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Abstract

In this study we explore the idea that coronae have formed on Venus as a result of gravitational (Rayleigh–Taylor) instability of the lith
The lithosphere is represented by a system of stratified homogeneous viscous layers (low-density crust over high density mantle,
density layer beneath the lithosphere). A small harmonic perturbation imposed on the base of the lithosphere is observed to result in g
instability under the constraint of assumed axisymmetry. Topography develops with time under the influence of dynamic stress asso
downwelling or upwelling, and spatially variable crustal thickening or thinning. Topography may therefore be elevated or depressed
mantle downwelling, but the computed gravity anomaly is always negative above a mantle downwelling in a homogeneous asthenos. The
ratio of peak gravity to topography anomaly depends primarily on the ratio of crust to lithospheric viscosity. Average observed ratios
resolved for two groups of coronae (∼40 mgal km−1), consistent with models in which the crust is perhaps 5 times stronger than the lithos
Group 3a (rim surrounding elevated central region) coronae are inferred to arise from a central upwelling model, whereas Group 8 (d
coronae are inferred to arise from central downwelling. Observed average coronae radii are consistent with a lithospheric thickness of o
An upper low-density crustal layer is 10–20 km thick, as inferred from the amplitude of gravity and topography anomalies.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Coronae are quasi-circular volcano-tectonic features
range in diameter from∼75 km to over 1000 km (e.g.Fig. 1)
and are considered unique to Venus. Coronae are general
lieved to form over small-scale mantle upwellings or plum
(Stofan et al., 1991; Squyres et al., 1992; Janes et al., 1992).

The most successful model of corona formation pred
the range of observed topographic signatures using a m
in which plume-like mantle upwellings cause the cold, de
lower lithosphere to delaminate, sinking into the mantle
deforming the surface (Smrekar and Stofan, 1997). This model
can account for the majority of tectonic deformation, ho
ever some questions remain unanswered. The size and
at which the assumed mantle plumes originate is unclear,
the relatively close spacing of many coronae is surprisin
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these plumes originate from deep in the mantle. The size
spacing of coronae imply relatively small plumes, but sm
plumes originating at the core–mantle boundary could be t
mally assimilated in the mantle (Hansen, 2003). In addition,
mantle upwelling models fail to address the relative lack of v
canism noted at some coronae.

Here we explore an alternative causal mechanism for c
nae, based on gravitational (Rayleigh–Taylor) instability of
lithosphere (Tackley and Stevenson, 1991; Tackley et al., 199).
Rayleigh–Taylor (R–T) instability may occur when a layer
dense fluid (i.e. lithosphere) overlies a layer of less dense
(asthenosphere). Under such conditions, small deflection
the boundary between the two fluids grow until the system o
turns (Chandrasekhar, 1961). The lithosphere may be unstab
relative to the underlying layer because it is colder and there
denser. Although terrestrial lithosphere is depleted in old
tonic regions (e.g.Jordan, 1978) and its chemical compositio
implies intrinsic buoyancy that increases with age (Poudjom-
Djomani et al., 2001), it is likely that the continental lithospher
is denser in many younger regions (Houseman and Molna

http://www.elsevier.com/locate/icarus
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mailto:greg@earth.leeds.ac.uk
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eter)
Fig. 1. Magellan synthetic aperture radar image of Nalwomga corona (48.7◦ N, 247◦ E). Nalwomga is a concentric, depression-shaped corona (380 km in diam
located in the plains. Black regions indicate data gaps. Image fromhttp://pdsmaps.wr.usgs.gov.
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1997, 2001). Venus and Earth are similar in size and mass
therefore should have a similar bulk composition despite
apparent absence of water on Venus (Kaula, 1999). Conductive
cooling and the likelihood of lesser chemical depletion the
fore lead us to expect that the venusian lithosphere is simi
denser than the underlying layer, at least in some regions.

Various aspects of the R–T mechanism including n
Newtonian viscosity (Houseman and Molnar, 1997), stratifica-
tion of density and viscosity (Molnar et al., 1998), the effects of
a crustal layer (Neil and Houseman, 1999), or externally forced
convergence (Billen and Houseman, 2004) have previously
been quantified.Pysklywec and Beaumont (2004)described the
asymmetric evolution of the instability when the upper lay
deform plastically. All of those studies were based on 2D pla
strain calculations in the context of the Earth. Here we cons
the development of R–T instability under the assumption
2D axisymmetry. In experimental R–T systems, instabili
that grow from background noise always produce a cluste
localised approximately axisymmetric blobs (Whitehead and
d
e

-
y

-

-
r
f

f

Luther, 1975). In any case,∼80% of coronae are approximate
axisymmetric (Stofan et al., 1992).

