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Mantle convection on Venusiis likely to occur in the regime known
as stagnant lid convection. We investigate this regime for inter-
nally heated convection with temperature- and pressure-dependent
power-law viscosity (dislocation creep). Scaling relationships ob-
tained for large aspect ratio convection are different from steady-
state square box calculations but agree well with scaling theory
and boundary layer stability analysis. Results for Arrhenius vis-
cosity and pressure dependent viscosity show that the efficiency of
heat transport is sensitive to the viscosity function at the bottom
of the lid. New scaling relationships are applied to parameterized
convection calculations of the thermal history of Venus assuming
that plate tectonics could not occur during evolution. The onset of
convection beneath the lid is delayed even for initial potential tem-
peratures near the solidus. During the conductive regime, melting is
suppressed due to the development of a thick cold lid at the surface.
After convection begins, the lid becomes thinner and the planet un-
dergoes a period of widespread melting and volcanism. The timing
of the beginning and ending of melting depends on various factors
such as the initial conditions and mantle rheology. The episode of
melting predicted by the models can be reconciled with the cessa-
tion of global resurfacing on Venus 300-800 Myr ago. The models
yield present-day lithospheric thicknesses around 200 km which is
similar to previously suggested estimates.  © 1999 Academic Press

Key Words: mantle convection; Venus; melting; non-Newtonian
viscosity.

INTRODUCTION

and Schubert 1982, Stevensetal. 1983, Arkani-Hamed and
Toksz 1984, Christensen 1985a, Kaula 1990a,b, Phillips 199(
Phillips and Grimm 1990, Spohn 1991, Parmentier and Hes
1992, Zharkov and Solomatov 1992, Phillips and Hansen 199«
Solomatov and Moresi 1996, Nimmo and McKenzie 1996,
Schuberet al. 1997).

Early studies of the efficiency of heat transport assumed cor
stant or weakly variable viscosity convection (e.g., Turcotte
and Oxburgh 1967, Moore and Weiss 1973, Jarvis and Peltie
1982, Christensen 1984, Christensen 1985a). However, strong
variable viscosity changes the convective style to the regim
called stagnant lid convection for which the scaling relation-
ships are entirely different (Morris and Canright 1984, Fowler
1985, Ogawat al. 1991, Davaille and Jaupart 1993, Solomatov
1995, Moresi and Solomatov 1995, Dahal. 1997, Trompert
and Hansen 1998, Grasset and Parmentier 1998). This regime
characterized by the formation of a nearly immobile lid on top
of the convective mantle due to the large viscosity of the uppe
thermal boundary layer.

Stagnantlid convection seems to be the appropriate convecti
regime on all the terrestrial planets except Earth. Earth appea
to be avery special case—probably because of water (e.g., Kat
1990a,b). Based on a comparison between convective planforr
and topography, Schubeet al. (1997) suggested that Venus
may be in the “sluggish lid” or transitional regime (Solomatov
1993, 1995). Although this is a possibility, for non-Newtonian
viscosity, this style of convection exists only in a very narrow pa-
rameter range (Solomatov 1995, Solomatov and Moresi 1997

The efficiency of convective heat transport in the mantles gidditionally, heat is transported in this regime by lithospheric
the terrestrial planets determines thermal history, volcanic aretycling and one would expect to find surface manifestations
tectonic evolution, chemical differentiation, magnetic field higslate motions which is not observed on Venus except in a few re
tory, and the present-day state including topography and gragjiens (Schubert and Sandwell 1995). Therefore, we concentra
ity (McKenzie and Weiss 1975, Turcotét al. 1979, Schubert our efforts on stagnant lid convection.
et al. 1979, Sharpe and Peltier 1979, Stevenson and TurneThe most pronounced consequence of stagnant lid convectic
1979, Phillipset al. 1981, Cook and Turcotte 1981, Spohiwith temperature-dependent viscosity is substantially highe
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68 REESE, SOLOMATOV, AND MORESI

mantle temperatures. Although melting always seemed to bekarth. The lower mantle of Earth was suggested to be in the
important factor in planetary evolution (e.g., Cook and Turcotttffusion creep regime as indicated by the absence of anisotrop
1981, Spohn 1991, Zharkov and Solomatov 1992, Schebalt (Karatoet al. 1995, Liet al. 1996). However, stagnant lid con-
1992), its degree and consequences were uncertain since it wexgion is not very sensitive to the viscosity of the deep interior
not clear how high the absolute temperature of the planet migirtd is mostly sensitive to the viscosity at the bottom of litho-
become. For temperature-dependent Newtonian viscosity (diffhere (see below).
fusion creep) the difference is many hundreds of degrees (e.glt is also worth noting that diffusion creep does not mean
Schubertet al. 1997). We can also look at this issue from anNewtonian viscosity because of spatial and temporal variation
other point of view: present-day Earth, which has a very effin grain size (diffusion creep is grain-size dependent!). This
cient mechanism of heat transport, plate tectonics, is alreadyplies coupling between kinetics and rheology which results
close to the solidus. In the absence of plate tectonics, the maitla strong nonlinear behavior (Solomatov 1996).
should be much hotter in order to remove the amount of heatThe amount of water is also important for the rheology. The
corresponding to the present day heat flux. A similar conclquestion of “wet” versus “dry” mantle is uncertain. It depends
sion was reached for non-Newtonian viscosity as well (Reese whether or not the interior has efficiently degassed. It ha:
et al. 1998). However, these estimates were done on the leeen pointed out that volcanic activity on Venus would result in
sis of convection in a X 1 box which imposes artificial con- extensive devolatilization of near surface rocks (Kaula 1990a)
straints on the flow and affects the scaling relationships. Alsmplying that “dry” rheologies would be appropriate for the crust
the effect of pressure could not be accurately estimated in earbd uppermost mantle (Kaula 1995, Mackvetial. 1998). This
models. conclusion is also supported by the observation of slow viscou
In this study we determine the efficiency of convective heatlaxation of impact craters (Grimm and Solomon 1988).
transport for temperature and pressure dependent non-

