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[1] Proposed mechanisms of resurfacing on Venus about 0.3—1 Gyr ago usually involve
either some form of tectonic resurfacing in which Venusian lithosphere is recycled
mechanically or magmatic resurfacing where essentially immobile lithosphere is
covered by lava. The focus of this study is mechanisms of magmatic resurfacing in the
stagnant lid regime of mantle convection. Parameterized convection models suggest that
cessation of magmatic resurfacing can occur in several ways. (1) The mantle
temperature drops sufficiently such that mantle rising adiabatically does not cross the
solidus. (2) The molten layer migrates below the solid/melt density inversion at 250—
500 km so that no melt can escape. (3) Sublithospheric small-scale convection stops and
conductive thickening of the lid suppresses melting. In each case, inability of magma to
penetrate thickened Venusian lithosphere may play a role. The timing of melt

cessation and duration of late stage resurfacing depend on various factors such as
mantle rheology, degree of mantle depletion, and depth of resurfacing. The models
indicate that the waning stages of resurfacing which result in surface age variations can
last ~0.1—1 Gyr. A general trend of recent lithospheric thickening is also predicted.
Some cases exhibit a rapid transition from relatively thin to thick lid as suggested by

previous authors.

Citation:
J. Geophys. Res., 112, E04S04, doi:10.1029/2006JE002782.

1. Introduction

[2] The most intriguing global feature of Venus is the
approximately random spatial distribution of impact craters
[Schaber et al., 1992; Phillips et al., 1992] corresponding to
a mean surface age, 7, of ~300 to 1000 Myr [McKinnon et
al., 1997]. Lack of older surface ages indicates a global-
scale resurfacing event. Details of the resurfacing history are
debated [Schaber et al., 1992; Phillips et al., 1992; Bullock
et al., 1993; Namiki and Solomon, 1994; Strom et al., 1994;
Herrick and Phillips, 1994; Phillips and Hansen, 1994,
1998; Price and Suppe, 1994; Basilevsky and Head, 1995,
1996, 1998, 2000, 2002; Price et al., 1996; Hansen and
Willis, 1996; Grosfils and Head, 1996; Basilevsky et al.,
1997; McKinnon et al., 1997; Hauck et al., 1998; Campbell,
1999; Collins et al., 1999; Guest and Stofan, 1999; Ivanov
and Head, 2001; McGill, 2004; Stofan et al., 2005; Hansen,
2005]. One of the major issues is whether resurfacing
occurred relatively fast over the entire planet with little
subsequent resurfacing, i.e., “catastrophic” resurfacing, or
more gradually in smaller areas over a longer period of time.
The most extensive manifestation of Venusian resurfacing is
volcanic plains covering ~80% of the surface. A global
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stratigraphic model has been developed in which plains
resurfacing is attributed to rapid, globally synchronous,
emplacement (timescale ~0.1 T) of a flood basalt type flow
thick enough to cover preexisting impact craters [e.g.,
Basilevsky et al., 1997; Basilevsky and Head, 1998, 2000,
2002]. In this model, the volcanic rate is very low after
termination of plains emplacement and spatially localized at
volcanic centers [Basilevsky and Head, 2002]. On the other
hand, impact crater statistics are also consistent with a
longer plains emplacement time ~0.5 T [Hauck et al.,
1998]. In the model of Phillips and Hansen [1998], plains
deposition is associated with passive upwelling of internally
heated mantle and widespread melting beneath thin litho-
sphere. The authors suggest that plains emplacement could
span ~400 Myr and continue, at a reduced rate, after a
global transition from thin to thick lithosphere. Some work-
ers propose that much of the plains were constructed by a
variety of time transgressive, volcanic processes that could
have operated throughout the observable part of planetary
history [Guest and Stofan, 1999; Stofan et al., 2005].
Although currently there is little consensus on these issues,
it is clear that Venus underwent a major transition in
geological evolution over a time interval ~0.1 — 0.5 T.

