Available online at www.sciencedirect.com
PHYSICS
sclencE@DlnecT° OF THE EARTH
ANDPLANETARY
= INTERIORS

ELSEVIE Physics of the Earth and Planetary Interiors 150 (2005) 287315

www.elsevier.com/locate/pepi

Assessment of the cooling capacity of plate tectonics and flood
volcanism in the evolution of Earth, Mars and Venus

P. van Thienefy N.J. Vlaar, A.P. van den Berg

Department of Theoretical Geophysics, University of Utrecht, P.O. Box 80.021, 3508 TA Utrecht, The Netherlands

Received 1 June 2004; received in revised form 29 November 2004; accepted 29 November 2004

Abstract

Geophysical arguments against plate tectonics in a hotter Earth, based on buoyancy considerations, require an alternative
means of cooling the planet from its original hot state to the present situation. Such an alternative could be extensive flood
volcanism in a more stagnant-lid like setting. Starting from the notion that all heat output of the Earth is through its surface,
we have constructed two parametric models to evaluate the cooling characteristics of these two mechanisms: plate tectonics
and basalt extrusion/flood volcanism. Our model results show that for a steadily (exponentially) cooling Earth, plate tectonics
is capable of removing all the required heat at a rate of operation comparable to or even lower than its current rate of operation,
contrary to earlier speculations. The extrusion mechanism may have been an important cooling agent in the early Earth, but
requires global eruption rates two orders of magnitude greater than those of known Phanerozoic flood basalt provinces. This
may not be a problem, since geological observations indicate that flood volcanism was both stronger and more ubiquitous in the
early Earth. Because of its smaller size, Mars is capable of cooling conductively through its lithosphere at significant rates, and
as a result may have cooled without an additional cooling mechanism. Venus, on the other hand, has required the operation of
an additional cooling agent for probably every cooling phase of its possibly episodic history, with rates of activity comparable
to those of the Earth.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The literature of the past decades contains several
examples of parameterized convection models for the

- secular cooling of the Earth during its history (e.g.
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ing rates of cooling for the Earth. Similar models The timing of the initiation of modern style plate
have been produced for Mars (eS$tevenson et al.,  tectonics is still under debate. Whereas some authors
1983; Schubert and Spohn, 1990; Nimmo and Steven- interpret all observations on Archean cratons in a plate
son, 2000 and Venus (e.gSolomatov and Zharkov, tectonic frameworkDe Wit, 1998; Kusky, 1998)th-
1990; Parmentier and Hess, 199Phese are generally  ers find the differences between the Archean granite-
based on a power-law relation between the vigor of greenstone terrains and Phanerozoic tectonically active
convection, represented by the thermal Rayleigh num- areas sufficiently large to discount plate tectonics as the
ber, and the surface heat flow, represented by the Nus-mechanism of formatio(Hamilton, 1998) The result-
selt number. This latter corresponds to the transport ing range in estimates for the initiation of plate tectonics
of heat through the boundary between the solid and is 4.2—-2.0 Ga. Ophiolites are considered to be obducted
liquid/gaseous planetary spheres. In the modern Earth,oceanic crust, and are therefore often used as a proxy
this transportis part of the plate tectonic process, which for plate tectonics (e.gkusky et al., 200 The old-
in fact forms a quite efficient convective cooling mech- est undisputed ophiolite sequences are about 2 Gyr old.
anism (sed-ig. 1a). The discovery of a 2.5 Ga ophiolite sequence in China
The early Earth, however, is thought to have been (Kusky et al., 2001has been disputed by othg®hai
hotter by up to several hundreds of Kelvin (é\isbet etal., 2002)
et al., 1993. In a hotter Earth plate tectonics is coun- An alternative mechanism to plate tectonics for the
teracted by a thicker layering of oceanic crust and de- recycling of oceanic crust into the mantle may be the
pleted crustal root produced in the melting process, re- formation of eclogite in the deep lower parts of a thick-
maining positively buoyant over very long timgeep ened basaltic crust, which subsequently delaminates
and Windley, 1982}hus preventing subductiontotake due to its intrinsic higher density. This process was
place(Vlaar, 1986; Vlaar and Van den Berg, 1991; Van modeled bylaar et al. (1994andVan Thienen et al.
Thienen et al., 2004bMenus and Mars presently do (2004a) The upward transport of melts to produce a
not have plate tectoni¢dlimmo and McKenzie, 1996;  basaltic crust and the downward movement of earlier

Zuber, 2001) layers of basalt below this, together with delaminating
(@) (b)
MOR subduction zone stacking of flood basalts
\
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| { {
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Fig. 1. Visualization of the plate tectonics and extrusion mechanisms. (a) Plate tectonics: a lithospheric column is produced at the mid-ocean
ridge by partial melting of upwelling material (hatched area). As it moves towards the subduction zone, it cools down and the lithosphere

thickens. At some point, the heat flow through the surface may match the mantle heat flow into the base of the lithosphere, and a steady state
situation is reached. (b) Extrusion mechanism: Partial melting in the hot convecting mantle mantle underneath the lithosphere (hatched areas
generates basaltic melts that migrate up to the surface, where they form flood basalts. As layer after layer of flood basalts is stacked onto the
rest, lower crustal material may delaminate. Essentially the crust itself convects, upwards in the melt phase and downwards in the solid phase
Cooling takes place both by the advection of heat by the basalt and by conduction from the mantle through the lithosphere. The downward

convection of the crust will decrease the conductive heat flux out of the mantle.
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eclogite, in fact form a small scale convection cycle in
the lithosphere itself (seEig. 1b). The delamination
of eclogite allows the upward flow of fertile material
that can then melt and add more basalt to the crust.
This in theory is a very efficient way of removing heat
from the Earth, which involves the production and re-
cycling of large volumes of basaltic crust. In non-plate
tectonic settings, large volumes of basaltic magma may
extrude as flood basalts and form so-called Large 1g-
neous Provinces. These are common on E&tffin
and Eldholm, 1994)and more ubiquitous in the early
Earth(Arndt, 1999; Abbott and Isley, 2002and also
common on Mars and VenybBlead and Coffin, 1997)
Generally, these are associated with plume heads (e.g.
White and McKenzie, 1995but alternative interpre-
tations which involve triggering from the lithosphere
rather than the deep mantle have also been suggested
(e.g.King and Anderson, 1995

In this work we will evaluate the potential effect of
both cooling mechanisms on the cooling history of the
Earth, Mars and VenuReese et al. (1998)ave also in-
vestigated the cooling efficiency of plate tectonics and
stagnant lid regimes on Earth, Mars and Venus, using
both boundary layer analysis and numerical models.
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lid regimes and also for small-scale circulation at
the base of oceanic lithospheres, there are some
fundamental problems when applying it to the two
regimes we propose to model on a global scale.

The main problem, applicable to both regimes, is
the fact that th&®a-Nurelations applied do not con-
sider the effects of chemistry on buoyancy, which
is the driving force of convection. As partial melt-
ing and associated compositional differentiation in
planetary mantles significantly affects densities, this
is an important parameter for the buoyancy of litho-
sphere(Oxburgh and Parmentier, 1977; Sleep and
Windley, 1982; Vlaar and Van den Berg, 1991;
Parmentier and Hess, 1992; Van Thienen et al.,
2004b) Our approach circumvents this problem by
not considering convection explicitly.

An additional serious difficulty with applying
boundary layer theory in our flood volcanism model
is the fact that at high extrusion rates, the geotherm
may be significantly affected, as will be shown be-
low, reducing the conductive heat flow out of the
mantle.

In our models, the amount of activity required to

other studies:

Our approach is different in two ways from many obtain a certain cooling rate is determined as a func-
tion of potential temperature. More specifically, in the
case of plate tectonics, we determine how fast it must

1. Where many other papers apply parametric models operate to generate a certain planetary mantle cooling

to obtain model cooling histories of Earth, Mars or rate. We express this rate of operation with a parameter
Venus, we approach the problem of planetary cool- we call the turnover time, which indicates the aver-
ing from the opposite direction, by calculating the age lifetime of oceanic lithosphere from creation at a
rate of operation of the two mechanisms for any mid-ocean ridge to its removal from the planetary sur-
reasonable combination of mantle temperature and face and return into the mantle at a subduction zone. In
cooling rate during the histories of the planets. As the case of flood volcanism, we ascertain the average
the exact cooling history of the terrestrial planets re- volumetric rate of basalt production, expressed as an
mains unknown, we construct several model cooling equivalent layer thickness added to the global surface
histories that are then evaluated in the framework area (or an active fraction of this) per unit time: the
of the two cooling mechanisms described above. extrusion rate.

This allows us to estimate the rates of activity of the
mechanisms in the early planetary histories, which
can be linked to geological observations.

