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The thermal evolution of Mars is governed by subsolidus mantle convection
beneath a thick lithosphere. Models of the interior evolution are developed by
parameterizing mantle convective heat transport in terms of mantle viscosity,
the superadiabatic temperature rise across the mantle and mansle heat produc-
tion. Geological, geophysical and geochemical observations of the composition
and structure of the interior and of the timing of major events in Martian evo-
lution, such as global differentiation, aimospheric outgassing and the formation
of the hemispherical dichotomy and Tharsis, are used to constrain the model
compuiations. Isotope systematics of SNC meseorites suggest core formation
essentially contemporaneously with the completion of accretion. Ancient fiuvial
landforms and a high atmospheric DIH ratio imply substantial degassing and
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148 G. SCHUBERT ET AL.

atmosphere formation early in the history of Mars. Accretional considerations
also favor initial melting of much of the outer portions of the planet. Initial
conditions assumed for the thermal history calculations thus include full differ-
entiation of a silicate mantle and metal-sulfide core and a mantle at a high,
near-solidus temperature. The subsequent thermal evolution involves cooling of
the mantle and core, differentiation of a crust and thickening of a rigid litho-
sphere. As a result of the removal of much of the initial interior heat by vigorous
mantle convection, perhaps augmented by an upward concentration of heat-
producing elements into the crust, the rate of decrease of mantle temperature
and surface heat flow was much more rapid during the first 1 Gyr of Martian
history than subsequent 1o that era. Crustal production rates were also much
higher in the first I Gyr of Martian evolution than later in the planet’s history.
This temporal behavior is consistent with geologic evidence for a general de-
crease with time in the Martian volcanic flux and, following a brief initial pe-
riod of massive crustal formation, early global contraction recorded in the
widespread formation of wrinkle ridges on geologically ancient surface units.
The thermal evolution models predict a present lithosphere several 100 km
thick, in agreement with estimates of elastic lithosphere thickness inferred from
the response to major surface loads. Numerical calculations of fully three-
dimensional, spherical convection in a shell the size of the Martian mantle are
carried out to explore plausible patterns of Martian mantle convection and 1o
relate convective features, such as plumes, to surface features, such as Tharsis.
The models have upwellings in the form of cylindrical-like plumes and down-
wellings in the form of interconnected sheets. There is no single dominant
plume. Therefore, if Tharsis is associated with one or more mantle plumes, then
the lithosphere beneath Tharsis must be thinned or cracked either 10 promote
plume concentration in the region or to facilitate magma migration through the
lithosphere. Thermal history models for Mars admit present core states similar
2o the Earth, but they also allow completely fluid cores and cores closer to
complete freezing. The key parameter distinguishing among these possibilities
is the weight fraction of sulfur in the core. If this fraction is ~ 15% or more,
then the present Martian core is completely fluid and there is no thermal con-
vective dynamo. The unambiguous determination of the presence or absence of
an intrinsic Martian magnetic field by future spacecraft missions will provide
an essential constraint on interior structure and thermal evolution models. The
eventual measuremens of the natural magnetic remanence of rock samples on
Mars with ages > 3.5 Gyr will also provide an essential test of thermal history
and core dynamo models.

I. INTRODUCTION

The acceptance of Mars as the parent body of the SNC meteorites:

(McSween 1984; Bogard et al. 1984; Becker and Pepin 1984; chapter 4) has
profoundly changed our view of the planet’s evolution. Martian thermal his-
tory models of the late 1970s and early 1980s were largely dominated by the
idea that the core of Mars formed subsequent to its accretion, after radioactive
heating had raised the temperatures in the planet’s interior sufficiently above
the relatively cold initial temperatures to initiate melting and gravitational
separation of Fe-FeS (Johnston et al. 1974; Solomon and Chaiken 1976;
Johnston and Tokséz 1977; Toksdz and Johnston 1977; Toksdz et al. 1978;
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Toksdz and Hsui 1978; Solomon 1978,1979; Arvidson et al. 1980; Davies
and Arvidson 1981). Core formation in these models occurred as late as a
few Gyr after Mars accreted, and the segregation of the core lasted for up to
1 Gyr. Late core formation was supported by the notion that Martian surface
geology was dominated by extensional tectonics, requiring global heating and
planetary expansion until late in the planet’s evolution (Solomon and Chaiken
1976; Solomon 1978,1979). However, the U/Pb isotopic composition of SNC
meteorites requires core formation at about 4.6 Gyr ago (Chen and Wasser-
burg 1986), either contemporaneous with accretion or within a few 100 Myr
of the end of accretion. We must therefore abandon thermal evolution scena-
rios of Mars with cold initial temperatures and late core formation and instead
adopt the view that accretional heating raised temperatures inside Mars suf-
ficiently high that the core formed early, prior to the end of accretion or within
a few 100 Myr thereof, and that Mars began its post-accretional evolution
fully differentiated and hot. In this new view of Martian thermal history, early
Mars was similar to the larger terrestrial planets Venus and Earth, whose
cores formed early as a consequence of high accretional temperatures (see,
e.g., Kaula 1979b; Wetherill 1985). The post-accretional evolution of Mars,
like that of Venus and Earth, is one of secular cooling.