[3] Geological interpretations provide important con-
straints on geodynamical models of resurfacing which can
be classified in two major groups: tectonic and magmatic.
For tectonic models, the primary resurfacing mechanism is
recycling of surface layers (driven by thermal and/or chem-
ical buoyancy) which either ceased at some point in
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Venusian evolution or occurred episodically [Parmentier
and Hess, 1992; Arkani-Hamed et al., 1993; Turcotte, 1993;
Herrick, 1994; Herrick and Parmentier, 1994,
Solomatov and Moresi, 1996; Weinstein, 1996; Fowler
and O’Brien, 1996, 2003; Schubert et al., 1997; Moresi
and Solomatov, 1998; Turcotte et al., 1999]. Although
mantle melting and extrusive magmatism may occur, these
processes do not play a major role in models of tectonic
resurfacing. In purely magmatic models, the planetary
surface is immobile and resurfacing is accomplished by
extrusive magmatism alone. The earliest magmatic
resurfacing model was suggested by Steinbach and Yuen
[1992] and involved a change from layered to whole-mantle
convection which raised the temperature of the upper
mantle and caused widespread melting. A more recent
model of magmatic resurfacing involved late onset of
stagnant lid convection accompanied by an episode of
lithospheric thinning and widespread melting [Reese et al.,
1999].

[4] Models involving tectonic resurfacing assume that the
lithosphere of Venus recycled in the past. The possibility of
localized subduction was suggested on the basis of topo-
graphic similarities between coronae margins and terrestrial
subduction zones [Sandwell and Schubert, 1992; McKenzie
et al., 1992; Schubert and Sandwell, 1995]. However, this
interpretation has been questioned [Hansen and Phillips,
1993; Brown and Grimm, 1995; Hansen et al., 1997].
Although the observational data do not rule out the possi-
bility of tectonic resurfacing, there is diverse and ubiquitous
evidence that Venus was affected by a variety of volcanic
processes [Fegley and Prinn, 1989; Head et al., 1991;
Grosfils and Head, 1994, 1996; Crumpler et al., 1997,
Bullock and Grinspoon, 2001]. These observations lend
greater support to a magmatic resurfacing scenario.

[5] From a theoretical point of view, the assumption of
plate tectonics, or any other form of surface recycling, is
difficult to justify. The real question is why the Earth has
plate tectonics and other planetary bodies including Venus
do not. Currently there is very little understanding of how
plate tectonics begins on the terrestrial planets and it is
possible that the difficulties have yet to be fully realized
[e.g., Moresi and Solomatov, 1998; Fowler and O’Brien,
1996, 2003; Solomatov, 2004a, 2004b; Regenauer-Lieb et
al., 2006]. The alternative to plate tectonics is stagnant lid
convection which is consistent with various observational
constraints [Solomatov and Moresi, 1996, 2000; Reese et
al., 1998, 1999; Vezolainen et al., 2004]. In this regime,
surface layers do not recycle due to strongly temperature
dependent viscosity. Convective motion occurs beneath a
stiff, immobile lithosphere.

[6] The goal of this study is to explore further the
magmatic evolution of Venus in the stagnant lid convection
regime. In the models of Reese et al. [1999], convection and
melting on early Venus were suppressed due to relatively
cold initial temperatures and conductive boundary layer
thickening. An avalanche-like episode of global resurfacing
due to widespread mantle melting caused by radiogenic
heating and convective lithospheric thinning occurred late
in the Venusian history. Below, models are constructed in
which widespread mantle melting occurred since the begin-
ning of planetary evolution and declined with time. In these
models, rapid cessation of resurfacing is related to suppres-
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sion of melting due to lithospheric thickening, crystal/melt
density inversion at high pressures and variation of the
intrusive/extrusive ratio with lithospheric thickness. Thus,
in the new models, the observed history of global resurfac-
ing represents the tail of decaying magmatic activity rather
than an avalanche which occurred in the middle of planetary
evolution. Although the treatment of magmatic processes in
parameterized convection models is extremely simple, these
models show that this scenario occurs in a broad parameter
range in terms of initial temperatures and rheologies and
thus might be more realistic than the one considered by
Reese et al. [1999].