. We do not apply relations between Rayleigh number
Raand Nusselt numbedu stemming from bound- For the two different geodynamical regimes de-
ary layer theory, but develop an alternative model scribed above we apply two different numerical mod-
formulation based on the fact that all heat which els. The first, concerning the plate tectonics regime, is
is removed from a planet must come through its presented in Sectioh.1 The second, which concerns
surface. The reason for this is that although bound- the basalt extrusion mechanism, will be treated in Sec-
ary layer theory gives very good results in stagnant tion 2.2

2. Numerical model
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The basic heat balance equation is applied to both Table 1

models: Symbol definitions
d Symbol Parameter Definition Value/unit
Ca <T>=Hr -0 1) A Surface area M
C Mantle heat capacity JK
with cp Specific heat JkgtK—1
diith Lithosphere thickness m
C= | pc,dv 2) f Active fraction of surface area -
v P k Thermal conductivity Kpc) wm1ik-1
H Radiogenic heating rate WA
_ Hr Mantle radiogenic heating rate W
Hy = /VHdV (3) N Number of oceanic ridges -
n Normal vector -
N n Order of plate model series -
0= f g -ndA = Qsurf — Qcore 4) Q Heat flux W
v Qcore  Core heat flux w
The symbols are explained rable 1 Note that for a Qsut  Surface heat flux W
; ; ; g Heat flow —kVT wm—2
uniform value ofoc, as applied heres T > is the vol- q Surtace heat L W2
ume averaged temperature. The heat fluxes through the” P:;rnae‘;zry?:fjifsw e k’:]
top and bottom boundaries of the model are combined p = core radius km
in the termQ of Eq. (4). The Qsyri-term is different for T Temperature °C
the two mechanisms that are studied. The definition of Tpot Potential temperature °C
this term for each mechanism will be given below. The 7Tsut  Surface temperature °c
total heat flux out of the mantle is treated separately * Time/age S
. . . . u Half spreading rate ms
in the following sections. The core heat flux into the Velocity msl
mantle is used as an input parameter, and the choice ofy Volume e
its value will be discussed below in Sectidr3. The in- w Vertical velocity ms?
ternal heating due to the decay of radioactive elements Yo ~ Plate thickness m "
is represented byt in Eq. (3). 8 E;‘ttlrt‘l‘jj'gn rate F:';l Sians
Although Eq.(1) describes the rate of change of the . Thermal diffusivity 751
volume averaged temperature of the mantle, we want , Density kgnt3
to express the results in terms of potential mantle tem- ¢ Turnover time S
perature. Therefore, we have obtained a simple relation ¢ Angle/longitude Radians

between the rates of change of the volume averaged and
potential temperatures. This relation was determined six percent of the present continental heat flux is ac-
by volume integration in a spherical shell of several counted forbyradiogenic heating, 58% of whichis gen-
synthetic geotherms (adiabatic profile at depth and lin- erated in the continental crust its{facquier, 1998)
ear profile in top 100 km). The resulting expression, Since about 30% of the global heat flux is through con-
showing excellent correlatiomR(> 0.999), is: tinental areaéSclater et al., 1980; Pollack et al., 1993)
this means that 15% of the current global heat flux is
mantle heat (both radiogenic heat from the mantle and
dr heat from mantle cooling) flowing through continental
The scaling factorfr,,, is different for the different  areas. We expectthis fraction to be significantly smaller
planets because of size effects. The values are listed infor the earlier Earth, because of the higher radiogenic
Table 2 heat production (causing a stronger blanketing effect)
To simplify the formulation of the problem, we as- accompanied by a smaller amount of continental area
sume that all heat transport from the mantle to the sur- relative to the oceanic domain. Furthermore, thicker
face takes place in oceanic environments for plate tec- roots of Archean cratons compared to post-Archean
tonics. This is justified for the Earth by computing the continental roots may divert mantle heat from the cra-
magnitude of the continental mantle heat flow: eighty- tons(Davies, 1979; Ballard and Pollack, 1987, 1988)

d d
— <T>= fTanETpot (5)
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Table 2

Values for the planetary radilg core radiuskcore, average mantle
specific heat,,, gravitational acceleratiogy, surface temperature
Tsuri, planetary masM, relative silicate mantle masds,,/M, av-
erage mantle density py, >, core heat fluxQcore and temperature
scaling termfr,,, (see text) used in the calculations for Earth, Mars
and Venus

Property Earth Mars Venus
R (km) 6371 3397 6052
Recore (km) 3480 1706)@-0) 34004
cpm (Tkg K1) 12509 12509 1250
g0 (Mms2) 9.81%) 3.76) 8.90)
Tsurt (°C) 159 —550) 457
M (kg) 6.42 x 10230

Msm/M 0.75®

< pm> (kgm3) 44629 3350 4234)
Qcore (TW) 35-10M6@ 0.4 0

Fravg 1.30 0.997 1.23

The average mantle density for Mars is calculated using planetary
mass, silicate mantle mass fraction, and planetary and core size.
References are: (Folkner et al. (1997)(2) Sanloup et al. (1999)

(3) Yoder et al. (2003)(4) Zhang and Zhang (1995(5) based on
data fromFei et al. (1991), Saxena (199&nd Stixrude and Co-

hen (1993) (6) Turcotte and Schubert (2002Y) Sleep (1990Q)(8)
Anderson (2002)(9) heat flow fromNimmo and Stevenson (2000)

for a 1700 km core.

For the extrusion models, we assume activity over
the entire surface of the planets, since extensive
volcanism on Earth also occurs in both continen-
tal (flood volcanism) and oceanic (plateaus) environ-
ments. Because both Venus and Mars do not have
clearly distinguishable oceanic and continental areas,
no continents will be taken into account for these
planets.

2.1. Plate tectonics

In order to obtain an expression for the global sur-
face heat fluxQsyrf for the plate tectonics model, we
use a plate model approximati¢@arslaw and Jaeger,
1959; McKenzie, 1967; Turcotte and Schubert, 2002)
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for the plate model and the more complex CHABLIS
and modified CHABLIS models dboin and Fleitout
(1996)andDumoulin et al. (2001)although the plate
model shows slightly lower values for young oceanic
lithosphere, since the heat flow through the base of
the lithosphere increases more slowly. The surface heat
flow for this plate model is given by the following equa-

"

In this equationgyg is the surface heat flothe ther-
mal conductivity, 7o andT; the surface and basal plate
temperaturesy; o the plate thickness¢ the thermal
diffusivity ands = x/ug the age of the lithosphere (see
Table 1), wherex s the distance to the spreading ridge
andug the constant half spreading velocity.

In order to obtain the global surface heat flux, we
need to integrate this equation over the entire planet’s
oceanic surface, and to do this we make some assump-
tions on the geometry of the system.

We consider a spherical planet that is divided in pole
to pole segments. These are separated by subduction
zones and continents and each has a central spread-
ing ridge. The boundaries and ridges may be offset by
transform faults, which will not influence the argumen-
tation (sed-ig. 2). If such a segment has a longitudinal
extente, its surface areds equals

kn?m?t
2
YLo

k(Ty — To)
yLO

o0
1+2) exp
n=1

qo(t) =

As = 2¢R? 7)

We define the average time required to renew all
oceanic crust as the turnover timelf we assume a
fractionf of the entire planet’s surface to be oceanic,
i.e. involved in the plate tectonics system, dividedNin
segments of equal size, we can compute the turnover
time t by dividing the active surface area by the time

This describes the development of the oceanic surfacederivative of the segment surface area:

heat flow, dropping from a high initial value to an equi-
librium value far from the ridge, where the surface heat
flow is balanced by the mantle heat flow into the base
of the lithosphere. In more complex models, this is
explicitly associated with small-scale sublithospheric
convection(Doin and Fleitout, 1996; Dumoulin et al.,
2001) However, the parameter of interest in this work,
the surface heat flow, shows nearly identical values

_ AT R? f _ 4 R? f _ 2xnf (®)
© T UAg/dr T 2NR2(dg/d)  N(de/dr)
which gives us
dp  2nf
s ®)
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In this framework, the lithospheric agén Eqg. (6) can
be rewritten:

X @R cosH o)

T u " 1/2(dp/d)Rcosd  1/2(dp/dr)

with x is the distance from the ridge,the correspond-
ing longitudinal extentg the latitude andi the half
spreading rate (hence the factof2lin the denomi-
nator of this expression). We now compute the global
oceanic heat flux by integrating E@) over the entire
oceanic surface. This is done by considering &c-
tions of oceanic crust from ridge to subduction zone,
that have a longitudinal extent of

121f

(10)

bn =5 (1)
The global oceanic heat flux now becomes
TfIN kAT
Osurf = 2N /
6=0 YLO
kn?m? ¢
x [14+2) exp
[ ; ( Vo 1/2(dp/di)

x R?sinodode (12)

Inserting Eq(9) and integrating ove# gives
TfIN 2k ATR?
Osurf = 2N
$=0 yLo
o0 2
X [14— ZZexp(—nn:ﬂ)} do
n=1 yLof
_ 4kA TR27rf ZZ N
Lo 2n2tic
2,2
x [1 - exp(—” i )” (13)
YLo

Note that the number of ridges has disappeared
from the equation, althougfs, ;s depends on the num-
ber of segmentdN implicitly through z. As Eq. (8)
shows,r can be constant when simultaneously chang-
ing bothN and dy»/dr keepingN(d¢/dr) constant. In
other words, a smaller number of ridges requires a

higher spreading rate to obtain the same turnover time.

Although the applied geometry only allows for integer
values ofN, we will allow it to have non-integer values
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as well, allowing a continuous range of possible global
ridge lengths.

2.2. Extrusion mechanism

In the extrusion mechanism, we assume that, on
long-term average, material is erupted and spreads out
over the entire planetary surface. This is a simplifi-
cation which ignores the fact that flood volcanism is
generally a localized event, even for large Precam-
brian events, which cover at least ‘only’ 14—-18% of the
Earth’s surfac€Abbott and Isley, 2002)-urthermore,
associated with the extrusive flood basalts, intrusive
rocks have been inferred (though not observed) to be
at least as voluminou&Coffin and Eldholm, 1994 )at
least for the Earth, which are not included in the model.
However, the cooling effect of extrusive compared to
intrusive rocks may be expected to be greater due to
the significantly smaller time scale of heat loss of these
rocks and the possible blanketing effect of intrusives
which may reduce the conductive heat flow out of the
mantle.