Newtonian viscosity convection in an internally heated box with g MMARY OF PREVIOUSLY SUGGESTED SCALING

a large aspect ratio (4 1) and compare the results with previ- RELATIONSHIPS FOR NON-NEWTONIAN
ously suggested scaling relationships. Then we use the new scal- VISCOSITY CONVECTION

ing relationships to calculate the thermal and magmatic evolu-

tion of Venus and suggest a hypothesis of magmatic resurfacgndimensional Parameters

of Venus. . . : . :
Inaddition, we perform a direct test of the Frank—Kamenetskii The viscosity law uged in most convection calculations as-

approximation which is used in most studies of temperaturﬁ':'mes an expone_ntla_l temperature _dependence (Frani

dependent viscosity convection and also provide additional Cdﬂqmenetsku approximation, see Appendix A),

straints on the transition to stagnant lid convection for non- n

Newtonian viscosity. n=br"exp(-yT), )

RHEOLOGY whereT is the temperature, arfdandy are constants which
depend on the temperature of the isothermal core. The consta
Any creep mechanism can approximately be described wigh= Q/RT?, whereQ is the activation enthalpy, ari is the
the help of the following function of temperatufeshear stress  interior temperature.
(second invariant of the deviatoric stress tensor), and hydrostatigvhen the temperature difference between the top and bottor
pressureP (e.g., Karato and Wu 1993, Karato and Rubie 1997)pundaries is fixed, the problem involves two nondimensiona
parameters: the log viscosity contrast due to temperature alon

A E+ PV

1 P RT @)
0 =In(An) = y AT, )

whereA can approximately be considered a constRig the gas
constantE is the activation energy is the activation volume Which is known as the Frank—Kamenetskii parameter and th
andn is the power-law exponent ¢ 1 for diffusion creep and Rayleigh number based on the interior temperature,
n~ 3-3.5 for dislocation creep).

The largest uncertainty in the question of which creep Ra — apgAT de+2/n
mechanism dominates in planetary interiors, diffusion creep b/ l/nexp(=yTi/n)’
(Newtonian viscosity), or dislocation creep (non-Newtonian) is
the grain size. In the upper mantle of the Earth, grain boundamperep is the densityg is the gravitational acceleration, is
migration and grain growth seem to be fast enough to produte thermal expansiom\T is the temperature drop across the
large grains and make diffusion creep less efficient than dislayer,d is the cell sizex =k/pc; is the thermal diffusivityk is
cation creep (Karato and Wu 1993, Karato 1989). This shoulae thermal conductivity, and, is the thermal heat capacity at
be applicable to Venus as well, especially if it is hotter than thenstant pressure.
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where

Stagnant Lid

©)

2(n+1
Ra; = 1568/"20"—1/n [ ed } (+1)/n

4n + 1)

is the critical Rayleigh number (Solomatov 1995). This gives
the Nusselt number Ng 1/45,
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Boundary Layer Analysis

An asymptotic boundary layer analysis is possible for a simpl
FIG. 1. A schematic representation of the stagnant lid convective reginﬁQOdel: Steady'State' two-dimensional convection W'th a fixer
for internal heating. The upper boundary layer is stagnant and only the hotfé@&nperature contrast across the layer and free slip bounda

part of the bottom of the lid actively participates in convection. conditions (Morris and Canright 1984, Fowler 1985). For non-
. Newtonian viscosity, boundary layer solutions were obtainet

Scaling Theory for two end-member models with aspect ratio one (Retsé
The basic features of non-Newtonian stagnant lid convet998). With the assumption that the bottom of the lid is flat,

tion are similar to those of Newtonian stagnant lid convection NU ~ (1.73P0+1/@n+3)-30+1/@n+3)R an/(2n+3)

(Solomatov 1995). A linear temperature distribution in the lid )

results in an exponential growth of the viscosity when approach- = 2.080"*°Rg"°, (11)

ing the surface (Fig. 1). As a result, convection penetrates into

the cold lid only by a small length determined by while for variations in lid thickness that scale with the thickness

. of the lid itself,
Sth ~ 800, (5)

Nu ~ (0.88+ 1.15n)0 'R4”®"¥ = 4296 'Rg"*. (12)
whereég is the thickness of the stagnant lid. The temperath\?u
drop across this thin rheological sublayer is all that is available
to drive convection in the interior Numerical simulations in a £ 1 box heated from below

(Reeseet al. 1998) gave

merical Simulations in & x 1 Box with Bottom Heating

-1
AT ~ ATO™L (6) NU ~ 2.80-0%R$29 (13)
Convection beneath the lid is essentially similar to convecti%though this relationship is in approximate agreement with

with a viscosity depends only on the shear stress driven by §§§,ngary layer theory, we observed that the aspect ratio of tt
temperature difference scale (6). This gives (see alggnyective cells started to vary at high Rayleigh numbers eve