2. Model
2.1. Mantle Energy Balance

[7] The thermal history and magmatic evolution of Venus
is governed by the convective heat transport in the mantle.
Mantle cooling or heating depends on the rate of internal
heat production, the heat transferred by mantle convection,
inflow of heat from the core, and latent heat of mantle
melting. Core heat flux is not considered in this model.
Absence of a present-day magnetic field is thought to be
due to lack of present-day plate tectonics which does not
allow sufficient mantle cooling to drive core convection and
a geodynamo [Nimmo, 2002]. The assumption in this study
is that plate tectonics never operated on Venus and that heat
transferred by convective instabilities from a core-mantle
boundary layer is negligible when calculating mantle tem-
perature and lithospheric thickness. Of course, as the vigor
of stagnant lid convection decreases (or convection stops
altogether), any plume heat flux would play a greater role in
determining the thermal structure of the immobile litho-
sphere. In this case, the differential equation expressing
thermal energy balance for the mantle is

dT;
Me, L = MH (1)~ F(T)S = ol (1)

where M is the mantle mass, ¢, is the specific heat capacity,
S is the planetary surface area, p,, is the melt density, £,, is
the volumetric melt production rate (section 2.7), and L is
the latent heat of melting (section 2.6). Internal heat
generation, convective heat flux parameterization, and the
melting model are discussed in the following sections.
Model parameters are given in Table 1.

2.2. Viscosity Law
[8] The viscosity [Karato and Wu, 1993],

L/ \(h\" ©
n= ﬂ (Tn_l> <ﬁ> expﬁ7 (2)

where 4 and ¢ = (2 A)~' 1" (h/b*)™ are constants, j is the
shear modulus, »* is the Burgers’ vector, T is the
temperature, 7 is the second invariant of the deviatoric
stress tensor, Q = E* + pl* is the activation enthalpy, p is
the hydrostatic pressure, R is the gas constant, £* is the
activation energy, V* is the activation volume, / is the grain
size, n is the stress exponent and m is the grain size
exponent (Table 2).
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Table 1. Model Parameters

Parameter Notation Value Dimensions
Depletion factor Cy none
Minimum depletion factor C.min none
Specific heat capacity [ 1200 J/kg
Layer thickness 2723 km
Convective heat flux F W/m?
Gravitational acceleration g 8.9 m/s*
Heating rate H Wikg
Initial heating rate Hy 2.1 x 1071 Wikg
Thermal conductivity k 32 W/(m K)
Latent heat of melting L 500 kJ/kg
Mantle mass M
Sublithospheric pressure pi=pgb Pa
Rayleigh number Ra; none
Surface area N
Mantle temperature T; K
Surface temperature T; 730 K
Solidus temperature T K
Surface solidus Tno 1374 K
Solidus gradient VT, 75 K/GPa
Convective velocity u; m/s
Melt density inversion depth z, 300 km
Thermal expansion o 3x107° K
Lithospheric thickness 1 km
Temperature drop AT=(T; — T5) K
Melt layer thickness Az, km
Extrusion efficiency € none
Melt fraction coefficient ¢ 0.1 %/K
Mantle viscosity n Pas
Frank-Kameneskii parameter 6 none
Thermal diffusivity K 8.1 x 1077 m¥s
Heating rate decay constant A 0.33 Gyr !
Mantle density p 3300 kg/m’
Melt density DPm 2800 kg/m®
Melt fraction 1) none
Average melt fraction ) none

2.3. Scaling Relationship for the Convective Heat Flux

[¢9] The convective heat flux scaling relationship for
temperature and pressure dependent, power law, Arrhenius
viscosity (equation (2)),

AT 2wt n_
F=(031+022 n)k79*%Ra;‘ : (3)
where
* .
g ATE* —piV*T, @
RT?

- apgATd(n+2)/n
—clngtnexpl(E* + pV*) /nRT))’

Ra,- (5)

k is the thermal conductivity, 7; is the mantle temperature, 7
is the surface temperature, AT = T; — T, d is the layer
thickness, p; = p g0 is the pressure at the base of the
lithosphere, p is the density, g is the gravitational
acceleration, 6 is the lithospheric thickness, « is the
coefficient of thermal expansion, and x is the thermal
diffusivity [Solomatov and Moresi, 2000].

[10] The stagnant lid is assumed to be in thermal equi-
librium where the convective mantle heat flux at the base of
the lid equals the surface heat flux. The stagnant lid
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thickness approximately coincides with the thickness deter-
mined by the requirement that the lid, considered as a
bounded layer, is at the margin of convective instability
[Solomatov and Moresi, 2000]. This fact can be used to
predict cessation of convection. If viscosity depends only on
temperature, convection ceases when the lid base is near the
bottom of the mantle. If viscosity depends on both temper-
ature and pressure, cessation of convection occurs when the
lid is relatively thin because of the viscosity increase with
depth [Reese et al., 1999]. The lid thickness 6 = kAT/F such
that at cessation of convection [Solomatov and Moresi,
2000], 6 ~ (n + 2) RT/(pg V*).