Magellan topography and free-air gravity data have rece
been used (e.g.Hoogenboom et al., 2004), to constrain models
of the venusian lithosphere where coronae have formed, as
ing an elastic layer that flexes under the load associated
corona formation. Such models help us to understand wher
load is applied, but do not explain the mechanism that ca
the load. It is clear from structural interpretations (e.g.Copp
et al., 1998), that corona formation is associated with per
sive and permanent deformation. Deformation of a low-den
crustal layer is a natural outcome of R–T instability of t
underlying lithospheric mantle, as shown for 2D plane-str
by Neil and Houseman (1999). Here we calculate deformatio
of the crust caused by instability of the mantle layer wh
axisymmetry is imposed, and use gravity and topography
servations to constrain model parameters. Our model ma
contrasted with the plume/delamination model ofSmrekar and
Stofan (1997)in which plumes originating at depth are requir

http://pdsmaps.wr.usgs.gov
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to drive the formation of coronae. The primary difference is t
here, deformation is driven by an instability that develops
cally within the lithosphere.

2. Methods

2.1. Governing equations and solution method

The inertial terms are negligible in the balance of stress
creeping viscous flow. Conservation of momentum in cylin
cal coordinates (Malvern, 1969) describes the balance betwe
body force, viscous stress and pressure gradients:

(1a)
∂(rσrr )

∂r
+ ∂(rσrz)

∂z
− σθθ = 0,

(1b)
∂(rσrz)

∂r
+ ∂(rσzz)

∂z
= rρg,

whereσ is the stress,ρ is the density,g is the acceleration du
to gravity (acting in the negativez direction), andr is the ra-
dial co-ordinate, and we have assumed that the solution
not vary in the tangential (θ ) direction. The stress (σij ) may be
resolved into pressure (P ) and deviatoric stress (τij ) according
to

(2)σij = Pδij + τij ,

where δij is the Kronecker delta. A Newtonian constituti
relation between deviatoric stress (τij ) and strain-rate (̇εij ) is
assumed:

(3)τij = 2ηε̇ij ,

whereη is the viscosity. For axisymmetric flow, the strain ra
are defined in terms of the radial (u) and vertical (v) velocity
components:

(4a)ε̇rr = ∂u

∂r
,

(4b)ε̇θθ = u

r
,

(4c)ε̇zz = ∂v

∂z
,

(4d)ε̇rz = 1

2

(
∂u

∂z
+ ∂v

∂r

)
.

The velocity field is assumed incompressible under condit
of cylindrical axisymmetry:

(5)
∂

∂r
(ru) + ∂

∂z
(rv) = 0.

For a given density and viscosity distribution, and appropr
boundary conditions, the flow field in the form of velocity co
ponentsu(r, z), v(r, z), and pressureP(r, z) can be obtained
by solving Eqs.(1)–(5)using the finite-element method. In o
der to compute finite deformation, material point coordina
(R,Z) (and properties like density and viscosity) are advec
by the flow, according to

(6)
dR

dt
= u,

dZ

dt
= v
t
-

r

es

s

e

s
d

which are integrated forward in time.
Numerical solutions of Eqs.(1)–(6) are obtained using

modified version of the finite-element programbasil devel-
oped byHouseman et al. (2002). The velocity field is repre
sented using quadratic interpolation functions on a triang
mesh. The pressure field is represented using linear inter
tion functions, followingYamada et al. (1975). The set of linear
equations (which results from the application of the Galer
method to the numerical solution) is solved using the conju
gradient method. Equation(6) is integrated using a two-ste
(second-order accurate) Runge–Kutta integration schem
these calculations the horizontal extent of the solution doma
small relative to the radius of the planet, so we neglect curva
of the surface layers. We assume that material properties
cosity, density) are piecewise constant, and the discontinu
in these properties fall on element boundaries in the triang
mesh used bybasil.

To validate the axisymmetric finite-element solutions,
early growth-rate of the instability, calculated from linear th
ory and valid for small deflections of the interfaces, was co
pared with the growth-rate calculated using thebasil program.
For a given wavenumber the theoretical growth rates are id
cal for 2D plane-strain (e.g.Neil and Houseman, 1999) and for
axisymmetry; the horizontal variation is described using co
functions for the former and Bessel functions for the latter.

2.2. Model description and boundary conditions

The model lithosphere (Fig. 2) includes a uniform crust (ini
tially betweenz = 0 andz = −m, with densityρc, thickness
m and viscosityηc) that overlies a uniform mantle (initially be
tweenz = −m andz = −h, with densityρm, thickness(h−m),
and viscosityηm). The lithosphere (of total thicknessh) over-
lies asthenosphere represented by a uniform half-space of
sity ρa , and viscosityηa small relative toηm. The density dif-
ference between the lithosphere and the asthenosphere (	ρ) is
attributed to the difference in mean temperature and the e
of thermal expansion (though compositional differences m
also contribute) (Houseman and Molnar, 1997). The calcula-

Fig. 2. Sketch of the cylindrically symmetric system of viscous fluid lay
with parameters as defined in the text, for domainr < R0 wherekR0 is either
the first or second zero of the Bessel functionJ1. The perimeterr = R0 is a
free-slip or reflection boundary for the purposes of these calculations.
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tions ignore the variation of density and viscosity within ea
layer, and assume that the viscosity of the asthenosphere is
ligible (<1/10 of the viscosity of the lithosphere).Molnar et
al. (1998)and Conrad and Molnar (1997)previously quanti-
fied the effect of these approximations. The effect of ther
diffusion is also neglected under the assumption that the in
bility develops quickly compared to the diffusive timescale
the lithosphere.