Appendix B) in this 1 x 1 box. Since the results strongly depend on the aspe:
sy ratio (Morris and Canright 1984, Fowler 1985, Tackley 1993),
Nu~ 6~ w2 Rg""? = 0 R, (7) the above relationship might cause substantial errors when e

trapolating to high Raand6.
where Nu= Fd/KAT. The last equality follows frorm =3,
which is assumed in the numerical calculations discussed below. TRANSITION TO STAGNANT LID CONVECTION

Stability Analysis Several runs in a ¥ 1 convective box with bottom heating

Scaling | Iso be obtained using the boundary | }éFig. 2) confirmed the prediction that the transition to stagnant lic
caling faws can aiso be obtained using the boundary 1ay&fi, e ction does not depend much on the Rayleigh number ar
stability argument. As in the case of constant viscosity conve

. . SCeurs at a viscosity contrast across the cold boundary layer
tion (e.g., Busse 1979), it postulates that the thermal bound%%unde«nﬂ) (Solomatov 1995, Solomatov and Moresi 1997).

layer is approximately at the margin of convective stability; i'eFor exp) = 1C8, which is close to the transition, low resolution
(1 2)/n cases showed intermittent behavior with the solution oscillat
apgATé, — Ray @) ing between the regimes. Higher resolution runs eliminated thi
k1/"pl/nexp(=6/n) ’ intermittent behavior and gave stagnant lid convection.
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The measurements were taken as follows. After a therma

18
I equilibrium between the internal heat production rate and the co
16 I 7] oling rate is reached with approximately 1% accuracy, the run:
14 | III . were continued for a sufficiently long time period so that the
Nusselt number error due to fluctuations dropped below 1%.
— 12 - T One test performed on a 25664 mesh showed that errors
"3)/ 10 + N due to resolution (Fig. 3) are comparable with errors due tc
o fluctuations. As aresult, a 1-2% error is estimated for the Nusse
g 8 r b number and about 3% for the rms bottom velocity. Additional
- 6 | | resolution tests can be found in Solomatov and Moresi (1997).
The asymptotic scaling formula for the Nu—Ra relationship
4+ I - (Fig. 4) is (Appendix B)
2 ] Nu ~ 0.989"L6R*®. (16)
1
0 1 7 8 The above equation differs from scaling laws obtained theoreti

cally and numerically for a ¥ 1 box (Egs. (11), (12), (13)). On
the other hand, it agrees well with scaling theory and stability
FIG. 2. The parameter range explored in this and previous works &Nalysis (Egs. (7), (10)) It is also consistent with the 5_03-””9
shown on the regime diagram estimated for non-Newtonian viscosity convecti@ Newtonian viscosity suggested by laboratory experiments
(Solomatov 1995): Christensen’s (1985a) data are located within the dashed ¢@availle and Japaurt 1993) and numerical simulations ird.2
tour. The 1x 1 convection experiments from Solomatov and Moresi (1996) arlsiox (Grasset and Parmentier 1998). The discrepancy is due 1

Reeset al.(1998) with two extra points for exp] = 10° and Ra = 3 x 10* and . . .
10° are indicated with solid and open boxes where solid boxes indicate stagnq}ﬁ facf[ that m_ a _]Z( 1 box, the aspect ratio of the_ convective
lid regime. The 4< 1 convection experiments with internal heating are indicate@€ll is fixed while in long boxes the effect of walls is small and

with triangles. Note that the location of the experiments with internal heatingtlee aspect ratio of the convective cells can vary naturally; i.e., if

only tentative since this is a somewhat different problem (no bottom boundatanges in such a way as to keep the thickness of the stagna

layer across which the viscosity contrast is around 10). The convective reginﬁ«a;near critical (Eq (10))

indicated are: |, the small viscosity contrast regime; Il, the transitional regime; Th toti ) li ) f la for th locity in th

and Ill, the stagnant lid regime. _ € asymp O_IC Scaling rormula pr e rms_ve ocity in the
actively convecting part of the layer is (Appendix B)

log,oRa,

NUMERICAL SIMULATIONS IN A 4 x 1 BOX u 0.05<5)0‘1~2Re€-2. (17)
WITH INTERNAL HEATING d

In this section we consider a large aspect ratio box (4
in which the cell size is established naturally. We also conside 3.00
internally heated convection which is more appropriate for man
tle dynamics. Six such cases were run on a £2&2 mesh:
(Ras,0, ) = (10, 60), (30, 60), (3, 70), (3, 80), (10, 80), (30,
80). The Rayleigh number Rga is based on the internal heat-
ing rateH,

2.80 - 256x64

ap?gHdEH+2)/n 128x32

Kbl/n1/n

Ran,0 = (14)

2.60

Nusselt number

Note that since the nondimensional temperature at the botto
is not unity as in the previous problem BLt=T; = Nu~? (for
internally heated convectionitis convenientto define the interio 0 | | |
temperaturd; as the bottom temperatufe), the actual viscos- ’
ity contrast between the top and the bottom due to temperatu 0.00 0.10 020 0.30 0.40
alone is Time

An = exp(Ti) = exp@/Nu). (15) FIG. 3 A resolution test for internally heated convection in & 4 box.