In the following, we discuss the case for a hot initial Mars and early core
formation in greater detail. Numerous lines of evidence, in addition to the U-
Pb isotopic composition of SNC meteorites, support an early hot, differen-
tiated planet. The structure of the Martian interior is a major factor in deter-
mining the post-accretional thermal history of Mars, and we briefly discuss
interior structural models inferred from geophysical and geochemical data
(see also chapter 7). In accordance with the model of early core and crust
formation, we assume that the major radial structure of Mars has been little
changed since the end of accretion (except for the lithosphere, which has
thickened with time).

The principal characteristics of Mars, i.c., the north-south crustal di-
chotomy, the Tharsis Rise, the center of mass-center of figure offset, global
tectonic patterns and the possible absence of a magnetic field, must all be
understood in terms of the thermal history, and we discuss how these char-
acteristics might be accommodated in a model in which Mars steadily cools
from a hot, differentiated start. We present quantitative models of Martian
cooling history that parameterize heat transport by subsolidus mantle convec-
tion. These models allow us to estimate properties of Mars for which no
direct measurements presently exist, such as the cooling rate of the planet,
its present lithosphere thickness and surface heat flux, and the present extent
of inner core solidification. Finally, we use the results .of numerical calcula-
tions of fully three-dimensional, spherical convection to discuss convective
pattemns in the Martian mantle. These computations place constraints on pos-
sible convective models for the formation of the hemispheric crustal asym-
metry and Tharsis. ,
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II. INTERNAL STRUCTURE

Although the seismic experiment on Viking Lander 2 provided no direct
information on Mars’ internal structure (Anderson et al. 1977; Goins and
Lazarewicz 1979; Toksoz 1979), it is likely that Mars is divided into a crust,
mantle and core. However, the thicknesses, densities and compositions of
these regions are uncertain (see chapter 7). .

A. Core

Geophysical and geochemical data constrain the size and composition of
the Martian core. The geophysical data include the mean density of Mars
(3933 kg m-3; Bills and Ferrari 1978) and its dimensionless axial moment of
inertia (0.365, according to Reasenberg [1977] and Kaula [1979a]). The di-
mensionless axial moment of inertia C/MR?, where C is the principal moment
of inertia about the rotation axis, M is the mass of Mars (6.42 x 102 kg)
and R is the radius of Mars (3390 km) is obtained from the inferred value of
J.x (the second-degree zonal coefficient in the spherical harmonic represen-
tation of the hydrostatic part of the gravitational potential of Mars). To deter-
mine C/MR? it is necessary first to remove the relatively large nonhydrostatic
contribution J; to the observed J,(J, = J, + J,,). Estimation of J; is model
dependent and, as a result, the axial moment of inertia of Mars is uncertain.
According to Reasenberg (1977) and Kaula (1979a), J, is principally due to
Tharsis (see also Binder and Davis 1973). Under the assumption that the
nonhydrostatic contributions to the moments of inertia are symmetric about
an cquatorial axis through the center of Tharsis, it can be shown that C/

MR? = (.365 (Reasenberg 1977; Kaula 1979q). Bills (1989a) has recently .

suggested that the nonhydrostatic component of J, is more likely to be a
maximally triaxial ellipsoid, i.c., with the intermediate moment of inertia
exactly midway between the greatest and least moments. This assumption
leads to a value of C/MR? equal to 0.345. Kaula et al. (1989) have argued
that the larger value of C/MR? is more physically plausible: (1) because the
rotation axis of Mars adjusts sufficiently rapidly compared to changes in
nonhydrostatic density anomalies that it is the axis of maximum moment of
inertia for the nonhydrostatic density field; (2) because the gravity and topog-
raphy of Mars are dominated by Tharsis; and (3) because tectonic models of
Tharsis require generation and support that are almost axisymmetric about a
line from the center of Mars through Tharsis.