The upper surface of the planet is approximately stress-
For computational stability, however, we assume, as is c
ventional, that the vertical component of velocity on the up
boundary (z = 0) is zero (v = 0). The requirement of zero ve
tical traction is then satisfied by assuming that a small de
tion of the top surface provides the gravitational load requ
for v = 0 (e.g.McKenzie, 1977). For the horizontal compo
nent we consider both a free-slip (for which tangential str
σrz = 0) and a rigid upper boundary (both velocity compone
u = v = 0). Both types of condition may be relevant, and
upper surface boundary condition clearly can influence the s
and amplitude of dynamic topography (Zhong et al., 1996).

To simplify the application of boundary conditions at t
base of the lithosphere, a reference column of densityρa is
subtracted from the system, so that the effective density o
asthenosphere is zero, that of the crust isρc − ρa , that of the
atmosphere above the crust is−ρa , and that of the lithospher
is 	ρ = ρm − ρa . The asthenosphere is assumed to be r
tively inviscid, so that the base of the lithosphere (initially
z = −h) may be treated as a stress-free surface (both com
nents of traction are zero). On the boundary between crus
mantle layers (initially atz = −m), both velocity and traction
are continuous. On the central axis (r = 0), u = 0 andσrz = 0
are required for conservation of mass and momentum. We
sume the same conditions apply at radiusr = R0, representing
a free-slip perimeter, analogous to the reflecting condition o
used in 2D plane-strain calculations.

At time zero, the initially flat interface at the base of t
lithosphere is displaced vertically by a small perturbat
(±1%) that could be attributed to variation in basal he
flow or stress induced by convection in the layer beneath
lithosphere. An arbitrary radial variation in this deflection fun
tion can be described using combinations of the Bessel f
tions J0(kr) and J1(kr) with an appropriate combination o
wavenumbers. The functionJ0(kr) has a maximum atr = 0,
as required for generation of an instability with either c
tral upwelling(+) or central downwelling(−). In representing
cases of central downwelling we varyR0 and selectk so that
kR0 = 3.8317 (the first zero), representing a half waveleng
For central upwelling cases, we chosek so thatkR0 = 7.0156
(the second zero), representing a full wavelength. In orde
compare the two cases at the same wavenumber,R0 is greater
by the factor 7.0156/3.8317 for central upwelling than for c
tral downwelling experiments.

The governing equations are rendered dimensionless u
length scaleh, density scale	ρ, and stress scalegh	ρ. The
natural time scale for viscous flow is then

(7)t0 = 2ηm
.
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Key non-dimensional parameters (indicated with a prime)
govern the solutions then are the relative crust/mantle de
ratio

(8)ρ′
c = ρc − ρa

	ρ
,

the crust/mantle viscosity ratio

(9)η′
c = ηc

ηm

and the crust/lithosphere thickness ratio

(10)m′ = m

h
.

Assuming densities for mantle (ρm = 3330 kg m−3) and as-
thenosphere (ρa = 3300 kgm−3), similar to terrestrial values
and attributing the difference in density between lithosph
and asthenosphere to thermal expansion (	ρ = ρaα	T , with
thermal expansion coefficient,α of 3 × 10−5 K−1, ρa =
3300 kg m−3, and average temperature difference	T = 360 K),
we estimate	ρ = 30 kgm−3 (subject to unknown compos
tional variation). Assuming crustal density of∼2800 kg m−3,
we therefore useρ′

c = −16.7 in all of the numerical experi
ments described here. With crustal thickness estimates obt
from analysis of gravity and topography typically in the ran
10–60 km in coronae regions (e.g.Grimm and Hess, 1997
Hoogenboom et al., 2004), and lithospheric thicknesses b
tween 40 and 100 km (Kaula and Phillips, 1981; Phillips an
Malin, 1983; Phillips, 1990; Solomon and Head, 1982), we
consider values ofm′ = 1/6, 1/3, and 1/2. Topography and
gravity anomalies in the following diagrams are presented
g = 10 m s−2, h = 100 km and	ρ = 30 kgm−3. The rela-
tive crustal viscosity parameterη′

c is poorly constrained and w
consider values in the range 0.05–25. The absolute visc
scaleηm is likewise poorly constrained, and therefore we ret
a dimensionless timescale in results presented below.

2.3. Surface topography and gravity

To calculate topographic variation on the upper surface, v
ations in vertical normal stress are assumed to be in static
librium with the topographic burden of assumed densityρc and
amplitudeH(r):

(11)H = h
	ρ

ρc

σ ′
zz = h

	ρ

ρc

(
p′ + 2η′ ∂v′

∂z′

)
,

whereσ ′
zz is dimensionless normal stress evaluated atz = 0,

h is the lithospheric thickness and	ρ is the density difference
between the lithosphere and the asthenosphere. The dens
the atmosphere is assumed negligible relative toρc.