The beginning of the curves N for 128 x 32 and 256« 64 meshes are shown.
. . . . . 3 The asymptotic time-averaged values of the Nusselt number and the veloc
Inthe simulations, the viscosity contrast is betweehe® 102 iy are Nu=2.90+0.02 u= 75+ 2 for the 128« 32 mesh and Ne:2.93+

which is large enough for the stagnant lid to form (Fig. 2).  0.02, u= 7342 for the 256x 64 mesh.
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where the parabolic temperature profile in the lid suggests (se
Appendix B)

B
o

(30,80)
j—i =(1-2Nut)¥2 (21)

w
1)
T
|

This gives the following formulae fair andc:

1 61 = 6 + 6,(1 — 2Nu™1)~%/2 (22)

i 172
c= exp[g ;ueT - 92<1 — (1— %)) } . (23)

' Numerical tests show that the Nusselt number obtained th
0.0 1.0 2.0 way is, indeed, almost independentpilespite pressure-indu-
Time ced viscosity variations of up to exp} =2.2 x 10* (Table I).

o
o

Nusselt number
w
o

N
o

FIG. 4. Nusselt number as a function of time for internally heated convec- PARAMETERIZATION OF CONVECTION WITH
tionin a4x 1 box. The labels indicate the values of the Rayleigh numbgrRRa ARRHENIUS TEMPERATURE AND PRESSURE

and the Frank—Kamenetskii parameter(Ray o, ¢) = (10, 60), (30, 60), (10,
70), (3, 80), (10, 80), (30, 80). DEPENDENT NON-NEWTONIAN VISCOSITY

Nusselt Number

Pressure-Dependent Viscosit
P Y Summarizing the results from (Davaille and Japaurt 1993

The effect of pressure has important consequences for #glomatov 1995, Doiat al.1997; Grasset and Parmentier 1998)
properties of convection (see, e.g., Christensen 1985b, van @&nNewtonian viscosity and the results of this study for non-
Berg and Yuen 1997, Doiet al. 1997). Here we test the hy- Newtonian viscosity, the following asymptotic scaling can be
pothesis that the lid thickness is controlled by the total viscosityiggested for the original Arrhenius viscosity (1):
gradient in the lid, due to both temperature and pressure (Doin
et al. 1997). We consider pressure-dependent viscosity in the _ 20
form (e.g., Christensen 1985a) Nu~ [0.47+0.25( — 1)}6™ ™

PR (24)

n = ct' " exp(-6rT +6,2) (18)  The generalized Frank—Kamenetskii parameter is
wherec, 6, andd, are constants.
The stability conditions in the rheological sublayer at the bot- 9 — ‘AT d |n77‘ _AT(E+RV) PRV (25)
tom of the lid and the lid thickness would be the same for both ar RT? RT’
(18) and (2) if the viscosities and viscosity gradients at the bot-
tom of the thermal boundary layer are the same; i.e., where P, is calculated at the bottom of the thermal boundary
expOT) = cexporT + 6,2), (19) layer. The generalized Rayleigh number is
d
0 =6r— ezd—i, (20) Ra — apgAT d+2an _ (26)
b/nl/nexpl(E + R V)/nRT]
TABLET The error in the prefactor in (24) is perhaps around 30% due t
Pressure-Dependent Viscosity experimental error, a limited number of valuesiaftudied ( =

1 and 3), inaccuracy of the Frank—Kamenetskii approximatiot

R 0 [% 0, c Nu u . . .
.0 T z ™ (see Appendix A), and 2-D geometry of numerical experiments
10 80 80 0 1 3.05 115 )

10 80 88.52 5 2.07 3.04 76 Velocity
10 80 97.04 10 4.29 3.01 . . .
For the velocity scale we will use the following formula (17)
30 80 80 0 1 3.45
30 80 87.71 5 1.61 3.44 95

30 80 95.43 10 2.60 3.40 77 u~ 0.05¢ 59’2“/(”+2)Ra2”/‘”+2’, 27)
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FIG.5. (&) Two snapshots of internally heated non-Newtonian viscosity convection fog Re80, 6 = 80. (Top) Slow convection period. (Bottom) Avalanche-
like instability developed at the bottom of the cold thermal boundary layer. Note that the instability involves only a small fraction of the bayedatyd coldest
part of it is stagnant (the darkest layer) and does not participate in convection in the interior. (b) Location of the snapshots on the rms veotiityevars/e
(black dots).

where ¢ is a correction factor needed to take into accou@onductive Regime

pressure-dependent viscosity and phase boundaries. Our calcuy- . . . .
. . or any rheological law, an isothermal or adiabatic mantle
lations suggest that the rms velocity does not drop by more than . .. .
. . . L can initially be stable even at temperatures near the solidus
a factor of 2 even for pressure-induced viscosity variations P

around 18 in the actively convecting part of the layer (Table I)tr;;?j'jc;gze’ the planet removes internally generated heat b

which is similar to the expected viscosity variation in Earth (e.g-, An example of the conductive history of Venus with an initial

King 1995). The sp_mel—pe_zrovsklte trans_ltlon around 700 krrp] ntle temperatur® = 1400 K and a specific heat generation
could also be a partial barrier for convection and can somewr}g?

. : : . : e H(t) = Hpoexp[—A(t — tg)] (Carslaw and Jaeger 1959) is
decrease (velocity scales approximately linearly with the size ; . 4 . .
of the convective cells). We will use~ 0.4. The dependence Shown in Fig. 6 along with the melting curve (Fig. 7).
of the prefactor om is assumed to be weak.