Goettel (1981) has explored the consequences of the mean density and
moment of inertia I of Mars for the radius of the Martian core and the densi-
ties of the planet’s core and mantle (/ = (C + B + AY3, where A and B are
principal moments of inertia about two orthogonal axes in the equatorial
plane; IMR®* = CIMR* — 2J/3;J, = 1.96 x 10-3). His results, based on
IIMR* = 0.365, are summarized in Table L. (Spherically symmetric compo-
sitional models can only be constrained by I/MR? and other spherically aver-
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TABLE I
g.:gﬁ%.vngg?:oi&v«.rozgga
Dimensionless Mean Moment of Inertia®

Property Range
Radius 1300-1900 km
Fractional mass 13-26%

Central pressure 45-37 GPa
Density 8900-5800 kg m-?

*/IMR* = 0.365 assumed. Table after Goettel 1981,

aged observables.) Mars could possess either a small, iron-rich core of high
density (a pure Fe core would have a density of 8090 kg m~? and constitute
14.8% of the mass of Mars), or a large, low-density core with substantial S
(or other light element). An FeS core would have a density of 5770 kg m—3
and comprise 26.3% of the mass of Mars. The core mass increases with its
size despite the density decrease (Fig. 1). Goettel’s (1981) results for core
properties consistent with the mean density and the mean moment of inertia
of Mars are in general agreement with the predictions of other models (John-
ston and Toksdz 1977; Okal and Anderson 1978; Basaltic Volcanism Study
Project 1981). On the basis of all these models, the probable radius of the
Martian core lies in the range 1500 to 2000 km, and the fractional mass of
the planet occupied by the core is likely to be between 15 and 30%.
Independent geochemical evidence on the mass of the Martian core is

provided by the SNC metcorites. Treiman et al. (1987) have determined the
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Fig. 1. Core density p, mantle density p_ and fractional core mass vs normalized core radius x
for a two-layer mode! of Mars consistent with the mean density (3393 kg m-?) and dimension-
less moment of inertia (0.365). The curves are simultaneous solutions of the equations 3933
kgm™> = p_ + (p, — p,ix’ and (0.365X3933X2.5) kg m~? = p_ + ®. = pJs.
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abundances of siderophile and chalcophile elements in the mantle of Mars
from SNC meteorite abundances (using an element correlation method); they
have modeled these abundances in terms of segregation of metal into the core.
The abundances of siderophile and chalcophile elements may be substantially
matched if Mars accreted homogencously and a metallic core constituting 25
to 35 wt% of the planet formed in chemical equilibrium with the mantle. Best
fits are achieved if the core material during differentiation consisted of ~ 50%
solid Fe-Ni metal and 50% liquid Fe-Ni metal containing ~ 25 wt% S. The
S content of such a core would be ~ 12.5 wt%. The ratio of Fe to Ni is
poorly known, and the relative fractions of the solid and liquid components
of both the early and modem core are unconstrained.

Laul et al. (1986) have also calculated the mass and composition of the
oonavv.gwn:cggom?nazmgano.uu X C 1 abundance
of S. From mass balance, and abundances of these elements inferred for the
Martian mantle from the compositions of the SNC meteorites, they obtained
a core comprising 21.7 wi% of the planet, with an S abundance of 14 wt%.
Laul et al. (1986) also conclude that Mars accreted roEomnzoo:m_v. and that
the core is in equilibrium with the mantle, However, the low core mass that
they compute does not yield as good a fit to the depletions of siderophile and
chalcophile elements as the larger core masses of Treiman et al. (1987).

ioiEmooEmoo.z>Eﬁzﬁngan»:ooommgsoooaomgma isa
crucial parameter determining the extent to which the core solidifies as the
planet cools through geologic time. Unfortunately, the S content of the Mar-
tian core must still be considered as uncertain. The agreement between the
estimates of Laul et al. (1986) and Treiman et al, (1987) of the wt% S in the
Martian core, while encouraging, may only reflect the use of the same limited
geochemical data set by both groups.