The vertical component of the gravity anomaly at (r0, z0) is
calculated using a surface integral around each constant
sity region. The integral in theθ direction (around the axis o
symmetry) may be expressed as the complete Legendre e
integral of the first kindF(π/2, k):

(12)	g = −4G	ρ

∮ (
rF (π/2, κ(r, z))

a(r, z)

)
dr,
∂Ω
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where a(r, z) = √
(r + r0)2 + (z0 − z)2, κ(r, z) = 2

√
rr0/

a(r, z), (r0, z0) is the measurement point, and (r, z) are the co-
ordinates of the path in the vertical plane around each con
density region. Gravity is also influenced by material outs
the solution domain. For the purpose of the gravity calculat
the layer is assumed to continue to infinite radius, stratifie
at r = R0. For this reason, solutions were avoided in wh
downwelling of the layer occurred atr = R0.

Equation(12) is applied once for the crust-mantle inte
face (density contrastρc − 	ρ) and once for the lithosphere
asthenosphere interface (density contrast	ρ) to compute the
Bouguer anomaly. To calculate the free-air anomaly, the e
of mass in the topography abovez = 0 is also included by a
further application of Eq.(12) to the topography functionH(r)

(density contrast−ρc). Model calculations here assume a m
surement height for gravity of 5000 m above the reference le

3. Results

3.1. Growth-rate and wavenumber

When the perturbation is a small pure harmonic disturba
(i.e. a simple multiple of the Bessel functionJ0(kr)), the gen-
eral analytic solution consists of two terms that grow or de
exponentially (Neil and Houseman, 1999; Molnar and Hous
man, 2004). The growing term is driven by the unstable strat
cation at the base of the model lithosphere, while the deca
term is driven by the stable stratification at the base of the c
The dimensionless growth-rateq ′(k′) = t0q(hk) of the unsta-
ble term determines the timescale over which the instab
grows. If a range of wavenumbers is present in the initial p
turbation (e.g. if developed from a random perturbation),
wavenumber for whichq ′ is a maximum soon dominates the s
lution. For the numerical experiments shown, we investigat
range of wavenumbers in order to approximately identify
maximum growth-rate of the instability. We used eight d
ferent dimensionless wavenumbers:k′ = kh = 20.94, 12.56,
6.28, 4.19, 2.09, 1.39, 1.05, 0.52 (corresponding to dom
radii R0/h = 0.3, 0.5, 1.0, 1.5, 3, 4.5, 6, and 12, for cent
downwelling, and the same set multiplied by 1.8309 for cen
upwelling).

The growth-rate of the instability is determined from the g
dient of the graph of the natural log of the maximum displa
ment versus dimensionless time. Central downwelling mo
theoretically grow at the same rate as central upwelling m
els in the early stage of growth. If the deformation is sm
the numerically determined linear growth-rates agree wi
3% for the two forms of the instability. Form′ = 0 and free-
slip upper boundary, growth-rate increases monotonically
wavelength, and is maximum (q ′ = 0.5) for k′ = 0. For rigid up-
per boundary, growth rates peak at wavelengths comparab
the layer thickness (k <∼2.5) and decay to zero at long wav
lengths. At short wavelengths, growth rates are similar for b
conditions.

The growth-rates form′ = 0 are, within numerical uncer
tainty, the same as those obtained byConrad and Molnar (1997
for 2D plane-strain instability. While the perturbation is sm
nt
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the dependences on parametersm′, η′
c, andρ′

c of growth-rates
q ′(k′) (previously described byNeil and Houseman, 1999), ap-
ply equally to the axisymmetric problem. The axisymme
problem differs essentially from the plane-strain problem
the asymmetry between peripheral upwelling and central do
welling (or vice versa), and the consequences of this asymm
for the development of the instability into the large amplitu
domain.

3.2. Instability without crustal layer

Growth of the R–T instability for a central downwelling e
periment is compared with that of a central upwelling exp
ment inFig. 3 for the case of a uniform mantle layer withou
crust. Central downwelling (Fig. 3a) occurs for a positive ini
tial perturbation in lithospheric thickness on the axis (r = 0),
central upwelling (Fig. 3b) for a negative perturbation. In th
illustration a relatively long wavelength is assumed, consis
with the highest growth rates occurring for zero wavenumb

Thickening of lithosphere pulls the surface downwards,
ating a topographic basin over the downwelling, whose de
increases with time (Fig. 3c). For central upwelling model
with a free-slip upper boundary, a rise develops over the
of symmetry (Fig. 3d), caused by lithospheric thinning benea
the centre. A much deeper trough is created over the annul
gion of downwelling. At this wavenumber the downwelling dr
shifts slightly towards the centre of axisymmetry as it gro
which causes the sides of the trough to become steeper, an
central dome more plateau-like, with time (Fig. 3d, t ′ > 0.85).