0 .
\ ~ - - .
THERMAL EVOLUTION MODELS 1

500t

Global Resurfacing on Venus
Global resurfacing on Venus around 300-800 Myragoisa __ 1000} \

important constraint on the thermal evolution of Venus (Schabt £ \
etal.1992, Phillipset al.1992, Bullocket al. 1993, Namiki and = \
Solomon 1994, Herrick and Phillips 1994, Prieeal. 1996, £ 1500¢ “
Hansen and Willis 1996, Grosfils and Head 1996, Basilevsk % \
et al. 1997, McKinnonet al. 1997). Previous models of global O ]

S : ) 2000 \
resurfacing include widespread melting caused by pha \
transformation-induced transition from layered to whole man \
tle convection (Steinbach and Yuen 1992), periodic instabili 2500+ \
ties of a depleted layer beneath the crust (Parmentier and H¢ \
1992, Herrick and Parmentier 1994), transition from oscillator

to quasi-steady state circulation (Arkani-Hametdal. 1993), 000 ' ' ' ]
some kind of episodic plate tectonics (Turcotte 1993, Weinste 500 1000 1500 2000 2500 3000
1996, Fowler 1996, Moresi and Solomatov 1998), and cessati Temperature (K)
of plate tectonics (Herrick 1994, Solomatov and Moresi 1996). ) o

. . FIG.6. Anexample of the evolution of the temperature profile in the con-
The_ global resurfacmg model suggested be"?W I,S due to Mafztive regime. The initial temperature is 1400 K and the surface temperatur
matism alone. It is assumed that Venus remains in the stagngno k. The profiles are plotted every 0.5 Gyr. Melting is suppressed until
lid regime during its entire evolution. ~2 Gyr due to the formation of a thick cold thermal boundary layer.
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2800 . TABLE 11
: : : Definitions and Values of Parameters
\!_, Parameter Notation Value
p, 2400
S Depth of convective layer d 2900 km
"(E 2000 Thermal conductivity k 3.2W/mK
o Thermal expansion o 3x105K™?
Q Density ) 3300 kg nt3
g 1600 Acceleration due to gravity g 89ms?
- d : Thermal diffusivity K 8x10 " m?st
Surface temperature Ts 730K
1200 : ‘ : '
0O 5 10 15 20 25 o _ S
Pressure (GPa) Two parameterizations are considered. The first is similar t
that used by Schubeet al. (1997) and Grasset and Parmentier
1 (1998) for Newtonian viscosity. The activation enthalpy is as-

sumed to be constant during evolution and is calculated at son
effective depth. The second is based on Eqs. (24)—(27). Figure

5 and Table Il show results for two models, (a) and (b), corre-
k3] sponding to these two parameterizations, respectively.
©
r 0.5
= (a)
[}
= 100
N/-\
0 E
T=Ts T=Tl =
Temperatur -
emperature x 50
FIG.7. Solidus, liquidus, and partial melt experimental data for peridotite T
from McKenzie and Bickle (1988), Scarfe and Takahashi, (1986), and Ito and =
Takahashi (1987). The liquid region is marked with triangles, the solid region O
with crosses, and the partially molten region with squares. The solidus of the I
mantle is parameterized ds= 13744 130P — 5.6P2, where the temperature 0
is in Kelvin and the pressure in gigapascals. After the slope readhaiRd=
10 K GPa'l, the temperature increases linearly with pressure. The liquidus and 1800 1900 2000 2100
melt fractions are given by the expressions of McKenzie and Bickle (1988). (b) Tem pe rature (K)
S . 100
Parameter values for Venus are given in Table Il. The internal «
heat production rate is assumed to be similar to the terrestrial one: £ °
Ho = 4.8 x 10712 W/kg, » =0.3328 Gyr!, andty=4.5 Gyr S &
(Namiki and Solomon 1998). The temperature profile is plot- [ @
ted at intervals of 0.5 Gyr. Although pressure effects and other ;’ 50
factors are not taken into account, it is clear that, in the ab- S
sence of convection, significant melting would not occur un- *LL_‘
til ~2 Gyr due to the development of a thick cold thermal 8
boundary layer at the surface. For this part of planetary evolu- T -
tion, the heat flux, after a rapid initial drop, remains essentially 0 Unstable
constant. 1800 1900 2000

Temperature (K
Parameterized Convection P ( )

As the interior temperature increases, convective instabilities™C: 8 Stability curves and thermal evolution for (a) constant and

. .. b) pressure-dependent activation enthalpy (Table Ill). For pressure-depende
develop near the bottom of the lithosphere. This is the Stagnéégjsity, the upper and lower branches correspond to stable and unstable ec

||d ':egime- The time until the Onse_t of convection_depe.nds ON th&ium lid thicknesses, respectively. The onset of convection occurs on the lowe
initial potential temperature, heating rate, and viscosity modedranch followed by relaxation to the stable branch.
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TABLE 111 calculate the thermal evolution. Equation (28) is also used fo
Model Results the constant activation enthalpy model.
Parameter Model () Model (b) Melting
:_Tma! tempgra‘“re () 1220 1‘502 After convection starts, upwelling flow begins to melt at the
Afﬁé;‘i‘l’o;aten ergy (<) 430 ss0  depthwhere the mantle temperature intersects the solidus curv
Activation volume (10° m3/mol) 15 25 The Iiguidus temperature and r_nelt fraction are given by_ the ex:
Power law exponent 3.0 3.5 pressions of McKenzie and Bickle (1988). To determine the
Preexponential factor (10 GP4' s) 26 4.1 melting rate, notice that for a simple uniform flow beneath the
g p