We define the rate at which material is erupted as the
extrusion rateS, which indicates the time derivative of
the extruded volume divided by the planetary surface
area, or in other words the production of an equivalent
thickness of crust per unit time. As all material that
is extruded is stacked on top of existing crust in our
model, pre-existing crustal material moves downward
relative to the surface at the same rate as material is
extruded, comparable to the permeable boundary ap-
proach ofMonnereau and Dubuffet (2002pplied to
lo. When (crustal) material reaches the depth of the
lithosphere thickness, defined below in Sec2a) we
assume it to delaminate (seg@. 1b). It must be noted
here that this mechanism differs from stagnant lid con-
vection in the sense that the continuous stacking of
material on top of the lithosphere has a significant in-
fluence on the geotherm and therefore the conductive
heat flux through the lithosphere (d€g. 3). Therefore,
scaling law relations which provide excellent predic-
tions of heat flow for stagnant lid settings (eRpese
etal., 1998; Solomatov and Moresi, 2Q0ay not be
applied here. Furthermore, the advection of heat (in-
cluding latent heat) by magma migrating to the surface
is the primary means of mantle cooling in the regions of
parameter space which we will focus on, and conduc-
tive cooling as in the stagnant lid regime of secondary



P. van Thienen et al. / Physics of the Earth and Planetary Interiors 150 (2005) 287-315 293

Fig. 2. Conceptual visualization of the parameterization of plate tectonics as described in 3ddtianMollweide projection, for a situation

in which three oceans\( = 3) cover two thirds of the Earth’s surface area. All oceans (blue) have the same uniform longitudinapeatent

bounded by subduction zones (green) at active continental (brown) margins, and have mid-ocean ridges (red) in the middle. Transform faults
(yellow) may offset the ridge and consequently also the margin of the oceans. Note that only the transform faults connecting parts of ridge axes
have been drawn.

importance. For the extrusion model, the surface heat of the surface heat flux is the conductive heat flux out
flux Qsuri in Eg. (1) consists of two parts. The firstis  of the mantle. Because in this scenario, there is con-
the heat advected by magma that is extruded onto thetinuous stacking of successive extrusive units, crustal
surface. We assume the magma to lose all its internal material is continuously pushed downward. As we as-
excess heat to the hydrosphere/atmosphere, taking orsume a constant lithosphere thickness (for a fixed po-
the surface temperature. We note, however, that lavatentialtemperature) and a fixed temperature atthe lower
flow cooling in the dense Venusian atmosphere may boundary of the lithosphere corresponding to the tem-
be less efficient (by 30—40%) than on Ea(8nyder, perature of the mantle adiabat of given potential tem-
2002) The heat flux from this component is described peraturelpot, this causes an increase in the geothermal

by: gradient in the deep lithosphere and a decrease at shal-
low levels (sed-ig. 3). In order to quantify this, we use
Qexiru = 4TR? f(8pc 8T + 8T, ASpy) (14) a 1D finite difference model of the thermal state of the

_ o _ lithosphere. We consider the heat equation:
In this expressiorf,is the fraction of the planetary sur-

face on which the mechanism is actias the extru- or . gaa
sion rate,p the density of the solidified magmar “r <§ e VT) = ko;o;T + H (19)
the temperature drop of the magma from the potential
temperature to the surface temperatdigthe mantle
temperature below the lithosphere§ the latent heat of
melting ando,, the mantle density (sé@bles 1 and R 9T Pl
In this approximation, the advection term (first brack- pcpwa— = kﬁ
eted term) assumes that the partial melt has the same ¢ ¢
temperature as the mantle prior to melting, thus neglect- In this equation, the extrusion of basalt is represented
ing the fact that latent heat consumption during partial by the vertical velocityw, which we define to be equal
melting has lowered its temperature, which results in a in magnitude to the extrusion rage Eq. (16) is writ-
small overestimate of the amount of heat removed from ten down for constant and uniform thermal conductiv-
the mantle. The reduction of the temperature of the ity. However, work byHofmeister (1999shows that
matrix by latent heat consumption is accounted for in the thermal conductivity may vary significantly for the
the second bracketed teridauck and Phillips (2002)  range of pressures and temperatures found in the man-
demonstrated that this may be a significant term in the tle. Numerical models dfan den Berg and Yuen (2002)
thermal evolution of planets. The second component andVan den Berg et al. (2008how that this effect may

Steady state geotherms are assumed, and we simplify
the equation to one dimension:

+H (16)
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hydrosphere/atmosphere temperature range from 2.0to 12 TWSleep, 1990; Anderson, 2002;
Lt Toor T Buffett, 2003) The former estimate is based on hotspot

N | fluxes interpreted as associated with mantle plumes
originating at the core mantle boundary (CMB) and,
| asLabrosse (2002argues, is probably a lower limit
SO because not all plumes that start at the CMB would
S\ make it to the surface. The latter is based on an evalua-
B tion of mantle heat transfer mechanisms near the CMB

mantle (Anderson, 2002; Buffett, 2003t stimates for the core
heat flux during the (early) history of the Earth are

Fig. 3. ‘Lithospheric convection’ in which, at the top boundary, ma- €ven more difficult to make. Thermal evolution cal-
terial is added by magma extrusion and at the bottom boundary ma- culations byYukutake (2000show the core heat flux
terial is lost due to delamination, resulting in a constant lithosphere decreasing from12TW at4.4Gato a present value of
thick_ness: C_%eotherms are computed for this setting _usin_g exp.ression 75TW. A decreasing value is also found in the mod-
(16) ina _flnlte d_|fference ;gheme, see_tex_t. For a sﬂuatlpn without els ofLabrosse et al. (1997Buffett (2003)calculated
radiogenic heating, the trivial case of= § = 0 (no extrusion and . . .
delamination) results in a linear geotherm (solid curve). For a fi- that in the early Earth, before the formation of an in-
nite downward velocity, the geotherm is deflected (dashed curves, her core (the timing of which is uncertain, but in the
for w = § =100, 250 and 500 mM y), resulting in a significantly range of 1.9-3.2 Gsukutake, 2009) a core heat flux
decreased conductive heat flux through the lithosphere. of about 15 TW would be required to drive the geody-
namo. However, an increase of the core heat flux during
the history of the Earth also seems plausible. Large tem-
perature contrasts over ti¥ layer ¢7 about 1200 K,
Anderson, 200Rhave been inferred suggesting slow
heat transfer from the core. Recent results of numerical
mantle convection modeling including temperature and
pressure dependent thermal conductivity show a core
heat flux fluctuating around a slightly increasing value
and a temperature contrast across the bottom boundary
layer increasing with time, showing the mantle to cool
faster than the core, in line with planetary cooling from
the top down(Van den Berg et al., 2004)

It is even more difficult to estimate the core heat
fluxes for Mars and VenusNimmo and Stevenson
(2000)reasoned that, as a superadiabatic temperature
gradient is required to drive convection, the maxi-
mum obtainable conductive heat flow would be realized
along an adiabatic thermal gradient. They estimated
this number for the Martian core to be 5-19 mWn
The absence of a magnetic field suggests that the mar-

-FrF--- - -

depth

significantly delay mantle cooling, resulting in higher
mantle temperatures. A higher melt production due to
a thinning of the lithosphere relative to a constant con-
ductivity case was observed in numerical models by
Hauck and Phillips (2002However, in smaller-scale
models applied to oceanic lithosphetgnda and Yuen
(2001)find that although the thermal structure of the
lithosphere is affected by a variable thermal conductiv-
ity relative to a constant conductivity case, the oceanic
heat flow is not significantly influenced.

We solve Eq(16) numerically for the lithosphere,
defined below in SectioB.3, with the surface temper-
ature and the potential temperature extrapolated to the
base of the lithosphere as boundary conditions. A finite
difference scheme (using 400 nodes for the lithosphere)
is used to obtain the geotherm and from this the con-
ductive heat flux at the top of the lithosphapg, out
of the mantle (se€ig. 3).

Together the two components form the total surface

heatflux: tian core does not convect and therefore this number

Osurf = Qextru+ Obl a7 may be an upper limit for the current martian core heat
flow. Using a value of 10 mWm¢ and a core radius

2.3. Input parameters of 1700km (se€Table 2, this results in a core heat

flux of 0.4TW. For Venus, the adiabatic conductive
The main input parameters for the different planets heat flow would be 11-30 mWn# (Nimmo, 2002)
are listed inTable 2 The least constrained parame- However, the calculations dfurcotte (1995)Phillips
ter in the models is the heat flux from the core into and Hansen (199&ndNimmo (2002)indicate that the
the mantle. Recent estimates for the present-day Earthmantle of Venus may be heating up and the core heat
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flux would therefore be declining. We will therefore not
consider a core heat flux for Venus in our calculations.
Other input parameters that are not well constrained
are the thickness of the cooling plate (in the plate model,
used in the plate tectonics formulation, see Section
2.1) and the lithosphere (used in the extrusion model,
see Sectior2.2) as a function of potential tempera-

295

The resulting parameterization for the lithosphere
thickness as a function of potential temperature is:

diith = 6684— 9.7352 ot + 4.7675

x 1073712

— 773
2 —7.8049x 10T,

(19)

with djirn in km and the potential temperatufgot in

ture. The plate thickness does not directly correspond °C-

to a physical thickness of crust or lithosphere, but it

is an empirical parameter which describes the behav-

ior of heat transport. In our model, it is obtained by
matching the plate model heat flow with oceanic heat
flow values obtained from numerical convection mod-
els (seéAppendix A) in the same way as a plate model
is fitted to heat flow observations from the ocean floor
in e.g. Parsons and Sclater (19771 the extrusion
model, the (thermal) lithospheric thickness is defined
by the 1327C (1600 K) isothern{Turcotte and Schu-
bert, 2002)Solomatov and Moresi (2008how that in

We investigate the sensitivity of the results to the
plate and lithosphere thickness, the core heat flux, the
internal heating rate and the oceanic surface fraction
in Sections3.3 and 3.91n a more general planetary
context, we also investigate the effect of gravitational
acceleration, planet size in Sectiah§ and 3.12We
expect the Earth’'s and the martian surface tempera-
ture to have varied over less than 100 K during most of
their histories. Venus, however, may have experience
variations over several 100(Bullock and Grinspoon,
2001; Phillips et al., 2001)herefore, we also investi-

a stagnant lid setting, the temperature difference acrossdate the sensitivity of our results to surface temperature

the rheological sublayer depends on the internal tem-

perature. This results in a varying isotherm defining the

in Sections3.7 and 3.12
The average mantle densities for Earth and Mars

lithosphere thickness. However, we use a simpler ap- are calculated by dividing mantle mass over volume.

proach, choosing a fixed value of 1327 (1600 K) for

the isotherm bounding the lithosphere. Below we test
the sensitivity of the results to the lithosphere thick-
ness. Since the rheology of mantle material is strongly
temperature dependent (ekgrato and Wu, 1993the
thickness of the (rheological) lithosphere is a function

In the case of Venus, we use the average of the re-
sults of two four-zone hydrostatic models By rang

and Zhang (1995)The average heat capacities of the
planetary mantles have been computed using data from
Feietal. (1991), Stixrude and Cohen (1988)Saxena
(1996) Since all values fall in the range of 1200—

of the potential mantle temperature. We have obtained 1300 Jkg* K™, a uniform value of 1250 Jkg K~*

a parameterization for both the plate thickness in the
plate tectonics model and the lithospheric thickness in
the extrusion model using 2D numerical convection
models, seéppendix A and B

The resulting expression for the effective plate thick-
nessy; o is

yL0 = 147.4 — 01453050 + 2.077

x 107472, —

ot — 8:333x 107873,

(18)

with yz0in km andZpetin °C. This expression gives an
effective plate thickness of just under 125 km for the
present day potential temperature of 1380 This is
consistent with results dParsons and Sclater (1977)
but somewhat thicker than the 100 km foundStgin
and Stein (1992)

is applied.
2.4. Solving the equations

In the plate tectonics scenario, we solve Eq.for
the turnover timer using Eq.(13) for the surface heat
flux. This means we obtain the turnover time that is re-
quired to facilitate a specified cooling rate at a specified
potential temperature.