The free-air gravity profiles (Figs. 3e and 3f) are qualita-
tively similar in shape and sign to the topography profi
Negative free-air gravity anomalies are calculated over
depressed topography whether downwelling is central or
ripheral, but significant positive highs develop on the side
the negative trough inFig. 3f. Gravity anomaly amplitude
may be somewhat greater for the central upwelling experim
(Fig. 3f) when compared to the central downwelling experim
(Fig. 3e) at a comparable stage of growth.

3.3. Effect of a low-density crustal layer

We next consider a model lithosphere that includes a cru
layer with initial crust to lithosphere thickness ratio ofm′ =
1/6, and no viscosity contrast between the crust and ma
(η′

c = 1). The deflection of the base of the lithosphere as
instability develops is shown for central downwelling (Fig. 4a)
and central upwelling (Fig. 4b). Also shown (as dashed lines
are the depths of the crust–lithosphere boundary at the b
ning (flat line) and at the last time step. Compared with the
crust models, the low-density crustal layer reduces the gro
rate q ′ and decreases the wavelength of maximum grow
because the buoyant crustal layer inhibits the growth of the
stability.

In both experiments crustal thickening occurs over the do
welling. The asymmetry between central downwelling and c
tral upwelling is clearly evident in the final crustal thickne
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s

depths of
Fig. 3. Lithosphere–asthenosphere boundary (a,b), topography profiles (c,d), and gravity anomaly profiles (e,f), at five successive dimensionless times during the
growth of the Rayleigh–Taylor instability, for the case of central downwelling (a,c,e) and central upwelling (b,d,f), in cylindrical axisymmetry with η′

c = 1, m′ = 0,
k′ = 0.3193 (R0 = 12 and 21.97 for (a) and (b), respectively), and free-slip upper surface. Topography (c, d) is arbitrarily zeroed atr = R0. Gravity (e,f) approache
zero asr → ∞, assuming that the structure atr = R0 extends uniformly to infinity.

Fig. 4. Lithosphere–asthenosphere boundary (a,b), topography profiles (c,d), and gravity anomaly profiles (e,f), at five successive dimensionless times during the
growth of the Rayleigh–Taylor instability, for the case of central downwelling (a,c,e) and central upwelling (b,d,f), in cylindrical axisymmetry with η′

c = 1,m′ = 1/6,
ρ′
c = −16.7, k′ = 1.2772 (R0 = 3 and 5.49 for (a) and (b), respectively), and free-slip upper surface. Dashed lines near the top of (a) and (b) denote the

the crust–lithosphere boundary at the beginning and end of the experiments. Other conventions are as forFig. 3.
n-
d-

one,
an-
is
distributions of these two experiments. With central dow
welling (Fig. 4a) peripheral crustal extension is relatively mo
est. For the central upwelling experiment (Fig. 4b), however,
major lithospheric extension occurs beneath the central z
with downwelling and crustal shortening in the surrounding
nular region. Mantle flowing downward in the annular region
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replaced by lower-density asthenosphere that moves up i
centre as part of the convective overturn. The crust is thicke
above the downwelling (by a factor of∼1.6) and thinned in the
central region (by a factor of∼2.2) at the end of the experimen

The buoyancy of the thickened crust over the downwel
causes the surface to rise in these regions (Figs. 4c and 4d).
For central downwelling, continued thickening in the cen
pushes the surface upwards, creating a dome, which grows
time (Fig. 4c). For central upwelling the high topography form
an annular ridge of comparable height surrounding a low c
tral topographic depression (Fig. 4d). Compared toFig. 3, the
signs of the topography anomalies over the downwellings
reversed. With the crust present, topography has isostatic
lated to crustal thickness variation) and dynamic compone
Crustal thickening clearly may cause positive topography th
greater than the negative dynamic topography (Figs. 4c and 4d).

The free-air gravity anomaly is more difficult to analy
since it includes a positive component from the dense li
spheric root, a negative component from the dynamic topo
phy, a negative component from the crustal root, and a pos
component from the isostatic component of topography. In g
eral the topographic contributions outweigh those caused b
density anomalies at depth, but whether the isostatic compo
outweighs the dynamic component depends on the exte
crustal deformation. InFigs. 4e and 4fthe negative componen
of the free-air gravity signal dominate over the downwellin
though they are smaller in amplitude than those ofFigs. 3e
and 3fby a factor of�5. Similar trends are also observed in t
topography and gravity anomalies calculated for models wi
rigid upper boundary, although the amplitudes of both topo
phy and gravity are reduced compared to those obtained
free-slip experiments.

3.4. Influence of crustal viscosity ratioη′
c

In the next set of experiments we varied the ratio of crusta
lithospheric viscosity (η′

c) between 0.05 and 25. In these calc
lations, we assume a layer thickness ofm′ = 1/6. To illustrate
the effect of crustal viscosity on topography and gravity, t
end-member experiments are described:η′

c = 25 (Fig. 5), and
η′

c = 0.05 (Fig. 6). In each case we chose a wavenumber n
that of maximum growth rate. The wavenumber of maxim
growth rate is reduced for the strong crust, because the ba
the crust behaves like a rigid upper boundary resisting hori
tal movement. In contrast longer wavelengths grow faster
the weak crust because of the reduced resistance to horiz
movement.