Mantle heat flux (mW/rf) 18 14 stagnant lid, the depth range between the beginning of meltin
Lid thickness (km) 200 250

and the bottom of the stagnant lig,, determines the width of
the horizontal flow which underwent melting (Fig. 9). The rate at
a Enthalpy is constant during evolution and is calculateB at128 GPa. ~ Which material passes through this channel is sinogihy 2 d,
P Relative to chondritic value corresponding to present-day heat productiwrhereu; is the average interior velocity (see Eq. (27)). The rate
of 4.8 x 1012 W/kg. of melt production is; z, 27 d®, whered is the volume fraction
of the layer which is molten. If all of the melt is transported to

~_ the surface the corresponding volcanic flux is given by
The dependence of heat flux on temperature (which is also

gpproximately the stability curve for initia'tion of convection) Fuol ~ 2UiZm®/d. (30)

is very different for these two models (Fig. 8). Model (a) is

characterized by a monotonic increase of the heat flux with teBi_fferentiation

perature. In Model (b), there are two branches corresponding

to stable (upper branch) and unstable (lower branch) equilib-Decompression melting of upwelling material in the mantle

rium lid thicknesses (Doiet al. 1997). Convection starts on theproduces buoyant magmas which extract heat-producing ele

lower branch and is followed by thermal relaxation of the lid tanents and are deposited on or near the surface. For a plan

the upper branch. with plate tectonics, subduction of the lithosphere can effec-
The thermal evolution for pressure-dependent viscosity is célrely remix radioactive elements with the mantle. However,

culated as follows. To take into account thermal relaxation duxhen planetary lithospheres stagnate uppermost material is n

ing thinning of the lid, energy balance equations for both the lighsily advected downward and remixing of heat sources is mor

Crustal thickness (km) 45 70

and the mantle are considered, difficult. An end-member model of irreversible fractionation is
considered in which all heat producing elements of the uppe
9T mantle are extracted upon partial melting. For very incompatible

MmCp—— = MmHm(t) — F 28 :
P ot mm(®) = FSn (28)  olements such as U, Th, and K, this is a reasonable assumptic
9T (Anderson 1989). Differentiation reduces the internal heat pro.
Mlidcpa = Miig Hiia(t) — FoS + F Sn, (29)  duction rate and lowers mantle temperatures, preventing furthe

whereMy, and Mjq are the mass of the mantle and lid, respec-
tively, T; is the mantle temperaturg, is the volume averaged

lid temperatureH,, and H;j4 are the heat generation rate in the
mantle and lid, respectivel\%, is the surface area of Venus, i

S, is the surface area at the upper boundary of the mantle Stagnant Lid
F =k(T — Ts)/d Nu, whereTs is the surface temperature, and
Fo is the heat flux at the onset of convection. The temperatur "/ N “m
distribution in the lid during lid thinning is modeled as two lin- T
ear segments. The heat flux at surface of the lid is equal to th
convective heat flux at the onset of convection. The heat flux €
the bottom of the lid matches the convective heat flux during re
laxation. Note that in writing (28) and (29), terms corresponding
to changes in energy due to the moving boundary are neglecte
This assumption is valid if the lid relaxation is slow enough
so that the rate of change of the lid energy due to the moving . _ _ - _
FIG. 9. Schematic illustration of the mantle differentiation model. Partial

boundary is small with respect to the net rate of change of tm%lting begins at a depthy, beneath the lid where the temperature intersects

energy associated with heating/cooling. After the lid thicknegsjiqus. The characteristic time for depletionds (d)u/d, whered is the depth
reaches the stable equilibrium, a one-layer model (28) is usedtene layer.




NON-NEWTONIAN STAGNANT LID CONVECTION 75

melting and differentiation (Schubest al. 1992, Kaula 1994, DISCUSSION AND CONCLUSIONS
Turcotte 1996, Schubeet al. 1997).
The differentiation rate is estimated as follows. If, before melt-

ing, the concentration of radioactive elements jshe chemical creep occurs at a viscosity contrast due to temperature alone

flux through the partially molten region i§C zn27d. Since all 4 7_1 8 This s higher than the value of 4010 for Newtonian
radioactive elements are assumed to be nearly completely &

. . . Viscosity convection, yet much smaller than the viscosity con
tracted from the rocks, this gives an estimate for the chemi PE Y y y

sts expected for the terrestrial planets. With typical value
loss rate from the mantle. The rate of decrease of the total amoyif o 4 ctivation enthalpy for dislocation creep (Karato and Wt
of radioactive elements in the cell is@¢d3)/dt. Therefore,