2.4. Internal Heating Rate

[11] Internal heating is due to decay of the radioactive
elements 2*°U, 228U, 232Th, and *°K_ It is assumed that the
abundance of U is close to the chondritic value of 20 ppb
and that the abundance ratios K/U and Th/U are 10* and 3.8,
respectively [O’Nions et al., 1979]. This gives initial and
present day heat production rates of ~2.2 x 10" W/kg
and 4.8 x 10~'? W/kg, respectively. Fitting these end points
with a single exponential function gives a decay time
~0.3328 Gyr'. Thus the heat production rate,

H(t) = Cy(t)Ho exp[— ], (6)

where C, is the depletion factor, H, is the heat production
rate at time # = 0, and A is the inverse decay time. Variations
in C4(¢ = 0) due to compositional heterogeneity of accreting
material and/or early differentiation in a magma ocean
(section 2.5) are not considered, i.e., C (¢t = 0) = 1.0.

2.5. Initial Conditions

[12] Initial conditions on Venus are not well constrained.
For a planet of Venus’ size, retention of impact energy
[Safronov, 1978; Kaula, 1979], the thermal effects [Tonks
and Melosh, 1992, 1993] of very large impacts [Agnor et
al., 1999], and development of an insulating atmosphere
[Matsui and Abe, 1986a, 1986b; Zahnle et al., 1988,
Kasting, 1988] all suggest extensive melting during accre-
tion. Convection in a magma ocean results in rapid crystal-
lization of the lower mantle with a remaining shallow
partially molten layer above ~10 GPa [Solomatov and
Stevenson, 1993; Solomatov, 2000]. If recycling of the cold
boundary layer is inefficient, crystallization of the partial
melt layer can take a long time and the evolution merges
with the solid state evolution of the planet.

[13] In this study, it is assumed that the stagnant lid is
initially at the margin of convective stability. For a given
mantle rheology, this assumption provides a constraint on
initial temperature [Solomatov and Moresi, 2000]. Thermal
evolution of Venus for an initially conductive regime and

Table 2. Viscosity Parameters

Dislocation Creep Diffusion Creep

Dry Wet Dry Wet
A, 57! 3.5 x 102 20 x 10" 87 x 10" 53 x 10"
n 3.5 3.0 1.0 1.0
m 0.0 0.0 2.5 25
E*, kJ mol™! 540 430 300 240
7*, cm® mol ! 15-25 10-20 6 5
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Figure 1. The lid thickness (solid line) and depth to base of the melt region (dotted line) as function of

convective heat flux. For diffusion creep, curves are labeled by grain size in mm. For dislocation creep,
curves are shown for the upper bound on activation volumes (Table 2). The lid thickness is not affected
significantly by variations in activation volume. Curves are shown only for the stable, equilibrium branch
of stagnant lid convection [Solomatov and Moresi, 2000].

delayed onset of stagnant lid convection was considered by
Reese et al. [1999]. Here, the initial mantle temperature is
chosen such that the convective mantle heat flux at the base
of the lid equals the surface heat flux and the lid is in
thermal equilibrium.

2.6. Melting Model
[14] Upwelling flow melts at a depth where the mantle
temperature intersects the solidus. As a first-order approx-
imation, the upper mantle solidus is assumed to increase
linearly with pressure
Tw(p) = Tno + VTup, (7)
where T, is the surface solidus and V7, = dT,/dp. A
more precise parameterization of dry peridotite solidus
[McKenzie and Bickle, 1988; Langmuir et al., 1992;
Iwamori et al., 1995; Herzberg et al., 2000; Hirschmann,
2000] could, in principle, be incorporated in the analysis.
However, peridotitic composition, which is uncertain for

Venus, can have a significant effect on the location of the
solidus (e.g., Hirschmann, [2000]). Also, differences

between various solidus parameterizations and the simple
model considered here are smaller than the uncertainties in
mantle temperature associated with uncertainties in rheolo-
gical parameters. For example, relatively mild variations in
grain size and uncertainties in activation volume for
diffusion and dislocation creep, respectively, result in
mantle temperature variations at a fixed heat flux of
~100-200 K [Solomatov and Moresi, 2000]. Thus, for
the purposes of this first order study, a linear solidus
(equation (7)) is utilized.