In the extrusion mechanism case, we solve @&J.
for the extrusion raté, using Eqs.(14) and (17)to
obtain the corresponding surface heat flux, which gives
us the required extrusion rate to obtain the specified
cooling rate at the specified potential temperature.

In both cases, the parameter we want to solve for
is not easily isolated from the equations. We therefore
apply a bisection algorithm to compute the desired so-
lutions numerically (se@able 3.
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Table 3 proximated by a simple exponential expression, and
Numerical scheme which is used for solving the volume averaged therefore we will approximate Iong-term decaying sec-
heat Eq.(1), either for the plate tectonics model, in which cgse ., o1 ing using an exponential cooling curve. Short-
indicates the turnover timg or for the flood volcanism case, where . . . .

¢ indicates the extrusion rage term cooling pulses will be viewed separatéhg. 4a
shows five cooling histories in which a simple expo-

nential cooling is assumed from a starting temperature

Step Action

0 Preseribe potentiel temperature and cooling rate fo(;r this of 1500—1900C at 4.0 Ga to the Earth’s present es-
experiment prescribe lower and upperboundarﬂ(&fb . .
and®) spanning the range in which the valuezofs timated potentlel temperature of 13%0D. They_ were
expected; start loop with iteration countee= 1 constructed by imposing the start and end points to the
1 Compute?) = (g0 ~1) 4 £=1) /%) expression
2 Compute @ot/dr|bis = ATpot/dr(€}
3 Comgare m‘r:;tt//dtlfgz to pr[:;/crié%g )ilfpot/dt; if relative T = Toexplat) (20)
mismatch< enis, € = &) and loop ends for which the corresponding cooling rate is
4 If dTpot/dt|bis < dTpot/dt, & must be greater thaﬁﬁ?g —
increase lower boundary of search domﬁffﬁ”l)) = égfg d_T = aTo exp@t) (21)
If d Tpot/ 0 |pis > dTpot/dt, € must be less tha}iis — de- dr
crease upper boundary of search domeff™) = &) Markers are included at 200 Myr intervals to indicate
5 n =n+ 1and return to step 1 the passing of time. These model cooling histories
throughTpot, dTpot/dr-space will be used below in the
discussion ofthe results as reference models. The initial
temperatures shown seem to cover the range of temper-
3. Results atures inferred for the early Archean Earth mantle, and
thus the area spanned by these curves contains plausi-
3.1. Mantle cooling rates ble cooling histories for a steadily cooling Earth with

an exponential decay of both the potential temperature

Results obtained from the models described in the and the cooling rate. We note, however, that possibly
previous sections are presented below. These resultsvery high melt fractions associated with the high end of
guantify the characteristics of the two cooling mech- ourtemperature range may affect the dynamics in ways
anisms, plate tectonics and flood volcanism, for spe- that are not well represented by our models. Because
cific cooling histories. Since the applied models rep- of the assumed similar formation histories and sizes of
resent quasi steady states, they do not tell us anythingMars and Venus compared to the Earth, we assume the
aboutthe cooling histories of the Earth, Mars and Venus same mantle temperature window to be valid for these
themselves. In this section, we first explore the range of two planets.
plausible cooling histories iffipet, dTpot/dt-Space, us- In order to be able to compare our results to those of
ing simple parameterizations of two types of plausible well-known parameterized mantle convection models
cooling behavior. These scenarios will then be included based on a Rayleigh—Nusselt relation, we show thermal
in (the discussion of) the figures presenting the results evolution curves foRa-Nu models for plate tectonics
of the model calculations as described in the previ- and stagnant lid regimes, based on the formalism of
ous sections, and aid the discussion of the results thatReese et al. (1998)n the same representation as used
may be relevant for the cooling histories of the terres- for the exponential curves iRig. 4b (see caption for
trial planets. Many parameterized convection models details). A number of models is within the area of our
in the literature show planetary cooling curves which exponential curves. Some models start at a higher cool-
show a long-term monotonically decreasing cooling ing rate butrapidly (some hundreds of Myear) converge
rate (e.gHonda and Ilwase, 1996resulting from the  to the range of the exponential curves, indicated by the
power-law relation between cooling rate (through the shaded region ifrig. 4b, which represents a zoom-out
Nusselt number) and internal temperature (through the of Fig. 4a. Some other models show a period of heat-
Rayleigh number) which is the basis of these models. ing before cooling sets in. High cooling rates during
These characteristics of a decaying cooling rate are ap-initial phases of cooling are also observed in numeri-
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curves inTpot, dTpet/di-space for parametric mantle convection models (2D aspect ratio 1 domain) basé&heiarelation. These curves

were obtained by combining Egs. (15), (39), (61) and (62Reése et al. (1998yith the heat balance El). Internal heating was applied
consistent with the models of the present paper, and a zero core heat flux was prescribed. Of a range of models, only those with final temperatures
between 1300 and 160C were selected. Explanation of the colours: black—Earth, plate tectonics model; blue—Earth, stagnant lid model;
red—Mars, plate tectonics model; green—Mars, stagnant lid model. Solid and dashed lines indicate different viscosity models (Newtonian,
temperature dependent, activation enthalpy 300 kd/mol) vith10?° Pas at 2000 K (solid) angl= 10?1 Pas at 2000 K (dashed). The yellow

area represents the curve range of frame (a). Note that in these niidetxjuals the internal temperatufeas they do not include adiabatic

compression. In both frames, markers are 200 Myr apart.

peak cooling rate (KGyr-1)

() /

cal mantle convection models, e.g. thoseMan den
Berg and Yuen (2002jvhich show fluctuating cooling
rates with peak values of 300-GB G yr— during the
early histories of their experiments. If the cooling of
the planets is not an exponentially decaying process,
or if the system diverges from this behavior from time
to time as in an episodic scenario, cooling rates may be
significantly higher than those shownkig. 4a. InFig.

5, we show maximum cooling rates that are obtained
for a Gaussian shaped pulse in the cooling r&ig.(

0se

-
el
=
o
Q
[
©

(A

3
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5a and b).Fig. 5c shows the temperature drop of the
mantle caused by this cooling pulse on the horizontal
axis. On the vertical axis, the duration of the cooling

10 20 30 40 50 60 70 80 90 100
3T(°C)

pulse @20) is indicated. Obviously high cooling rates
are expected for short pulses with a large temperatureFig. 5. Peak cooling rates for mantle cooling pulses with Gaussian
drop, and lower cooling rates for longer pulses with shape usingarbitrary units (lefthand side frames). The corresponding
smaller temperature dI‘OpS. Nea”y everywhere in this ter_np(-:_‘rat‘u_re dropis inc_iicated on the horiz_ontal axis, and the vertical
figure, the cooling rates are significantly higher than in ' signifies the durationt2) of the cooling pulse.

gure, g g y hig
the steady exponential cooling Bfg. 4a. Below, we
will present the results of our models for conditions 3.2. Plate tectonics on Earth
spanning the range of the cooling curves for both the
exponential models dfig. 4a and the Ra-Nu models The computed results for the plate tectonics model
of Fig. 4b, and part of those of the upper left part of described in Sectio@.1 applied to the Earth are pre-
Fig. 5c. sented inFig. 6a—d, showing contour levels of the
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Fig. 6. Results of the plate tectonics model for a core heat fluxes of 3.
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Tout(°C)

-
1400 1

5and 10 TW for the present-day and early Earth (in terms of radiogenic heat

production rate and extent of the continents). Contours indicate the turnover (imelyear) as a function of potential temperature (horizontal
axis) and cooling rate (vertical axis). The shaded zone corresponds to the region spanned by the exponential cooling-ituréesnof are
thus representative of steady state secular cooling. Higher values on the vertical axis may be caused by cooling Fudses. (see

turnover timer, for the present situation and for a case
representing the early Earth (4 Ga) and for two dif-
ferent values for the core heat flux, 3.5 and 10 TW.
The timings are based on the rate of internal heat-
ing (4.8 x 10-2Wkg~1 for the present and 14 x
10-12W kg1 for the early Earth) and the (estimated)
extent of the continentsf(= 0.63 for the present and
f = 0.97 for the early EarthMicCulloch and Bennett,
1994). All four frames show the potential temperature
of the mantle on the horizontal axis, and the mantle
cooling rate on the vertical axis (in K Gyt). The con-
tours indicate the turnover time that is required to

area indicates the region occupied by the exponential
cooling histories shown iffrig. 4a, with the present-
day Earth plotting near the left hand vertical bound-
ary of this region. Note thdfig. 6a—d are two sets of
sections through two 3D boxes, in which the internal
heating rate is plotted on the third axis. In such a 3D
representation, it is possible to track any cooling his-
tory independent of the internal heating rate, whereas
in 2-D sections such as thoseFify. 6a,b and c¢,d (and
also other figures below), any cooling history tracked
in an individual frame is for a fixed internal heating
rate. Because such a 3D representation is difficult to