In general, if the viscosity of the upper layer is much grea
than that of the lower layer, the thickness of the crust s
approximately the same, regardless of upper boundary co
tion or wavenumber (e.g.Fig. 5). However the crust transmit
the stress created by the mantle downwelling that pulls the
face downward into a topographic depression, growing de
with time (Figs. 5c and 5d). With negligible contributions from
crustal thickness variation, the free-air gravity anomaly is do
inated by the depression of the upper surface to produ
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negative anomaly above the downwelling lithosphere wh
amplitude also increases with time (Figs. 5e and 5f).

Although the crust undergoes little thinning in the cen
upwelling experiment (Fig. 5b) the lithosphere in the central r
gion is thinned by a factor of between 2 and 3 at the end of
experiment, creating a huge contrast in lithospheric thickn
compared to the surrounding annular region. As the lithosp
is pushed upwards and thinned over the central upwelling
topography is also pushed upwards into a dome surrounde
a trough over the annular downwelling (Fig. 5d). The dome in-
creases in height with time, eventually assuming a plateau
profile. Because the variations in crustal thickness are so s
in these experiments, the free-air gravity anomaly profiles h
a similar shape to the topographic profiles (Fig. 5f). Compa-
rable experiments with a rigid upper boundary show sim
topographic and gravity anomaly profiles.

If the crust is 20 times weaker than the mantle (η′
c = 0.05)

the crust is easily deformed, and in the course of the ex
iment is thickened by almost a factor of 2 over the cen
downwelling (Fig. 6a). The topographic profile over the ce
tral downwelling (Fig. 6c) becomes dome-shaped as the up
associated with the progressively thickening crust overwhe
the dynamic component of subsidence caused by mantle d
welling. The free-air gravity anomaly, however, continues
be dominated by the negative contribution to the topogra
signal from dynamic stress, and the broad negative ano
increases in amplitude with increasing time (Fig. 6e). Com-
pared to the experiment with no variation in viscosity betw
the crust and mantle (Fig. 4), we see firstly that the shapes
gravity and topography profiles are similar, and secondly
the low crustal viscosity reduces the amplitude of topogra
by perhaps 1/3, whereas the amplitude of the gravity anom
is increased by about a factor of two. Similar topography
gravity profiles are observed in the corresponding experim
with a rigid upper boundary except that the height of the top
raphy is reduced by as much as a factor of 1.3 at compa
stages of development of the instability.

3.5. Influence of crustal thickness ratiom′

The relationship between growth-rate and wavenumbe
shown inFig. 7 for values ofm′ = 1/3, 1/2, 1/6 and 0, for
both free-slip and rigid upper boundaries. Asm′ increases and
the crust is a greater percentage of the combined layer th
ness, the growth-rateq ′ decreases for either upper bounda
condition, though the effect is small for wavenumbers gre
than∼6. Differences between free-slip and rigid upper bou
ary experiments are most apparent at small wavenumbers
m′ less than∼1/3 (compareFigs. 7a and 7b). The crust is lim-
ited in its ability to deform and its buoyancy resists thicken
with either boundary condition (Neil and Houseman, 1999).
Thinner crust is less able to mask the effect of the upper bo
ary and, for a free-slip boundary, the growth rate is obser
to increase significantly at small wavenumber as the cru
thinned (Fig. 7a).

To illustrate the effect of a relatively thick crust (or th
lithosphere), on topography and free-air gravity,Fig. 8 shows
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Fig. 5. Lithosphere–asthenosphere boundary (a,b), topography profiles (c,d), and gravity anomaly profiles (e,f), at five successive dimensionless times during the
growth of the Rayleigh–Taylor instability, for the case of central downwelling (a,c,e) and central upwelling (b,d,f), in cylindrical axisymmetry with η′

c = 25,
m′ = 1/6, ρ′

c = −16.7, k′ = 2.554 (R0 = 1.5 and 2.75 for (a) and (b), respectively), and free-slip upper surface. Other conventions are as forFig. 4.
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central upwelling and central downwelling experiments
m′ = 1/2 with crust that is relatively weak (η′

c = 0.25). With
central downwelling, the crust thickens by a factor of∼1.1
over the downwelling (Fig. 8a). As for Fig. 6a, the topogra-
phy is briefly depressed over the downwelling then beco
dome-shaped as the uplift associated with the thickening c
exceeds the dynamic component of subsidence related t
mantle downwelling (Figs. 8c and 8d). The topographic relie
is much less than that predicted for a thinner crust, whe
the crust is weaker (e.g.Figs. 6c and 6d) or somewhat stronge
(e.g.Figs. 4c and 4d). Therefore the free-air gravity anomali
(Figs. 8e and 8f) remain negative over the downwellings, a
their amplitudes comparable to those of thinner stronger c
(Fig. 4).