[15] The value of the latent heat of melting (equation (1))
can vary significantly with temperature, pressure, composi-
tion, and melt fraction [Yoder, 1976; Hess, 1992; Navrotsky,
1995; Spera, 2000]. While some of these effects could be
modeled self-consistently, the composition of Venusian
mantle remains poorly constrained. A constant value for
the latent heat of L = 500 kJ/kg is assumed. While this is
slightly smaller than estimates for peridotitic composition
[Yoder, 1976, Hess, 1992], the major conclusions of the
study are not sensitive to variations in L which are typically
within 10 to 30%.
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Figure 2a. Thermal evolution for wet diffusion creep, 7 = 1 mm, Cymin = 0.7. The temperature,
convective heat flux, lid thickness, and melt production normalized by the maximum are shown as a
function of time. Melting ceases due to convective cooling and lithospheric thickening (Figure 3, top).

2.7. Melt Production

[16] Melt fraction is assumed to increase linearly with
supersolidus temperature

¢ = (T = Tu(p))- (3)

Although this is a crude approximation, the effect of a more
sophisticated parameterization [e.g., McKenzie and Bickle,
1988], is smaller than the effect due to uncertainties in
rheological parameters and solidus location (section 2.6).
All melt produced is assumed to rapidly migrate upward
resulting in intrusive and extrusive volcanism (section 2.9).
Melt production is assumed to be independent of degree of
mantle depletion. While recurrent melting depletes the
mantle changes melt productivity, in the absence of a
parameterization for recycling of basaltic material
(section 2.9) it is difficult to estimate the evolution of the
degree of mantle depletion.

[17] The depth range between beginning of melting and
the lithosphere base determines the thickness, Az, of the
horizontal flow which melts. Assuming a linear temperature
distribution in the lid, the heat flux scaling relationship
(equation (3)), and the melting model (equation (7)), the
depth to the base of this melt layer can be found as a
function of the heat flux (Figure 1).

[18] The melt production rate is determined from a
simple, uniform flow model [Reese et al., 1999]. Material

passes through this layer at a rate ~u;Az,d where the
interior velocity [Solomatov and Moresi, 2000],

n(2n+1)

< (R, i\ (D (n+2)
;= (0.04 +0.34/n) = (ZL) " 9)
d\ 0
The melt production rate
S~ ui Az, d D, (10)

where ® is the average melt fraction in the layer

O+Azyy
o= / dz ¢(z).
)

Since 7,,(p) is linear in p, ® = d(z = § + z,,/2).

[19] It should be mentioned that convection in this model
is controlled by the rheology beneath the lid (equation (2))
and that any melt retained in the mantle could have a
significant affect [Hirth and Kohlstedt, 1995a, 1995b,
2003; Kohlstedt and Zimmerman, 1996]. The only aspects
of melting treated in this model are latent heat of mantle
melting (equation (12)) and fractionation of heat producing
elements (section 2.9). While there are more sophisticated,
numerical attempts to address melting [e.g., Ogawa, 2000]
these are also far from comprehensive and future work is
required.

(11)
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Figure 2b. Thermal evolution for dry diffusion creep, 2 = 10 mm, C,min = 0.3. For this case, crustal
growth and resurfacing end due to cessation of buoyant melt production. Cessation of convection occurs
quickly after cessation of melting (Figure 3, middle).

2.8. Melt Density Inversion

[20] In the stagnant lid regime, it is possible for deep
melting to occur near the olivine liquid-crystal density
inversion. In the terrestrial case, ultrabasic mantle melts
and olivine exhibit a density crossover for depths between
~250 and 500 km [Stolper et al., 1981; Agee and Walker,
1993; Morse, 1993; Ohtani et al., 1995; Courtial et al.,
1997; Agee, 1998; Ohtani and Maeda, 2001; Suzuki and
Ohtani, 2003; Matsukage et al., 2005]. For the purposes of
this model, the melt density inversion is assumed to occur at
a depth z.,.. Melt produced below this depth is negatively
buoyant with respect to the residual matrix and sinks.
This melt is not addressed in this model. Only melt
produced at z < z,,. is assumed to migrate toward the surface
and result in crustal growth and differentiation. Thus there is
an upper bound on Az,,, Az, < z.. — 6. Negatively buoyant
melt would migrate downward and eventually crystallize in
the deep parts of the mantle.