B. Mantle

Consistent with the core properties summarized in Table I, the thickness
of the Martian mantle ranges between ~ 1500 and 2100 km. The zero pres-
sure density of the mantle, for //MR? = 0.365, is between ~ 3400 and 3470
kg m~3 (Goettel 1981). If the olivine-spinel phase transition occurs in the
Martian mantle, it would be found at depths greater than approximately 1000
km (Basaltic Volcanism Study Project 1981; see chapter 7). Still higher-
pressure phase changes involving the formation of perovskite and magne-
siowustite might occur in the deep lower mantle of Mars depending on the
size of the Martian core (chapter 7).

C. Crust

Mars has a distinct low-density crust of variable thickness, as indicated
by the partial to complete isostatic compensation of surface topography (Phil-
lips et al. 1973; Phillips and Saunders 1975). The mean thickness of the crust,
however, is poorly constrained. A minimum value for the average crustal
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thickness of 28 + 4 km (depending on choice of crust-mantle density differ-
ence) was obtained by Bills and Ferrari (1978) by fitting a model crust of

mum crustal thickness is found beneath the Hellas basin. Sjogren and Wim-
berly (1981) used topography and gravity data to infer that the Hellas basin
is isostatistically compensated at a best-fitting compensation depth of
130 = 30 km. From the models of Bills and Ferrari (1978), this value cor-
responds to a globally averaged crustal thickness of ~ 150 km.

The approximately hemispherical division of the Martian surface be-
tween the topographically lower and stratigraphically younger northern plains
and the heavily cratered southern uplands, often termed the crustal dichot-
omy, is associated with thicker crust in the southern hemisphere (see, e. g,
Janle 1983). The hemispheric crustal dichotomy contributes to the Martian

spheric crustal dichotomy, and the Tharsis Rise, Models should provide an
explanation for the lack of magnetic field at present, or, if future observations
should prove the existence of a small Martian magnetic field, the models
should allow for the generation of that field. Thermal history models should
be consistent with the evolution of surface stresses and strains as revealed by
global tectonic patterns.

A. Core Formation
U-Pb data for several SNC meteorites intercept the concordia curve at
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burg 1986). The 4.5 Gyr “age” indicated by U-Pb data, as well as whole-
rock Rb-Sr model ages for SNC meteorites of about 4.6 Gyr (Shih et al.
1982), suggest early global differentiation, including formation of the core
essentially contemporaneously with the completion of accretion. Differentia-
tion of a core would heat Mars on average by as much as 300 K (Solomon
1979). A hot initial state for the planet is indicated by these results. Other
indicators of a hot early Mars include: (1) the old age (=4 Gyr) of the south-
emn hemisphere highlands, suggesting early crustal differentiation (see be-
low); (2) geologic (ancient, large flood features and valley networks; Carr

- 1987) and isotopic (high-atmospheric D/H ratio; Owen ct al. 1988) evidence

of early outgassing and an early atmosphere; and (3) tectonic evidence of
global compression associated with planetary cooling over geologic time (see
below). ‘The interpretation of D/H in terms of early loss of water is not
unique. Yung et al. (1988) and Jakosky (1990a) suggest loss of water over
geologic time, while Zahnle et al. (1990a) argue for loss of water upon ac-
cretion.

Early core formation is made possible by the high accretional tempera-
tures achieved through the burial of heat by large impacts (Kaula 1979b;
Wetherill 1985). An example of accretional temperature profiles for Mars is
shown in Fig. 2 (Coradini et al. 1983). In this example, there is a power-law
distribution of impacting planetesimals by size, 30% of the impact kinetic
energy is retained as heat, and a 100-Myr time scale of accretion is assumed.
For this particular model, melting of a 360-km-thick shell occurs at the end
of accretion. Models with higher temperatures and larger degrees of melting

2500

Fig. 2. Model accretional temperature profiles for Mars (figure after Coradini et al. _wmuv..:.a
calculations are based on a 100 Myr accretion time scale and the assumption that 30% of the
wav!uwmu&aéwﬂ%ﬂgiggﬁnzi.dﬂ%gw-gﬁ_
solidus temperature profile.
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are possible, for example, by adoption of a larger value for the percent of
impact kinetic energy retained as heat. _