maintain a cooling rate at a potential temperature cor- bring across in 2D figures, we use the 2D sections and
responding to the position in the diagram. The shaded keep this caveatin mind. The core heat fluxes represent
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the range of values found in the literature as discussedflux, internal heating rate and extent of the oceanic do-
in Section2.3. main. In the experiments which produced these curves,
From these diagrams we observe tfat a fixed all parameters were fixed (including the plate thick-
cooling rate alongerturnovertimeis required at higher ness, which in the previous experiments was a func-
mantle potential temperatures. This is a result of the tion of potential temperature following E¢18), see
decreased plate thickness at higher potential tempera-figure caption for values), except for the single param-
tures. Small-sale sublithospheric convection keeps the eter under investigation. In descending order of sen-
base of the lithosphere at a constant temperature (con-sitivity, plate thickness, internal heating rate, oceanic
ductive cooling is the slowest step of the process). surface fractional area and core heat flux influence the
This results in an increase in the conductive surface turnover timer. There appears to be a threshold value
heat flow, and therefore a reduction of the advective forthe importance of plate thickness. Rig). 7a shows,
heat flow that is required to maintain the specified for thicknesses of less than 60 km (corresponding to
cooling rate. For a constant mantle potential temper- a potential mantle temperature of 188D in expres-
ature, obviously, higher cooling rates require a shorter sion(18)), the effect of changing the thickness is that
turnover time. Each figure shows a region in the lower the turnover time increases strongly at higher temper-
right hand side corner where required turnover times atures. This effect is stronger for a thinner plate. It is
are more than 500 million years (which is the maxi- caused by thermal conduction through the lithosphere
mum contour plotted). In these regions heat conduction taking over from conductive cooling of the lithosphere
through a static lithosphere is essentially sufficient to itself as the most important cooling factor. Note that
generate the required rate of cooling. This is a com- the threshold thickness will be slightly different for dif-
bined effect of the low cooling rates that characterize ferent cooling rates. However, above 60 km thickness,
this regime which is effectively a stagnant lid situa- the effect of changing the thickness is minimal in the

tion (Solomatov and Moresi, 199&)nd a thin litho- potential temperature range investigated. This means
sphere which is the result of a high mantle potential that the oceanic heat flow is dominated by the conduc-
temperature. tive cooling of the lithosphere from its hot initial state

The range of turnover times allowed by our model as it was formed at mid-ocean ridges. For Venus and
results for the present-day Earth, assuming an expo-Mars, discussed below, lithosphere thickness may be
nential cooling model, is indicated iRig. 6a—b by significantly greater than for Earth due to a possibly
the left hand vertical boundary of the shaded area dryer mantle, which increases mantle viscosity (e.g.
that envelopes the exponential cooling curves-iof Nimmo and McKenzie, 1998 The curves ofig. 7a
4a. Turnover times of about 30-90 Myr are permis- shows that a thicker lithosphere does not significantly
sible, consistent with the average age of subduct- influence the turnover time, which validates our ap-
ing lithosphere on the present-day Earth of about 70 plication of the Earth-based parameterization for plate
million years (uteau and Maury, 1999able 11.1). thickness to Mars and Venus. The other parameters,
For the early Earth, results consistent with exponen- core heat flux, internal heating rate and extent of the
tial cooling indicate turnover times of about 40-50 oceanic domain, have a more straightforward and lin-
million years (right hand side boundary of shaded ear effect, essentially scaling the turnover time more
area inFig. 6¢c—d). The effect of an increased core or less independently of the potential temperature (see
heat flux is that the surface heat flux must also in- Figs. b—d).
crease in order to obtain the same specified cool-
ing rate and therefore the turnover time must de- 3.4. Application of the plate tectonics model to

crease. Mars and Venus
3.3. Sensitivity of plate tectonics results to the The plate tectonics model of Secti@rl was also
model parameters applied to Mars and Venus. The parameters that were

adjusted to modify the model for these planets are
Fig. 7shows the sensitivity of the results of the pre- the core and planetary radius (resulting in a dif-
vious section to changes in plate thickness, core heatferent mantle heat capacity and surface to volume
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Fig. 7. Sensitivity tests of the plate tectonics model to single parameters. Fixed values of the non-varying parameters are: core heat flux
QOcore = 7 TW, plate thicknesgpjate = 100 km, internal heat productivitily = 10 x 10~12W kg1, oceanic surface fractiofi = 0.80, mantle

cooling rate—dTpot/df = 100K G yr-L. The curves show the turnover timas a function of (a) plate thicknesgg,.; (b) core heat fluxQcore;

(c) internal heat productivitydp; (d) extent of the active arda

ratio), the surface temperature (controlling the sur- 3.5. Plate tectonics on Mars

face heat flow), the average mantle density (control-

ling the mantle heat capacity), the core heat flux For present-day Mars, shown kig. 8a, the results
and the conversion factor between potential and vol- indicate that only extremely high cooling rates of more
ume averaged temperatures (resulting from differ- than 2® K Gyr~! require the operation of plate tec-
ent planetary radius and gravitational acceleration, tonics. For lower, more likely cooling rates, turnover
which cause different adiabatic temperature profiles), times are well over 500 million years, which essentially
using values listed inTable 2 Continents are as- means that conductive cooling is sufficient. Thisisare-
sumed to be absent, so the oceanic surface frac-sult of the fact that, compared to the Earth, surface to
tion f is set to 1. The results of these experiments volume ratio & R2/R3)is relatively large. This results
are shown inFig. 8 Two different values for the in conductive cooling through a comparatively greater
internal heating rate were used, which we assume surface area (scaling witR?, see Eq(13)) of a com-

to represent the presentid = 4.80 x 10-12Wkg~1) paratively smaller heat reservoir (H&), scaling with
and early {o = 14.40 x 10-12Wkg1) states of the  RS), which is more efficient. The same goes for early
planets. Again, the range of reasonable exponential Mars (characterized in our model by an increased inter-
cooling curves ofFig. 4a is included as the shaded nal heating ratédy = 14.40 x 10-2W kg~1), shown
area. in Fig. 80, where the position of the planet may be ex-
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Fig. 8. Turnover timer for Mars and Venus for models with internal heating rates.804 10-1?W kg~ and 1440 x 10-*?Wkg~*. For
other model parameters (s€able 2. For an explanation of the figure see captiorrif. 6.

pected in the right hand side half of the frame due to a and longer episodes of stagnation alternate would re-
higher mantle temperature. quire turnover times of only some tens of million years
or less (upper left ofig. &) in the cooling episodes
and (many) hundreds of million years (lower left of
3.6. Plate tectonics on Venus this frame) during the stagnation periods. For early
Venus, some cooling mechanism other than conduc-
Venus, shown inFig. 8—d (present and early), tion definitely seems required (s€é&g. &). If plate
shows more Earth-like characteristics (3able 9. At tectonics were this mechanism, turnover times on the
a probable present potential temperature similar to that order of some tens of million years are required, com-
of the Earth of 1300C with an upper limit of 1500C parable to the results for the early Earffig. 6c-d).
(Nimmo and McKenzie, 1998jurnover times for hy- ~ Note that we have included negative values for the
pothetical plate tectonics would be on the order of tens cooling rate, since Venus may be heating up at the
to some hundreds of million years if we assume an moment(Phillips and Hansen, 1998; Nimmo, 2002)
exponential cooling scenario. A more likely scenario and may have had more heating episofiascotte,
in which short episodes of rapid cooling (sEig. 5 1995)
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To. Values of non-varying parameters aore = 1 TW, diith = 100km, Ho = 4.8 x 107 12Wkg~2, f = 0.80, —dTper/df = 100 KGyr?,

go = 7.0ms 2, R = 6000 km. The core radius is half of the planetary radius in all cases. The potential to average temperature scaling factor
fayg in EQ. (5) is recomputed for all different combinations of planet size and gravitational acceleration used.

3.7. Effects of planetary parameters on heat to volume ratio ¢ R?/R3), dominates the cooling be-
transfer by plate tectonics havior of a planet, to such an extent that small planets
can cool conductively at considerable rates, whereas
In order to evaluate the effect of the different dis- |arger planets need a more efficient cooling agent like
tinguishing parameters of the terrestrial planets sep- plate tectonics to get a moderate cooling rate less than
arately, we have calculated the turnover time while 100K G yr-1. The gravitational acceleration affects the
varying one parameter (planetary radius, gravity or sur- adiabatic gradient(g7/c,), but this effect is relatively
face temperature) and keeping the others fixed. The re-minor. An elevated surface temperature which may be
sults are shown ifig. 9a—c for these three parameters, relevant for Venus during episodes of its history, tends
respectively, for a fixed cooling rate of A& G yr—* to reduce the conductive heat flow, and therefore faster

(other parameters see figure caption). It is clear from plate tectonics, if present, is required to maintain a cer-
thisfigure that the planet’s size, through the surface areatain rate of cooling.



P. van Thienen et al. / Physics of the Earth and Planetary Interiors 150 (2005) 287-315

Toat("C)
1400 1500 1600 1700 1800 1900

303

pot OC)
1400 1500 1600 1700 1800 1900

T T T

7
L (@) now, Qm_s 5TW /

=38
=4 Q)
Q
= L &0 3e)
& o
< & i
k)
B o
e 7
2

100

L~ 3

o

o
| D$§) ASB r~ &
/ ETY
o=
[ | &
o

18

(b) now, Oco,e_T OTW i

T | T
()ma o 5TW 7

200 300 400

-dTo/dt(K/Gyr)

100

}463 o//m;m’i’///?