1993), and near solidus temperatures of planetary interiors,
qc . stagnant lid would form at surface temperatures around 100C
—~-2c2-, (31) 1100 K, while the surface temperature on Venus is only 730 K
dt dd In the absence of brittle fracture, stagnant lid convection seen
e most likely convective style of Venus.
2. Compared to stagnant lid convection with Newtonian vis-
cosity, the flow is concentrated in a few places while the res
RESULTS of the mantle is quiescent. The flow is highly time-dependen
with periods characterized by avalanche-like instabilities at th
After the initial conductive evolution, where melting is supbottom of the lid, followed by relatively quiet periods of slow
pressed due to the thick thermal boundary layer, convectioonvective motion. This seems to be a typical feature of non
begins. The mantle heat flux increases rapidly and quickly eédewtonian viscosity convection (Larsehal. 1996, Larsen and
ceeds the critical heat flux for melting. As a result of differYuen 1997, Larsemt al. 1997). Also, lateral variation in lid
entiation associated with magmatism, the residual mantle h#@itkness is observed to be much smaller than for Newtonian vi
production rate drops below the heat loss rate (which depemasity. This should affect gravity and topography signals, stres
on the temperature and therefore cannot respond immediawistribution in the lid, and initiation of plate tectonics (Fowler
to the reduced heating rate), the planet cools, the lid thicked993; Fowler and O’Brien 1996).
and melting ceases. Note that in contrast to previous models 08. Although the results of numerical simulations of bottom
planetary evolution the present-day state depends on the initieaated convection in ax 1 box are in reasonable agreement
conditions. with boundary layer analysis, such small domain calculations d
The parameters which are varied are viscosity (“wet” venot allow the aspect ratio of the convection cells to develop nat
sus “dry” and activation volume), the initial temperature, andrally. This problem was eliminated by performing numerical
heating rate. The initial potential temperature, however, canrsinulations of internally heated convection in a 4 box. The
be far from the solidus temperature at the surface—the meltisgaling relationships are in good agreement with scaling the
curve is convectively unstable and would tend to drop to an adiry and boundary layer stability analysis. Scaling relationship:
abat starting at the surface solidus temperature or slightly higlier the general temperature- and pressure-dependent Arrheni
(Solomatov and Stevenson 1993). The initial mantle heating raiscosity law (1) are summarized by Eqgs. (24)—(27). Stagnar
may vary due to compositional heterogeneity of accreting matel convection is sensitive to the viscosity and total viscosity
rial (O’'Nionset al. 1979) and/or differentiation associated wittgradient at the bottom of the lid.
the formation of stable primary crust (Taylor 1989). The pointis 4. Initial potential temperature near solidus could be insuf
that different combinations of the parameters can give the safiggent to initiate convection, implying that the planet evolves
results: cessation of extensive melting on Venus 300-800 Mwrthe conductive regime. Melting and differentiation are sup-
ago. pressed until a later time in evolution. Initiation of stagnant lid
Since the mechanisms of magma transport and crustal recgnvection results in lithospheric thinning and widespreac
cling in the stagnant lid regime are poorly understood, volcanicelting and volcanism. The end of extensive volcanisn
rates have simply been scaled according to estimates of crustatesponds to the age of resurfacing around 300—800 Myr ag
production on Venus (Grimm and Hess 1997, Price and Supplee thickness of the present-day venusian lithosphere turns o
1994, Namiki and Solomon 1994, Heatlal. 1991). to be around 200 km which is intermediate compared to pre
In Fig. 10, Model (a) predicts a volcanic flux at the end ofiously suggested estimates (McKenzie 1994, Kucinskas an
resurfacing 300-800 Myr ago of about 2 ¥fyear, which is suf- Turcotte 1994, Phillips 1994, Smrekar 1994, Smrekar and Pa
ficient to resurface kilometer-high topography in about 250 Mymentier 1996, Solomatov and Moresi 1996, Moore and Scht
The magmatic period lasts for about 2.5 Gyr. Model (b) predictert 1997, Nimmo and McKenzie 1997, Nimmo and McKenzie
onset of convection at 1.5 Gyr ago and an avalanche-like episd®98, Simongt al.1997, Smrekaet al. 1997). The models also
of melting and differentiation which lasts for onlyl Gyr. Litho- suggest that the lithosphere was thinner in the past (especially
spheric thickening due to cessation of convectidh2 Gyr ago magmatism could mobilize the lithosphere as discussed below
suppresses present day volcanism on Venus. which is consistent with geological models (Brown and Grimm

1. The transition to stagnant lid convection for dislocation

where the interior velocity is parameterized with the help of (275h
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FIG. 10. Stagnant lid thermal evolution models for Venus including melting and differentiation. Convection is parameterized using the Nu(Ra) relatior
internal heating in a 4 1 box. The model parameters are given in Table Ill. Note that melting and differentiation are suppressed until later in planetary evolt

1997, Hansen and Willis 1998, Phillips and Hansen 1998, HeadChemical stratification is another poorly understood conse:
and Basilevsky 1998). guence of melting. Extraction of melt from the layer beneath

5. Further understanding of the thermal evolution of Venuke lid might eventually lead to some kind of stable two-layered
requires a better description of the effects of melting on mantieantle convection or the formation of a buoyant melt residuum
convection. In particular, it is conceivable that extensive matgyer that could subsequently become cool and dense enou
matism could weaken the lithosphere and cause lithosphemcdetach (Parmentier and Hess 1992, Herrick and Parmentie
recycling. This would be further enhanced if the surface tem994).
perature increased as a result of volcanism-induced changes iRinally, the gabbro—eclogite phase transformation also play:
atmospheric composition (Bullock and Grinspoon 1996). Than important role in planetary thermal evolution by providing a
would not only affect the surface geology through the generatiamechanism for the recycling of crustal material (Anderson 1980
of thermal stresses (Solomenal.1998), but also could reduceNamiki and Solomon 1993).
the viscosity of the upper layers and help to mobilize the lid.