The importance of large impacts in the formation of the terrestrial plan-
ets and the validity of the 100-Myr accretional time scale are demonstrated
by the planetary accumulation models of Wetherill (1985,1986). The spin and
orbital properties of Mars and the other planets, especially their obliquities,
are plausibly explained as consequences of impacts with large bodies during
the process of planetary formation (Harris and Ward 1982; Hartmann and Vail
1986). A major problem in understanding the growth of Mars according
to present models of planetary accretion is that the calculations typically re-
sult in objects that are several times more massive than Mars (Wetherill
1985,1986). The size of Mars may have been limited by disturbances to the
planetesimal source population for Mars associated with outer-planet secular
resonance regions, assuming of course that the formation of the outer planets
preceded the growth of Mars (Wetherill 1986).

B. Magnetic Field
Mars may have a weak magnetic field, though this hypothesis is pres-

" ently a matter of dispute (Russell et al. 1984; Dolginov 1987; see chapter

31). A fit of a dipole to the available Soviet magnetic field data gives a mo-
ment of 2 X 10'? Tesla-m* (2 X 102 gauss-cm?®), or 3 X 10~* times the
Earth’s moment, tilted ~ 15° with respect to the rotation axis and oriented in
the opposite sense to the Earth’s dipole moment (Dolginov et al. 1973,1976).
A re-evaluation by Russell (1978b) leads only to an upper bound on the mo-
ment of 2 X 10" Tesla-m?, an order of magnitude less than the value of
Dolginov and co-workers. Recent Phobos observations of the Martian mag-
netotail give no indication-of an intrinsic planetary magnetic field (Riedler et
al. 1989b; Ong et al. 1989). Magnetic field measurements in the close vicin-
ity of Mars are needed to resolve this issue.

Several SNC meteorites display natural remanent magnetization (NRM)
consistent with a magnetizing field of less than ~ 8 A/m (0.1 oe; Cisowski
1986). The timing and acquisition mechanism of the NRM are not well estab-
lished, but it has been inferred that the magnetizing event was shock meta-
morphism during impact (Cisowski 1986). Whether an internal magnetic field
on Mars is indicated at the time the SNC meteorites were ejected from the
planet is unclear.

C. Crustal Dichotomy

The relative chronology of the various large-scale surface units on Mars
is reasonably well established from stratigraphic and crater density relation-
ships (see, e.g., Carr et al. 1973; Tanaka et al. 1988; also see chapters 11
and 12). The oldest units are the cratered terrain, an upland region as heavily
cratered as the lunar highlands and occupying approximately the hemisphere
south of a great circle inclined 35° to the equator (Mutch and Saunders 1976).
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= Geoid, Topography, and Convection-Driven Crustal Deformation on Venus;
. Mark Simons, Bradford H. Hager, and Sean C. Solomon, Department of Earth, Atmospheric,
Fi and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139.

o Introduction. High-resolution Magellan images and altimetry of Venus reveal a wide

range of styles and scales of surface deformation [1] that cannot readily be explained within
' the classical terrestrial plate tectonic paradigm. The high correlation of long-wavelength
. topography and gravity and the large apparent depths of compensation suggest that Venus
2. lacks an upper-mantle low-viscosity zone [2-5). A key difference between Earth and Venus
=4 may be the degree of coupling between the convecting mantle and the overlying lithosphere.
Mantle flow should then have recognizable signatures in the relationships between surface
topography, crustal deformation, and the observed gravity field [6,7].