N

£y CHEE 3

\) SSS =
- ® S vm’x’*o i &
/ m'o_’
- 19 g
o =
2]
ES
% L
=

“2

o

1400 1500 1600 1700 1800 1900
Tea(°C)

Fig. 10. Results of the extrusion model for a core heat fluxes of 3.5 and 10 TW for the present-day and early Earth (in terms of radiogenic heat
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production rate and extent of the continents). Black contours indicate the extrusidnimateM yr—2, representing the average thickness of

basaltic crust produced per million years for the entire planetary surface. Red/grey contours indicate the global volumetric basalt production

rate, in kn¥ yr=1,

3.8. Extrusion mechanism on Earth

Fig. 10shows the results of the extrusion models.
It is similar to Fig. 6, but it shows different quanti-
ties, the extrusion raté (black contours) in mMyr!
and the global volumetric extrusion rate (red/grey con-
tours) in kn? yr—1. The extrusion raté represents the
global (f = 1.0) average thickness of basaltic crust
produced in 1 million years. We consider this mech-
anism to operate globally (in contrast with plate tec-
tonics), since continental flood volcanism is not un-
common. The extrusion rateand the global volumet-
ric extrusion rate only differ by a factor of (surface

internal heating and continent extent values for the
present Ho = 4.80 x 10~ 12Wkg~1) and early (4 Ga,

Ho = 14.40 x 10~12W kg~1) Earth and two values for
the core heat flux of 3.5 and 10 TW. The general trends
are (1) a higher potential temperature reduces the litho-
sphere thickness and increases the temperature contrast
over the lithosphere, thus increasing the conductive
heat flux and decreasing the extrusion rate, (2) a higher
cooling rate requires a greater extrusion rate, and (3) an
increase in the internal heating rate (either radiogenic
or from the core) requires an increase in the extrusion
rate. For comparison, a rough estimate for the ‘extru-
sion rate’ of the present-day Earth-s20kn?yr—1

area/l Myr). Again, four cases are investigated, using (McKenzie and Bickle, 1988)his number is an order
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of magnitude lower than the numbers presentdeign of about 1600C (sed-ig. 15. Below this temperature,
10a and b (the left hand side boundary of the shaded our assumption of the applicability of our Earth-based
area), although the mechanism is different-ig. 1Cc, parameterization for the lithosphere thickness to Mars
the extrusion raté is below 0 above potential tem- and Venus holds for higher mantle viscosities for these
peratures of 1800 for the exponential cooling curves planets, which would increase the lithosphere thick-
(shaded area) in early Earth scenarios. This means thatness. For higher temperatures, the thickness computed
cooling through the lithosphere was sufficiently effi- from (19)may be too small for Mars or Venus, resulting
cient to generate cooling without requiring magmatic inan underestimate of the extrusion r&t&€he effect of
processes. For lower potential temperatures, global vol- surface area (assuming that the extrusion mechanism is
umetric extrusion rates may be more than an order of active on only a part of the planet’s surface) is smaller,
magnitude higher than for the present-day Earth, up to and that of the core heat flux is quite limited in the
350 kn? yr—1. Itisimportantto keep in mind thatinour ~ parameter range that was investigated.
model, only extrusive material is considered. Although
generally, few intrusive rocks are exposed in regions 3.10. Extrusion mechanism on Mars
formed by flood volcanism on Earth, they are possibly
at least as voluminous, up to several times as volu-  Fig. 12 shows the results of the extrusion model
minous, as the extrusivé€offin and Eldholm, 1994) for Mars and Venus, for internal heating values as-
Inspection of high resolution images of the walls of sumed to represent the recent and early history, respec-
Valles Marineris reveals the presence of intrusive rocks tively, ofthese planets. The results for present-day Mars
on Mars as wel{Williams et al., 2003)and though we (Fig. 12a) at the estimated present location of Mars in
have no observations to confirm this, there is no reason Tyot, d7/dz-space in the lower left hand side corner of
to believe they are absent on Venus. Intrusive rocks are the diagram indicate that only very limited volumetric
significantly slower in releasing their heatto the surface extrusion rates are required for the cooling of Mars.
than extrusives, butin doing so, their perturbation ofthe Compared to Earth, the global volumetric extrusion
geotherm causes a thermal blanketing effect for the un- rates are an order of magnitude smaller. In terms of
derlying lithosphere, reducing the heat flow out of the extrusion rate’, the difference is not as large due to
mantle. It may be expected that the volumetric extru- the smaller surface area of Mars. Early Mdfig)( 12b)
sion rates, when interpreted as total crustal production also requires only a small global volumetric extrusion
rates, shown irFig. 10 are somewhat higher when a rate, even for very high cooling rates, due to a combi-
significant part of the material is intruded rather than nation of thinner lithosphere compared to present-day
extruded. Mars and large surface area to volume ratio compared
to larger planets.
3.9. Sensitivity of the extrusion mechanism heat
transfer 3.11. Extrusion mechanism on Venus

The sensitivity of the extrusion rateto the litho- Things are quite different for Venu&ig. 12 and
sphere thickness (a), core heat flux (b), internal heating d). When assuming an exponential time dependence
rate (c) and extent of the ‘oceanic’ domain (d) is shown of planetary cooling as indicated by the shaded area,
in Fig. 11 Strong effects can be seen for low values of which may not be correct for Venus, we see volumetric
the lithosphere thickness, where sufficiently low val- extrusion rates on the order of 100-200%ym %, up
ues may result in completely conductive cooling (no to five times greater than the present-day Earth’s plate
extrusion required), and the internal heating rate. For a tectonics crustal production rate, and comparable to the
lithosphere thickness greater than about 100 km, thererate that would be required for the present-day Earth if
is no sensitivity of the extrusion ratto the litho- the extrusion mechanism were the main cooling agent
sphere thickness, since conduction through the litho- (seeFig. 10a and b). Early Venus also shows model
sphere plays aminorrole. Inthe parameterization of the results similar to those of the early Earth ($ég. 10c
lithosphere thickness applied here (expresgit®), and d consistent with the similarity of the model pa-
this transition corresponds to a potential temperature rameters for both planets). Note that we have again
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Fig. 11. Sensitivity tests of the extrusion model to single parameters. Fixed values of the non-varying parameters are: co@deatflix W,
lithosphere thicknessigl = 150 km, internal heat productivitify = 10 x 10-12 Wkg~1, oceanic surface fractiofi = 0.80, mantle cooling
rate—d7Tpot/dr = 100K G yr-L. The curves show the extrusion rdtas a function of (a) lithosphere thicknesg d(b) core heat fluxQcore; (C)
internal heat productivityp; (d) extent of the active arda

included negative values for the cooling rate to show planetary size (using a fixed value fgg, which is
the effect of possible periods of heating in the planet’s rather artificial but the alternative would be to assume a

history. relation between radius and gravitational acceleration,
which is also artificial because of the dependence on

3.12. Effects of planetary parameters on the composition), the surface temperature (as noted before,

extrusion mechanism heat transfer possibly of importance for Venus), and the latent heat

of melting may strongly affect the extrusion rate re-

For the extrusion mechanism, the sensitivity for quired for a prescribed cooling rate. The first affects
planetary parameters is also investigatéid (13. The the planetary cooling efficiency through the surface
presentation of the results is similar to that of the plate area to volume ratio, and the second is a factor in the
tectonics sensitivity tests @fig. 9, and the parameter temperature gradient over the lithosphere, determin-
values are the same. An extra frame (d) has been addedng the conductive heat transport. The latent heat effect
showing the sensitivity of the results to the value of scaleslinearly with the extrusion rate. The gravitational
the latent heat of melting. The results show that the acceleration, affecting the adiabatic gradient, has a
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Fig. 12. Results of the extrusion model for Mars and Venus, using two different values for the internal heating rate representing the recent
and early histories of the planets. Black contours indicate the extrusios irataM yr—1, representing the average thickness of basaltic crust
produced per million years for the entire planetary surface area. Red/grey contours indicate the global volumetric basalt production rate, in
km3yr—1.

limited effect, but obviouslyRpjanetandgo are coupled presented irFig. 4b for the plate tectonics parame-

guantities. terization (black for Earth/\Venus, red for Mars) show
rapid cooling and, when compared figs. 6¢ and d
3.13. Comparison with Ra—Nu cooling models and & and d, high rates of operation during the ini-

tial 0.4—1.0 Gyr, corresponding to turnover times which
The approach presented in the present paper is dif-may be less than 20 Myr. However, as noted above, the
ferent from that applied in many parametric cooling fact that the Ra-Nu models do not take into account
models based on Ra-Nu relations (see above) in thethe chemical component of the driving force of plate
sense that we do not consider the driving forces of the tectonics (and apply other simplifications), this may
dynamics and therefore do not directly predict rates of not be realistic. When comparing stagnantfie-Nu
operation. Therefore, direct comparison of our results models to our extrusion models, it must first be noted
to those ofRa-Nu models is impossible. We can how- that these two classes of models are not identical in
ever consider the thermal evolutions of those models in terms of heat transport mechanism: the modeligf
the context of our results. THea-Nu cooling curves 4b are purely conductive (though other workers have
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Fig. 13. Variation of the extrusion rateas a function of (a) planet sizRyjane; (b) gravitational acceleratiogy, (c) surface temperaturk,

and (d) latent heat of melting.S. Values of non-varying parameters agore = 1 TW, ditn = 100km, Hp = 4.8 x 10-2Wkg~1, f = 0.80,
—dTpot/dt = 100K Gyrt, go = 7.0ms2, R = 6000 km,AS = 300 Jkg*K~1. The core radius is half of the planetary radius in all cases.
The potential to average temperature scaling fagtgy, in Eq. (5) is recomputed for all different combinations of planet size and gravitational
acceleration used.

presente®a-Numodels including melting, e.¢auck rates of zero up to about 5-10 Ryr—1 for Mars and
and Phillips, 200® whereas in our extrusion model, up to about 150 krhyr—1 for Venus.

advection is the primary heat transport mechanism in

addition to conduction. We may nevertheless plot the

associated thermal evolutions in our extrusion model 4. Discussion

results to consider the dynamical consequences of such

thermal evolutions. For the stagnant R&Nu mod- 4.1. Plate tectonics on the early Earth

els Fig. 4b, blue curves for Earth/\Venus, green curves

for Mars), initial heating phases are observed in sev-  Many speculations about the nature of plate tecton-
eral cases, consistent with absence or low rates of vol-ics in a hotter Earth have been presented. They often
canic activity inFigs. 10 and 12In later stages, their  involve faster spreading than in the present situation
positions inTyet, dTpot/dr-space inFig. 12(final tem- (e.g.Bickle, 1978, 198por a longer mid-ocean ridge
peratures of about 1370-15%0 with cooling rates of ~ system (e.gHargraves, 1986 to transport a greater
about 60-8 K G yr—1) would correspond to extrusion  heat flux from the mantle. Our results, however, show
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that the hotter mantle itself generates the most impor- nitude higher, about 0.75 to more than 1.5%m 1
tant means of removing the increased heat flux from the (Richards et al., 1989with peak rates possibly up
mantle by thinning the lithosphere relative to a cooler to 10 kn?yr—1 (White and McKenzie, 1995 pos-
mantle and thus significantly increasing the conduc- sibly more than 100 k/yr—! for the Ontong Java
tive heat flow though the lithosphere. This effect has plateau(Coffin and Eldholm, 1994)These numbers
also been noticed bgickle (1978) If we compare  gare still smaller than the volumetric production rates
the slope of the exponential model cooling curves of yp tox x 100 kn? yr—1 found inFig. 10