For the corresponding experiment with central upwell
(η′

c = 0.25, m′ = 1/2), crustal thickening by a similar facto
(∼1.13) occurs above the downwelling (Fig. 8b). The most
noteworthy aspect of this experiment, however, is the extr
s
st
he

r

st

e

degree of lithospheric thinning in the central region, e
though crustal thickness is almost unaffected. Lithosph
thinning causes uplift, resulting in a central plateau tha
surrounded by an annular ridge caused by crustal thicke
above the downwelling (Fig. 8d). The same experiments wi
a rigid upper boundary show comparable development of
lithospheric downwelling but reduced degree of crustal th
ening.

4. Discussion

A successful model of coronae formation should explain
wide variety of observed shapes, diameters, topographic pr
heights, free-air gravity anomalies (Table 1) and presence o
absence of volcanism and extensional or convergent struc
at the surface. Although mantle upwellings are the favou
mechanism for the formation of hot-spot rises, lithosphe
gravitational instabilities may develop independently of plum
that have originated deep within the mantle.
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s
,

Fig. 6. Lithosphere–asthenosphere boundary (a,b), topography profiles (c,d), and gravity anomaly profiles (e,f), at five successive dimensionless times during the
growth of the Rayleigh–Taylor instability, for the case of central downwelling (a,c,e) and central upwelling (b, d, f), in cylindrical axisymmetry with η′

c = 0.05,
m′ = 1/6, ρ′

c = −16.7, k′ = 1.277 (R0 = 3.0 and 5.49 for (a) and (b), respectively), and free-slip upper surface. Other conventions are as forFig. 4.

Fig. 7. Dimensionless growth-rate (measured from numerical experiments) versus dimensionless wavenumber, for axisymmetric Rayleigh–Taylor intability for
(a) free-slip and (b) rigid upper boundary, each withη′

c = 1 andρ′
c = −16.7. Diamonds representm′ = 0; circles,m′ = 1/6; triangles,m′ = 1/3; and squares

m′ = 1/2.
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In interpreting our model profiles, we note several simp
cations necessary to obtain practical solutions: Firstly, the
stability would continue to evolve after our calculations s
(limited by mesh distortion). Detachment of the downwelli
material and subsequent gravitational relaxation of the bas
the crust and upper surface would probably then occur, acc
panied by a decrease in amplitude of gravity and topogra
anomalies. The ratio of gravity to topography anomaly for s
a relict corona should be preserved even though the peak a
tudes would presumably be much reduced with further elap
time. Secondly, the truncation of the model atr = R0 may in-
troduce a bias in the inferred background levels for eleva
and gravity. We have also omitted erosion, brittle failure of
crust and the elastic response of the lithosphere. While the
tic response of the lithosphere will act to redistribute surf
deflection at short wavelengths, leading to broader topogra
-

of
-

y

li-
d

n

s-

y

(Turcotte and Schubert, 2002), the wavelengths of these stru
tures may well be great enough that the flexural effect is sm
Erosion is not expected to play a major part in the defor
tion of corona structures given the low rates of erosion infe
on Venus (Arvidson et al., 1992). We also omit the effects o
non-Newtonian viscosity, which may require a large initial p
turbation to overcome the stabilising effect of thermal diffus
(Houseman and Molnar, 2001), and assume that the viscos
of the underlying asthenosphere is negligible, which is ac
rate if its viscosity is less by a factor of 10 or more than tha
the mantle (Conrad and Molnar, 1997). Conduction of heat, an
the thermal subsidence that would result from lithospheric
tension and thermal re-equilibration (e.g.McKenzie, 1977), are
also omitted; we assume that the instability is fast compare
thermal re-equilibration.
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Fig. 8. Lithosphere–asthenosphere boundary (a,b), topography profiles (c,d), and gravity anomaly profiles (e,f), at five successive dimensionless times during the
growth of the Rayleigh–Taylor instability, for the case of central downwelling (a,c,e) and central upwelling (b,d,f), in cylindrical axisymmetry with η′

c = 0.25,
ρ′
c = −16.7, m′ = 1/2, k′ = 2.554 (R0 = 1.5 and 2.75 for (a) and (b), respectively), and free-slip upper surface. Other conventions are as forFig. 4.
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In what follows, we systematically compare observatio
measurements from venusian coronae, with the prediction
these models in order to infer constraints on the thickness
effective viscosity of the venusian lithosphere.

4.1. Topographic shape

Coronae topographic profiles have been classified into
groups (Table 1) by Smrekar and Stofan (1997). Most of the
standard profile types can be explained by the gravitationa
stability model, although some are better explained by cen
upwelling and some by central downwelling (Table 1).

Within the parameter space examined, examples of sim
depressions (Group 8) are provided by experiments in w
there is no crustal layer (e.g.Fig. 3c) or in which the crusta
layer has a high viscosity (e.g.Fig. 5c). Domes (Group 1
are provided by experiments with a low-density crustal la
and central downwelling (e.g.Figs. 4c, 6c, 8c). Central down-
welling initially induces a small depression that, depending
the viscosity of the crust, evolves into either a dome or a de
depression, with time. High-viscosity crust is flexed downw
l
of
d

e

-
l

le
h

r

er

above a mantle downwelling, whereas crust whose viscosi
less than or similar to that of the mantle shortens horizont
thickens and forms a dome at the surface. Domes or plat
surrounded by a trough are also predicted in some cases o
tral upwelling if the crust is very viscous (Fig. 5d) or absent
(Fig. 3d).