Model. We explore the effects of this coupling by means of a finite element modelling
technique. The crust and mantle in these models are treated as viscous fluids. We solve
both the equations of motion and the heat equation at every time step using a modified
version of the 2-D Cartesian finite-element program ConMan [8]. A passive marker chain
= tracks the crust-mantle interface and permits variation in the crustal buoyancy as well as
L specific crustal and mantle rheologies. These rheologies depend on composition, temperature

and stress. In addition to the flow field, the stress field in the lithosphere, the surface
. topography, and the resulting geoid are readily calculated. The models presented here use an
= irregular finite-element mesh that is 50 elements high and 160 elements wide. Our maximum
= resolution is in the 40-km-thick top layer, where each element is 2 km high and 5 km wide. In
all, the mesh is 800 km in the horizontal dimension and 400 km in the vertical dimension. We
impose free-slip boundary conditions on the top and side walls, with no flow through these
walls. Flow at the bottom boundary is constrained to be vertical with no horizontal flow
permitted. This last boundary condition gives a virtual 800 km by 800 km box. The surface
topography is calculated from the vertical stresses on the top wall of the box. Top and bottom
temperatures are fixed at 500°C and 1250°C, respectively. Initially, we impose a linear
temperature gradient across the lithosphere and set the rest of the mantle to be isothermal.
We investigate two classes of models. Flow in the first class is initiated with a sinusoidal
temperature perturbation throughout the box. This results in mantle flow that is dominated
- by concentrated downwelling (Figure 1b). In the second class of models, flow is driven by a
- hot patch at the side of the box, thereby driving flow by concentrated upwelling (Figure 1a).
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N Figure 1. Temperature contours at 130 My for the (a) upwelling and (b) downwelling models.
Contour interval is 100 °C; the top of the box is at 500 °C. :
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Results. In all our models, convection produces horizontal compressional stresses in
lithosphere above downwelling mantle and extensional stresses in lithosphere above
upwelling mantle. As the convective vigor increases so does the magnitude of the stress. In
models with constant-viscosity mantle overlain by a constant-viscosity crust, stress in the
crust reaches values in excess of 100 MPa in less than 100 My. We find that the rate of
increase in compressive stress decreases with increasing crustal viscosity. This is because
the stronger the crust, the more the development of the convective instability in the mantle
driving the deformation is impeded. We also find that the magnitude of the peak compressive
stress achieved above the downwelling increases with higher viscosities and/or with thinner
initial crustal layers; the stronger the crustal lid, the more are tractions from mantle
convection supported in the crust. Since force balance on the crust requires that shear
traction integrated along the base be balanced by normal tractions integrated through its

* thickness, the thinner the crust, the larger the horizontal stresses.

Both analytical models [9,10] and our numerical models of convection-induced crustal flow -
indicate that the amplitude and sign of the topography are highly time- and rheology-
dependent. In general, possible responses of the crust to mantle flow can be divided into
three categories. The first involves little, if any, crustal flow, and topography results mainly
from the transmission of normal tractions induced by density contrasts within the mantle.

The second possible regime involves substantial crustal flow, with geologically rapid
thickening over convective downwelling and thinning over convective upwelling. In this
regime the effects of crustal thickness variations dominate the topography. A third possible
regime lies between the first two, with "in phase" deformation on short time scales and
crustal flow on longer time scales. A strong mantle lithosphere tends to shield the crust from
convective shear tractions, and topography results mainly from the transmission of convective
normal tractions. A relatively weak lower crust facilitates crustal deformation, and the
isostatic effects of crustal thickness variations dominate the topography.

Consideration of geoid to topography ratios (GTRs) can restrict which regime of crustal
response is appropriate for Venus. The distibution of estimated GTRs for several highland
regions on Venus is bimodal with two clusters around 10 and 25 m/km [S]. The positive
correlation of long-wavelength gravity and topography implies that there are no major regions
that have negative GTRs. To keep the GTRs positive, the geoid must follow the surface
topogaphy in sign at all times. Although the regime of negligible crustal flow can correctly
predict both the sign and magnitude of the GTRs, it does not allow for the crustal deformation
(i.e., flow) inferred from observations of tectonic features on Venus.

In contrast to the regime of negligible flow, that of time-dependent crustal flow generates
topography that changes sign. Over a mantle downwelling, the topography is negative in the
early stages of deformation and positive in the later stages of deformation; the converse holds
over a mantle upwelling. During the transitional period the topography goes through zero, the
geoid does not go through zero, and the GTR is unbounded; this singularity is not observed
on Venus. An example of the evolution of the GTR for a model in the time-dependent regime
is shown in Figure 2. Note that before 90 My both topography and geoid are negative, but at
90 My crustal thickening effects begin to dominate and the topography switches sign, causing
the GTRs to first become unbounded and then negative.

