10 0.01 decr. 8
DLA6 10 0.01 decr. 16
DLA7 10 0.01 const 16
DLA9 10 0.01 decr. radio
DLA10 10 0.03 decr. radio
DLAI1 10 0.3 decr. radio

1049

1050  Table 2: Parameters for Dynamic Lithosphere Asthenosphere models. Lithosphere and

1051  asthenosphere viscosities are normalized to 10*' Pa s. CMB temperature is either constant, in
1052 which case a non-dimensional value of 2573 K is used, or decreases following Figure 2. The rate
1053 of heat production is either constant with time, in which case the value is given the table or

1054  ’radio’genic in which case the total curve (black line) from Figure 1 is used. For DLA9-11 the
1055  Rayleigh number is a factor of 10 higher than the value used in DLAO-7.

49