2.9. Melt Transport and Differentiation of
Heat-Producing Elements

[21] Heat-producing elements are fractionated between
melt and residual solids. Since the elements U, Th, and K
are extremely incompatible, a simple, end-member model
for fractionation is considered in which all heat producing
elements are extracted upon partial melting. The chemical
flux through the partially molten region is ~C,u;z,,d. Since
all radioactive elements are completely extracted from the

rocks, this is also the chemical loss rate from the mantle.
The concentration decrease rate is ~d(Cyd°)/dt. Thus

(12)

The effect of radiogenically enriched crust on the thermal
structure of the lithosphere is not considered.

[22] Differentiation of heat producing elements is subject
to large uncertainties in this model. Any melt retained in the
mantle will reduce the depletion rate (equation (12)). In
principle, the retained melt fraction could be estimated from
the criteria that melt does not escape on the timescale of
convective flow through the melt layer. Percolative flow,
magma fracturing of the lid [e.g., Rubin, 1995] and melt
buoyancy induced Rayleigh-Taylor instability [Tackley and
Stevenson, 1993] are mechanisms which contribute to melt
escape from the melting region. The gabbro-eclogite phase
transformation probably plays a role by providing a mech-
anism for recycling of radiogenically enriched crustal ma-
terial [Namiki and Solomon, 1993; Jull and Arkani-Hamed,
1995]. However, the fate of eclogite in the Venusian mantle
is not clear. For Earth, it was originally suggested that
eclogite may accumulate at the upper mantle—lower mantle
boundary [Anderson and Bass, 1986; Ringwood, 1994;
Karato, 1997] but, due to the temperature dependence of
the post-garnet phase transition, cold eclogite might pene-
trate into the lower mantle [Litasov et al., 2004]. Instead of
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Figure 2c¢. Thermal evolution for dry dislocation creep, V' = 25 cm’/mol, Cymin = 0.7. Convection
ceases, and conductive thickening of the lithosphere shuts off the mantle melt production. The dashed
line on the melt production curve indicates an uncertainty about melt production variation in a conductive

regime (Figure 3, bottom).

attempting to parameterize these mechanisms, a variable
parameter is introduced which limits the degree to which the
mantle can become depleted of heat producing elements.
The minimum value of C, is Cy min.

2.10. Extrusive Volcanism

[23] The magmatic resurfacing rate depends on the rate of
melt generation in the mantle and the propagation of melt to
the surface of the planet. In general, the intrusive to
extrusive volume ratio is not well constrained [White et
al., 2006; Crisp, 1984]. Given the diversity of styles and
sources of magmatic resurfacing on Venus [e.g., Stofan et
al., 2005] and the importance of the altitude dependent
depth to magma neutral buoyancy [Head and Wilson, 1992;
Keddie and Head, 1994; Grosfils and Head, 1995], it is
difficult to develop a self-consistent, one-dimensional mod-
el relating mantle melting to surface eruption of melts.

[24] The simplest assumption that can be made is that the
fraction of mantle melt which reaches the surface or
“extrusion efficiency” is constant. On the other hand, it is
reasonable to expect that variation of lithospheric thickness
will significantly affect magma transport to the surface. For
magma transport through a channel, a greater path length
means a longer time to cool and potentially freeze out
during ascent. Also, melt buoyancy decreases with increas-
ing pressure (section 2.8).

[25] While development of a physical model for this

effect would be a very important task [e.g., Rubin, 1995],
here we simply consider two end-member cases for the
extrusive flux,
First, a constant ¢ = ¢y ~ 0.1 is assumed. Second, a simple
parameterization for the extrusion efficiency as a function of
lid thickness € = €(6) is specified and the resurfacing
duration is compared to the constant €, case. It is assumed
that e decreases with increasing lid thickness like, € ~ 6.
To make a meaningful comparison with the constant
efficiency case, the coefficient is chosen such that € ~ ¢,
for 6 ~ z.,. and an upper limit €,,, ~ 0.5 is prescribed,

¢(6) = min |:em 0 (Zi) 3} A

(14)

3. Results

[26] Variable parameters are the rheological law, initial
temperature, and minimum depletion factor. Depending on
the initial temperature, the mantle quickly heats up or cools
down until the convective heat flux reaches equilibrium
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