In the absence of a mechanism by which the sign of the geoid anomaly mimics that of the
topography over a given upwelling or downwelling, only the regime of rapid crustal flow is
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Plausible. In the case of mantle downwelling this would also require that the lower mantle be
more viscous than the upper mantle in order to produce the required positive geoid anomalies.
This has already been shown to be true for the Earth, where the observed geoid highs over
regions of mantle upwelling and regions of mantle downwelling are best explained by the
presence of a strong lower mantle [11,12). The large positive GTRs and the presence of
large shield volcanoes in certain highland regions on Venus, such as Beta Regio and Eistla
Regio, are best explained as areas of mantle upwelling [5,13,14). The regime of rapid crustal
flow predicts crustal thinning over the upwelling. However, the extensive partial melt and
ensuing volcanism expected over such regions of mantle may outweigh the effects of crustal
thinning on the surface topography and thus also yield postive GTRs [15].

100

th
S
L)

0 20 40 60 80 100 120 140
Time, My

Figure 2. Evolution of GTR with time. At each time step, the GTR shown is the slope of the
best fit line to the collection of geoid and topography values upward continued to 250 km
above the surface nodes in the model. The result is for a downwelling model, with a crust of
constant viscosity 50 times that of the mantle. In this model the sign of the topography is
time-dependent, but that of the geoid is not. The singularity at about 90 My corresponds to
the time when topography crosses the zero datum. Note that the GTRs for this model are
neither always positive nor always bounded.
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J. Phillips et al., Science, 252, 651, 1991; [5] S. E. Smrekar and R. J. Phillips, Earth Plane:.
Sci. Lent., 107, 587, 1991; [6] R. J. Phillips, Geophys. Res. Lent, 13, 1141, 1986; [7T] R. J.
Phillips, J. Geophys. Res., 95, 1301, 1990; [8] S. D. King et al., Phys. Earth Planet. Inter., 59,
195, 1990; [9] D. L. Bindschadler and E. M. Parmentier, J. Geophys. Res , 95, 21, 1990; (10]
H. Schmeling and G. Marquart, Geophys. Res. Lett , 17, 2417, 1990; [11] M. A. Richards and
B. H. Hager, J. Geophys. Res , 89, 5987, 1984; [12] B. H. Hager, J. Geophys. Res , 89, 6003,
1984; [13] R. E. Grimm and R. J. Phillips, J. Geophys. Res., 96, 8305, 1991; [14] R. E. Grimm
and R. J. Phillips, J. Geophys. Res , in press, 1991; [15] R. J. Phillips et al., Science, 252, 651,
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Introduction. High-resolution Magellan images and altimetry of Venus reveal a wide range of
styles and scales of surface deformation [1] that cannot readily be explained within the classical
terrestrial plate tectonic paradigm. The high correlation of long-wavelength topography and gravity
and the large apparent depths of compensation suggest that Venus lacks an u;:})cr-mantlc low- '
viscosity zone [2-5]. A key difference between Earth and Venus may be the egree of coupling
between the convecting mantle and the overlying lithosphere. Mantle flow should then have
recognizable signatures in the relationships between the observed surface topo'f'aphy, crustal
deformation, and the gravity field [6,7]. Therefore, comparison of model results with

- observational data can help to constrain such parameters as crustal and thermal boundary layer

thicknesses as well as the character of mantle flow below different Venusian features. We explore
in this paper the effects of this coupling by means of a finite element modelling technique.

Model. The crust and mantle in the models are treated as viscous fluids. We solve both the
equations of motion and the heat equation at each time step using a modified version of the two-
dimensional, Cartesian finite-clement program ConMan [8).. Our formulation assigns material
properties to each element and explicitly tracks the free surface topography and the crust-mantle

 interface by letting the grid deform with time in a semi-Lagrangian fashion. This procedure

permits variation in the crustal buoyancy as well as specific crustal and mantle rheologies that can
depend on composition, temperature and stress. In addition to the flow field, the stress field in the
lithosphere, the surface topography, and the resulting geoid are readily calculated. The model
domain is a square box. We impose frec-slip boundary conditions on the bottom and side walls,
with no flow through these walls. The top of the box is a true free surface, so there is no need to
derive surface topography from vertical stresses on the top of the box. We investigate two classes
of models. In the first class flow is dominated by concentrated upwelling (Figure 1a), and in the
second class flow is dominated by concentrated downwelling gigurc 1b). We vary the initial
crustal and thermal boundary layer thicknesses as well as the effect of crustal and mantle viscosities
that are either constant, temperature-dependent, or fully non-Newtonian.