Fig. 4a in Tpot, dTpot/di-space (indicated ifrig. 6a— This means that if the mechanism played an im-
d by the shaded area) to the slope of the contours of portant role in the cooling of the early Earth, much
equal turnover times, we observe that in all four mod- more extensive hotspot and flood volcanism activity
els (Fig. 6a—d) the turnover time required for a certain - may have been required to have sufficient cooling ca-
cooling rate increases faster with potential temperature pacity. Much evidence is found for Archean and Pro-
than the actual cooling rate predicted by the exponen- terozoic flood volcanismArndt (1999)discusses many
tial cooling model for higher mantle temperatures. In  occurrences all over the worldbbott and Isley (2002)
other words, the exponential cooling curves predict a have identified a total of 62 superplume events and eras
slowerrate of operation for plate tectonics ratherthan a from the mid Archean to the present on the basis of
faster at higher mantle temperatures. This is consistentfiood basalts, dike swarms, high Mg rocks and layered
with the argument oHargraves (1986)who predicts  intrusions, though especially for the Archean this is
slower plate tectonics on the basis of reduced slab pull probably a lower limit because of preservation issues
and ridge push forces in a hotter mantle. Only when and lack of data. They estimate the original extent of
cooling pulses at much higher cooling rate ($ée. the flood basalts generated by the separate events, using
5) than the exponential curve &fig. 4a are consid-  a correlation between maximum dike widths and flood
ered will the turnover time be reduced to lower val-  pasalt surface area. This approach is based on model-
ues at higher mantle temperatures during these peri-ing work by Fialko and Rubin (1999)and was tested
ods of increased cooling. However, in between these to five Phanerozoic flood basalt provinces for which
pulses, the turnover time will be significantly larger accurate data for both maximum feeder dike width and
than in the exponential cooling case. As we only have flood basalt area were available, showing very good
a rough idea of the cooling history of the Earth, itis correlation &2 = 0.99, Abbott and Isley, 200R For
difficult to place the different geological eras in the dike widths greater than 300 m (which is the maxi-
diagrams produced in this work. Several authors have mum value in these five flood basalt provinces), some
shown that plate tectonics becomes increasingly more problems may occur in this relation pertaining to (pos-
difficult in a hotter Earth(Sleep and Windley, 1982;  sibly irregular) thermal erosion during magma trans-
Vlaar, 1986; Vlaar and Van den Berg, 1991; Davies, port. For this reasorbbott and Isley (2002)mit the
1992; Van Thienen et al., 2004bj the basis of litho-  maximum dike width for huge Archean dikes to 1 km
spheric buoyancy, which may limit the applicability of  in their calculations. They find that both the magni-

our plate tectonics results on the high end of The tude and the frequency of these events was significantly

spectrum. higher during the late Archean and has declined since
then.Abbott and Isley (2002also identify six major

4.2. Extrusion mechanism on the early Earth events of which the estimated eruption volume of each

was sufficient to cover at least 14-18% of the Earth’s
The volumetric extrusion rates found in our mod- surface. When making an assumption about the aver-
els can be compared to extrusion rates representativeage thickness of a flood basalt province, volumes can
of processes similar to the extrusion mechanism in the pe computed and using estimated eruption times, volu-
more recent Earth, like hotspots (i.e. areas of anoma- metric eruption rates. Ifiable 4 estimates of eruption
lous volcanismTurcotte and Schubert, 20p@nd flood  rates for four selected late Archean to early Protero-
volcanism. Hotspots typically have basalt production zoic superplume events froAbbott and Isley (2002)
rates of 0.02 to 0.04 kiryr—1. Phanerozoic flood vol-  have been calculated, using estimates for the average
canism may have eruption rates two orders of mag- flood basalt thickness from Phanerozoic flood basalts
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Table 4

Estimates of eruption rates for three different assumed flood basalt thickdglsaesd on areal extent estimates of superplume evertdbp(t
and Isley, 2002Table 8)

Duration (Myr) Area (kmd) Eruption rate (kriyr—1) Eruption rate (kmyr—1) Eruption rate (krAyr—1)
d=1km d =3km d =5km

2409-2413 42 x 107 18.6 557 92.8

2433-2451 B1x 108 8.39 252 41.9

2582-2610 B7 x 10 2.63 790 13.2

2899-2903 F1x 107 9.26 278 46.3

The average of the mimimum and maximum areal extent reportédbbgtt and Isley (2002)as been listed and used in calculating the eruption
rates. The lowest two estimates for the average flood basalt thickness (1 and 3 km) are consistent with estimates of surface area and volume of
several Phanerozoic flood basalts, listedable 1of White and McKenzie (1995We speculate that the higher value (5 km) may be more

representative of larger scale events in the Archean.

(1-3km, se€Table 1of White and McKenzie, 1995

would produce a magnetic field of which the result

The resulting numbers are of the same magnitude to is seen nowadays in the magnetization of some an-

up to one order of magnitude smaller than the erup-
tion rates dictated blgig. 10c—d (lower middle to right

corner for moderate cooling rates at Archean mantle
temperatures). However, if we extrapolate further back
tothe early/middle Archean, we may expect volumetric

cient Martian crustal rock§Acuna et al., 1999)Dur-
ing this initial phase, the model resultsidfimmo and
Stevenson (200@how an average cooling rate of about
400K G yr-1, combined with a core heat flux of about
1.3TW (using their 1450 km core size). Although our

extrusion rates to be even higher for these events, andMars models use a core heat flux of 0.4 Tgy. 7

the number of up to about 350 RBryr—1 required by
Fig. 1ac—d for significant cooling rates is feasible with
only a small number of active flood basalt provinces
(last column ofTable 4 for an early Earth that is only
150K hotter than the present-day Earth (lower right
corner of the shaded areafig. 10c and d).

For higher temperatures during the early history of
the Earth, the required extrusion rate is smaller and
therefore the required amount and activity of flood vol-
canism is smaller as well. For a hotter early Earth, say
above 1750C, the numbers ofable 4are similar to
those inFig. 10and a single flood volcanism province
may be sufficient, combined with global conductive
cooling, to attain significant mantle cooling rates.

4.3. Cooling mechanisms of Mars

The results, shown ifrig. 8 clearly indicate that
neither present nor early Mars requires plate tecton-
ics to obtain considerable cooling rates on the order
of 100K G yr1 or more, and that the relatively small
planet can cool conductively at considerable rates.
Nimmo and Stevenson (2008luggest that plate tec-
tonics or some other efficient cooling agent was ac-
tive during the first 500 Myr of the history of Mars,
in order to allow the core heat flow to rise above the
conductive level and initiate core convection, which

shows a low sensitivity of the results to variations in
the core heat flux for Earth. For Mars, we expect the
effect to be similarly small. Therefore, from the re-
sults of our model shown ifrigs. 8b and 18 (early
Mars) at a cooling rate of 4K Gyr—1, we conclude
that plate tectonics or basalt extrusion is not required to
obtain this cooling rate at potential temperatures above
1700-1800C, since conductive cooling through the
lithosphere is able to sustain this cooling rate by itself.
Parametric models dBreuer and Spohn (2003)so
indicate that a stagnant lid regime on early Mars may
provide sufficient cooling to allow a dynamo (provided
that the core is initally superheated), and their models
suggest that this is more consistent with the history
of crustal production on Mars than an early phase of
plate tectonics. In other words, a significant contribu-
tion to the cooling of Mars by either plate tectonics
or basalt extrusion is only to be expected when high
cooling rates (>200 K G yr!) take place in a relatively
cool early Mars {pot < 1700-1800C). This appears

to be in contradiction with earlier work éteese et al.
(1998) Earlier work based on buoyancy considerations
of oceanic lithosphere already showed that plate tecton-
ics is only possible on Mars when it has a low potential
temperature below 1300-1400 (Van Thienen et al.,
2004b) Our new results add evidence to the unlikeli-
ness of plate tectonics on Mars during its history. Our
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models, however, do not take into account that in the re-

duced gravity of Mars, partial melting would generate
a thick stratification of depleted, and therefore inher-
ently less dense, mantle peridofjfachott et al., 2001,

2002) This effect would possibly extend the thickness
of the effective lithosphere, which we assume to coin-
cide with our thermally defined lithosphere, to greater
depths. This thickening of the lithosphere would de-

P. van Thienen et al. / Physics of the Earth and Planetary Interiors 150 (2005) 287-315

active for a shorter time, average eruption rates may
have been higher, but the values probably remain low
compared to for example the present day eruption rate
at mid-ocean ridges of about 20 Ryr—1 (McKenzie
and Bickle, 1988)Therefore, the magmatic activity in-
volved in the formation of the Tharsis region probably
did not have a strong effect on the cooling of Mars.

crease the required turnover time in the plate tectonics 4.4. Cooling mechanisms of Venus

models, and increase the required volumetric eruption

rate the extrusion models. Another effect that is not
included in the calculations is that the use of a tem-

The results for present-day Venus for both mecha-
nisms Figs. 8c and 1€) show for the present estimated

perature and pressure dependent thermal conductivitypotential temperature of about 1300—15@JNimmo
rather than a constant value may significantly reduce and McKenzie, 1998jhat some activity is required

the efficiency of conductive cooling through the litho-
sphergVan den Berg and Yuen, 20Q2)here is plenty
of evidence for an active volcanic history of Mars, the
most important of which is the Tharsis region with its
immense volcanoes. It is magmatic/volcanic of origin,
and measures about:3108 km? of material(Zuber,
2001) Most volcanic and magmatic activity took place
during the Noachian and Hesper{@ohm and Tanaka,
1999) spanning a period from 4.57 Ga to an estimated
2.9 Ga(Hartmann and Neukum, 20QIjhe minimum
volumetric eruption rate is obtained from the ratio of
the volume and maximum formation time, which is
less than 0.2 krhyr—1. Since the system was possibly

(a)
4500 km

—_—— —> ——

from either plate tectonics or basalt extrusion eveif
cooling at alltakes place. This is consistent with earlier
results ofReese et al. (1998Magee and Head (2001)
found from high-resolution radarimages from the Mag-
ellan spacecraft that at least 9% of the planetary surface
has been covered by large flow fields in the last several
hundred million years. These flow fields are considered
equivalents of flood basalts on Eaft®rumpler et al.,
1997) The largest of these flow fields have areal ex-
tents comparable to those of the Deccan and Kerguelen
provinces(Magee and Head, 2001; Abbott and Isley,
2002) and in total they measureGx 10’ km?. Ob-
viously, estimates of eruption rates as made for Earth

(z-wpn)%b

Tp=1150°C
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Fig. 14. (a) Numerical model setup. Adiabatic upwelling is prescribed in the left hand side limb of the model domain. A nonzero velocity is
prescribed on (most of) the top boundary, corresponding to the plate velocity. Material leaves the domain through the right hand side boundary.
The lower boundary of the long horizontal limb of the domain is open and kept at a temperature consistent with the potential temperature of the
model. The viscosity is temperature and pressure dependent, using parametéfaratorand Wu (1993)Stream function contours indicate

the instantaneous flow field at some time during one of the experiments. Small-scale sublithospheric convection is clearly visible. (b) Resulting
surface heat flows for potential temperature of 116qlong-dashed curve) up to 1750 (solid curve) in steps of 10@. For these surface

heat flows and potential temperatures, a plate thickness was sought that reproduces the surface heat flow in thermal equilibrium (far from the
spreading ridge).