The fraction of melt which can penetrate the cold stagnant APPENDIX A: THE ACCURACY OF THE
lid is unknown (e.g., Watson and McKenzie 1991, Nimmo and FRANK—KAMENETSKII APPROXIMATION
McKenzie 1998). Since the lithospheric thickness varies with
time, this would affect the evolution of volcanic activity. Ad- The Frank—Kamenetskii approximation assumes that the Arrhenius viscosit
ditionally, the rheology controlling convection beneath the ”EIW\{ can be approximated by an exponential law suggesting viscosity contrast

. . which are many orders of magnitude smaller at the surface. Although there wer

W_OUId be affected by melt retained in the mantle (K0h|3tedt_ar§g/eral discussions of this approximation (e.g., Fowler 1985, Solomatov an
Zimmerman 1996). Also, melt buoyancy can lead to Rayleighuoresi 1996, Ratclifet al. 1997) a direct comparison between exponential and
Taylor instabilities (Tackley and Stevenson 1993). Arrhenius laws is absent.
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is the thickness of the convecting layer beneath the lid. The effective heat flu
which drives convection beneath the lid can also be expressed as

—
(@)
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«

Feft = pHdef. (B3)
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Arr

The relationship between the lid thicknéssand the temperature at the bottom
of the lid can be found from the steady-state conductive profile in the lid,

Viscosity
8]
|

_ Fendy , pH&?
107" | Exp . Ti=——+ 5" (B4)

If we assume that the lid is the cold thermal boundary layer, thea T;.
A somewhat more accurate determination of the lid thickness is obtained if w
take into account that the actual lid is thinner than the thermal boundary layer b
0.0 02 04 06 08 1.0 a small amount determined by the thickness of the rheological boundary laye
Depth (5). With this correctionT =T — ahy L, whereay is a numerical coefficient.
The final formula relating Ray, 6, and

-20 | l l !

FIG. 11. Viscosity as a function of depth for exponential and Arrhenius pHd?
viscosity laws. Nu = T
I

(BS)

To investigate the accuracy of the Frank—Kamenetskii approximation, we
first obtained a steady-state solution 832 mesh) for internally heated con-
vection with Newtonian Arrhenius viscosity= b exp[A/(T + To), whereb = Expone ntial Arrhenius
8.756511x 10727, A=120, To = 0.2, and Ra = 10~°. These nondimensional
parameters are close to the parameter range for Venus.

The corresponding exponential law is calculated as follows. The theore
cal value of the Frank—Kamenetskii parameter is calculated based on the k
tom temperaturd = T; = 0.353 (for an internally heated convection this tem-
perature represents the temperature of the actively convection intétier):
A/(T1+ To)?~ 39.2. The prefactor in the exponential law= b exp(—6 T) with
this value of is chosen in such away as to get the same bottom Rayleigh numt T
(calculated at the bottom viscosity). Calculations with this Rayleigh number at
exponential viscosity showed that the temperature is lower by about 4-5%. T
is basically the accuracy of Frank—Kamenetskii approximation in determinir
the mantle temperature.

Another way to look at this problem is to find iteratively such an exponentie
law which gives the closest match to the Arrhenius law. The match was achiev
atn=3.91x 10-P%exp(47T) (Figs. 11 and 12). The value 6f~ 47 is about
20% higher than the theoretical value of 39.2. SinceN&r #, whereg is around
1, this difference implies that Nu—Ra relationships obtained with an exponent
law overestimate the prefactor in Nu—Ra relationship by about 20%.

A somewhat lower heat transport efficiency of the Arrhenius law is due t
an increasingly faster growth of the viscosity when moving from the interior t
the surface. This makes the unstable sublayer at the bottom of the stagnant |
little thinner, reducing the driving force for convection.

APPENDIX B: ASYMPTOTIC SCALING BASED ON LOW
NUSSELT NUMBER CALCULATIONS

Although convection in our calculations is extremely vigorous and time
dependent, the lid is too thick and the asymptotic statesNu 6 >> 1 has not
been reached yet. To obtain a correct scaling relationship, we need to take i
account the fact that convection occurs only in a portion of the convective lay
beneath the stagnant lid (Grasset and Parmentier 1998).

We assume that convection beneath the lid is driven by the rheological te
perature scal& Ty, which is proportional tgy ~1:

Feff=aky—_l< apgy " )ﬂ, (B1) \ R\L—\ m (

et \ bY/"ic /M exp(-y Ti/n)
FIG. 12. Comparison between exponential and Arrhenius viscosity laws:
wherea andp are constants)=3, and temperaturd, stream functionV, and the second invariant of the stress tensor
o. Except for the stress boundary layer at the surface, the discrepancies are sn
Oeff = d — 8 (B2)  despite viscosity differences of 10 orders of magnitude (Fig. 11).
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The fitting formula for the measured valueswof;s is then obtained in the

same way as for the Nu—Ra relationship:

Urms = au(1 — 2NU™ + 2,0 1)PuMH2/20g—fupgly

x exp(Bu/nNu). (B9)

Using the theoretical value @, = 2n/(n + 2) = 1.2, we obtaina, = 0.050.
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