Resulis. In all of our models, convection produces horizontal compressional stresses in
lithosphere above downwelling mantle and extensional stresses in lithosphere above upwelling
mantle. As the convective vigor increases so does the magnitude of the stress. In models with
constant-viscosity mantle overlain by a constant-viscosity crust, stress in the crust reaches values
in excess of 100 MPa in less than 100 My. We find that the rate of increase in compressive stress =
decreases with increasing crustal viscosity. This is because the stronger the crust, the more the
development of the convective instability in the mantle driving the deformation is impeded. We
also find that the magnitude of the peak compressive stress achieved above the downwelling

- increases with higher viscosities and/or with thinner initial crustal layers; the stronger the crustal

lid, the more are tractions from mantle convection sup&ortod in the crust. Since force balance on
the crust requires that shear tractions integrated along the base be balanced by normal tractions
integrated through its thickness, the thinner the crust, the larger the horizontal stresses.
Both analytical models [9,10] and our numerical models of convection-induced crustal flow

indicate that the amplitude and sign of the topography are time- and rheology-dependent. In

neral, possible responses of the crust to mantle flow can be divided into three categories. The
gst involves little, if any, crustal flow, and topography results mainly from the transmission of
normal tractions induced by density contrasts within the mantle. The second possible regime
involves substantial crustal flow, with geologically rapid thickening over convective downwelling
and thinning over convective upwelling. In this regime the effects of crustal thickness variations
dominate the topography. A third possible regime lies between the first two, with "in phase”
deformation on short time scales and crustal flow on longer time scales. A strong mantle
lithosphere tends to shield the crust from convective shear tractions, and topography results mainly
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from the transmission of convective normal tractions. A relatively weak lower crust facilitates
crustal deformation, and the isostatic effects of crustal thickness variations dominate the
topograply. . —

nsideration of geoid-to-topography ratios (GTRs) can restrict the regime of crustal response
appropriate for Venus. The distribution of estimated GTRs for several highland regions on Venus
is bimodal with two clusters around 10 and 25 m/km [5]. The positive correlation of long-
wavelength gravity and topography implies that there are no major regions that have negative
GTRs. To keep the GTRs positive, the geoid must follow the surface topogra h'iin sign at all
times. Although the regime of negligible crustal flow can correctly predict both the sign and
magnitude of the GTRs, it does not account straightforwardly for the crustal deformation (i.c.,
flow) inferred from observations of tectonic features, and p icularly areas of extensively
deformed terrain, on Venus. ‘

In contrast to the regime of negligible flow, that of time-dependent crustal flow generates
topography that changes sign. Over a mantle downwelling, the topography is negative in the early
stages of deformation and positive in the later stages of deformation; the converse holds over a
mantle upwelling. During the transitional period the topography goes through zero, the geoid does
not go through zero, and the GTR is unbounded; this smgularity is not observed on Venus.

Tn the absence of a mechanism by which the sign of the geoid anomaly mimics that of the
topography over'a given upwelling or downwelling, only the regime of rapid crustal flow is
plausible. In the case of mantle downwelling this would also require that the lower mantle be more
viscous than the upper mantle in order to produce the required positive geoid anomalies. This
layering of viscosity structure has already been shown to hold for the Earth, where the observed

id highs over regions of mantle upwelling and regions of mantle downwelling are best ‘
explained by the presence of a strong lower mantle [11,12]. The large positive GTRs and the -

resence of large shield volcanoes in certain highland regions on Venus, such as Beta Regio and

istla Regio, are best explained as areas of mantle upwelling [5,13,14]. The regime of rapid
crustal flow predicts crustal thinning over the upwelling, However, the partial melting and ensuing
volcanism and crustal plutonism expected over such regions may outweigh the effects of crustal
thinning on the surface topography and thus also yield positive GTRs [15) '
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Figure 1. Temperature contours for the (a) upwelling and (b) downwelling models. The box is

800 km in the horizontal dimension and 400 km in the vertical. Top and bottom temperatures arc
fixed at 500 °C and 1250 °C, respectively. Contour interval is 100 °C.