P. van Thienen et al. / Physics of the Earth and Planetary Interiors 150 (2005) 287-315

in Table 4are more difficult to make because of un-
known thicknesses and event durations. But for any

thickness estimate up to several km, the average erup-

tion rate over the last several hundred million years
is well below 1knfyr—1. The apparent virtual lack
of volcanic and plate tectonic activity on the present-

day Venus therefore indicates the position of the planet

in the diagrams is below the horizontal axis, or that

the planet is heating up. This has also been suggested

by Turcotte (1995), Phillips and Hansen (1998hd
Nimmo (2002)

Crater count statistics indicate an average age of

the Venusian surface of about 300 million to 1 billion
years(Schaber et al., 1992; McKinnon et al., 1997)
At large there are two end-member interpretations of
this remarkable feature. The first is that the planet un-

derwent catastrophic global resurfacing and may be

doing so periodicallySchaber et al., 1992; Strom et
al., 1994) This type of behaviour may be illustrated
by numerical convection models doresi and Solo-
matov (1998) in which brittle behaviour of the litho-
sphere results in its episodic catastrophic mobilization.
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Fig. 15. Lithosphere thickness as a function of mantle potential tem-

perature in a stagnant lid setting, obtained from numerical convec-

tion experiments (see text). Symbols represent experiments for Earth
(squares), Earth with a larger model domain (circles, see text), Mars
(triangles) and Venus (crosses) values of gravity. The cubic best fit of
the Earth data, used in the extrusion models (&8)), is indicated

by the solid curve.

We note that the results are not very sensitive to the
surface temperature, which may have varied over sev-

An opposing view considers the young surface age to be eral 100 K(Bullock and Grinspoon, 2001; Phillips et
caused by more or less constant resurfacing at a muchal., 2001) for relatively low mantle potential tempera-

lower pacdPhillips et al., 1992)However, from a sta-
tistical point of view, the data do not constrain either
model (Campbell, 1999)Phillips and Hansen (1998)
proposed a transition from a mobile lid regime prior
to 700 Ma to a stagnant lid regime after 500 Ma. This
range of models for the dynamical evolution of Venus
allow very different cooling scenarios. In the more con-
stant, non-episodic scenario, the thermal evolution of

tures in the range of estimates for the present-day sit-
uation (1300-1500C Nimmo and McKenzie, 1998

For higher potential temperatures probably representa-
tive for the early history of Venus, the results are much
more sensitive to surface temperature (Biggs. 9 and
13).

Venus may be expected to be close to the exponential5. Conclusions

cooling model ofig. 4a. In an episodic dynamical sce-

nario on the other hand, Venus can be expected to have  Our model results show that for a steadily (expo-
been cooling during periods of increased activity, but nentially) cooling Earth, plate tectonics is capable of
our results suggest that during periods of inactivity, the removing all the required heat at a plate tectonic rate
planet’s interior may have been heating up. This sug- comparable to or even lower than the current rate of
gests that the episodic scenario for Venus results in aoperation. This is contrary to the notion that faster

cyclicity in its thermal evolution (and one could spec-
ulate on the opposite effect, where sufficient mantle
heating results in a new period of tectonic and/or vol-
canic activity). Turcotte (1993, 1995%uggested that
Venus may have a history of periodic plate tectonics.
From our results, plate tectonics and flood volcanism
appear equally valid mechanisms of crustal production
and heat loss in the cooling part of these hypothetical
cycles.

spreading would be required in a hotter Earth to be
able to remove the extra heat (eBickle, 1979. How-
ever, whether or not plate tectonics could work on any
planet significantly hotter than present-day Earth is an-
other question, which is addressed elsewh&leep
and Windley, 1982; Vlaar, 1985; Vlaar and Van den
Berg, 1991; Van Thienen et al., 2004 the early
Earth, the extrusion mechanism was probably more im-
portant, as indicated by ubiquitous flood basalts in the
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Archean(Arndt, 1999) For this mechanism to be able scribed in the left hand side limb of the model domain.
to contribute a significant part to the cooling of the A nonzero velocity corresponding to the plate velocity
Earth at rates comparable to the present rate of cool-is prescribed on (most of) the top boundary. Arelatively
ing, eruption rates up to one to two orders of magnitude low half spreading rate of about 4 mm/yris used to limit
higher than for Phanerozoic flood basalts are required. the length of lithosphere required to reach thermal equi-
However, this is consistent with the increase in both librium. Material leaves the domain through the right
frequency and magnitude of flood volcanism towards hand side boundary with the prescribed plate velocity.
the Archean(Abbott and Isley, 2002)Mars seems to  The lower boundary of the long horizontal limb of the
be capable of cooling conductively through its litho- domain is open and kept at a temperature consistent
sphere without either plate tectonics or flood volcanism with the potential temperature of the model, allowing
at significant cooling rates, due to its small size and, as relatively warm material to rise into the domain and
a consequence, large surface to volume ratio. Only in cold material to sink out of the domain. The viscosity
hypothetical episodes of rapid cooling (>200 K Gy is temperature and pressure dependent, using parame-
during the early history of Mars, some additional mech- ters fromKarato and Wu (1993)alfway between their
anism may have been active, which can be either platewet and dry parameters. We determined the surface
tectonics or flood volcanism. We confirm the inference heat flow for the steady state part of the lithosphere
of earlier paper¢Turcotte, 1995; Phillips and Hansen, (far from the ridge, se€ig. 14). Through trial-and-
1998; Nimmo, 2002hat the mantle of Venusis heating error, we searched for an effective plate thickngss

up. When assuming an episodic history for Venus (e.g. in Eq. (6) to match the heat flow at the potential tem-
Turcotte, 199} our results suggest a cyclicity of man-  perature of each model characterized by the value of
tle heating and cooling. Throughoutits history, with the the potential temperatutg.ot. Because the models are
possible exception of the earliest, presumably hottest kinematically driven, buoyancy is of minor importance
phase due to uncertainties in the surface temperature,and the results are insensitive to gravitational acceler-
this planet has required a mechanism additional to con- ation and therefore applicable to Mars and Venus as
duction for the cooling of its interior, operating at rates well. Second-order motion in the form of small-scale
comparable to those of the Earth. sublithospheric convection (sdtarsons and Sclater,
1977; Sleep, 2002may be different on the different
planets due to possible differences in gravitational ac-
celeration and mantle viscosity. As a consequence of
the different gravity, the Rayleigh number describing
this process will be afactor 2.5 smaller for Mars than for
Earth (sincega's ~ 0.4 x g53™), the effect of which

is relatively minor. The Rayleigh number scales in-
versely with mantle viscosity, which may therefore be
of greater importance. However, the mantle viscosi-
ties of Mars and Venus are not well constrained, but
may be higher due to a possibly lower water content,
which would cause a greater effective plate thickness.
We assume the effective plate thickness parameteriza-
Appendix A. Parameterization of plate tion obtained for Earth-like parameters to be valid for
thickness in the plate tectonics model Mars and Venus as well, keeping this caveat in mind.
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A finite element mantle convection code (Sémn
den Berg et al., 1993wvas used in a series of experi- Appendix B. Parameterization of lithosphere
ments designed to obtain a relation between the mantlethickness in the extrusion model
potential temperature and the effective plate thickness
in a plate tectonic regime. The experimental setup for  Heating is only internal (zero bottom heat flux), and
the model is indicated ifrig. 14a. Upwelling is pre- a zero temperature is prescribed on the top boundary.



P. van Thienen et al. / Physics of the Earth and Planetary Interiors 150 (2005) 287-315

Side boundaries are periodic. The domain has a depth

of 670 km, an aspect ratio of 1.5, a no-slip top bound-
ary and a free slip bottom boundary. A series of models
with different internal heating rates was started to gen-
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and the rate of plate production. Earth Plan. Sci. Lett. 40, 301—
315.

Bickle, M.J., 1986. Implications of melting for stabilisation of the
lithosphere and heat loss in the Archaean. Earth Plan. Sci. Lett.
80, 314-324.

erate arange of statistical steady state potential temper-greqer, 0., Spohn, T., 2003. Early plate tectonics versus single-plate

atures and lithospheric thicknesses. For each model, the
lithospheric thickness, represented by the depth of the

1327°C isotherm is plotted against the potential tem-
perature and a fitis computed for the entire set Bge
15), see expressiofi9).

Since these models are not kinematically driven but

are convecting actively, we have done the experiments

for different values for the gravitational acceleration,
representing the different planets (Seble 9. As can

be seen irFig. 15 the results of the experiments de-
scribed above applied to Mars and Venus (in which
the gravitational acceleration is the control parameter)
nearly coincide with the best fit curve for Earth, so this
curve is used for all planets (the possibly higher mantle
viscosities for Venus and Mars, which would cause an
increase in the lithosphere thickness, are kept in mind).
We have tested the sensitivity of this result to the depth
of the domain, rerunning several experiments with a
doubled width and depth. Resulting lithosphere thick-

nesses are slightly greater but of comparable magnitude

(seeFig. 15.
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