Topographic groups 2, 3, 4, and 7 (Table 1) are better
explained by models that are driven by central upwelli
with variations in topographic profile depending on the i
tial crust/lithosphere thickness ratiom′, viscosity of the crus
η′

c, and time t . However, it is possible that plateaus evo
from domes by gravitational spreading that follows the
tial instability. If the crust is sufficiently thick or weak (e.
Fig. 8d), topography evolves from rim surrounding depress
(Group 4), to rim-only (Group 7), and eventually to rim su
rounding interior high (Group 3a). The evolution of rim-on
coronae (Group 7) from rimmed-depression coronae (Grou
is also predicted for models of coronae formation based on
welling diapirs (Koch and Manga, 1996) or plumes (Smrekar
and Stofan, 1997).
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Table 1
Observed coronae properties

Group Topographic profile Description
(# of coronae)

Observed diameter
(km)

Observed peak free-
air gravity (mgal)

Observed peak topo-
graphic deflection (m)

GTR(mgal km−1)

Min.
max.

Med. Ave.
std. dev.

Min.
max.

Med. Ave.(#)
std. dev.

Min.
max.

Med. Ave.
std. dev.

Min.
max.

Med. Ave.
std. dev.

1 Dome (30) 75 150 201 −68 41 28(10) 300 1533 1667 −153 22 −4
552 109 128 67 3300 921 43 60

2 Plateau (52) 60 292 306 −75 49 40(23) 400 1700 1826 −38 36 27
850 160 142 55 3500 989 106 33

3a Rim surrounding
interior high (39)

145 300 327 10 51 64(23) 600 1250 1267 8 52 46
630 119 198 45 2300 477 88 23

3b Rim surrounding
interior dome (64)

91 288 309 −50 13 18(22) 100 650 783 −125 3 −11
810 146 93 44 2300 578 125 75

4 Rim surrounding
depression (111)

64 170 195 −79 −35 −23(21) −2600 −810 −930 −283 −33 −36
1155 135 72 45 −120 679 153 89

5 Outer rise, trough,
rim, inner high
(22)

118 313 341 – – – – – – – – –

600 145

6 Outer rise, trough,
rim, inner low (6)

150 207 622 – – – – – – – – –
2600 973

7
Rim only (31)

120 200 269 −65 0 −1(5) 200 600 760 −50 −38 −10
1060 186 47 39 1300 513 78 56

8 Depression (39) 60 145 166 −62 −33 −35(8) −3800 −1100 −1300 9 35 38
450 87 −10 18 −400 1120 90 26

9 No discernible
signature (13)

60 150 166 – – – – – – – – –
330 75

Topographic Groups are defined (Smrekar and Stofan, 1997), including the total number of coronae observed in each group (parentheses). Diameter is ca
as the outermost extent of the concentric deformation (Stofan et al., 1992). Peak free-air gravity anomalies were measured for a subset of 112 coronae for
the gravity field is locally resolved (Johnson and Richards, 2003). Subscripts indicate the number of coronae sampled in each group. Peak topographic defl
away from the background level were calculated for the same 112 coronae over the centre of each corona (with the exception of Groups 3a and 7 whk
topography was measured over the rims). Peak gravity/topography (GTR) ratio is calculated by dividing the peak free-air gravity anomaly by the peak topogr
deflection. The minimum, maximum, median, average and standard deviation for each group measurement is also provided. Data for Groups 5 and 6ing
6% of the corona population) are omitted from this table for lack of adequately resolved gravity data in the relevant regions.
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More complex topography (e.g. Group 3b) is found w
central upwelling models in a few instances where a secon
instability with shorter wavelength develops after the ini
central upwelling (e.g.Fig. 9, with η′

c = 0.05,m′ = 1/2). Addi-
tional peripheral ridges and troughs are observed with Gro
and 6 coronae (defined by outer rise, trough, rim, and inner
or low) and may be predicted if higher Bessel modes are
mitted to grow, as occurs inFig. 9.

4.2. Coronae diameters

For a model lithospheric thickness ofh = 100 km, domes
(e.g.Figs. 4c, 6c, 8c) and depressions (e.g.Fig. 5c) have scaled
diameters (2R0) of 300–600 km (depending onk′, η′, andm′).
Thus the range of model diameters is consistent with the
served average diameter of 200 km for domes and depres
(Table 1), if the nominal value of the scaling parameterh is re-
duced by approximately 1/2, to h = 50 km (with uncertainty
ry

5
h
r-

-
ns

of a factor of∼2). Thinner lithosphere does not, however,
clude the possibility of larger coronae developing in respo
to small wavenumber disturbances.

The other topographic groups (plateaus, rimmed plate
domes with surrounding rims, and rim only) whose profile ty
are better explained by a central-upwelling model (see
vious section) have observed average diameters of∼300 km
(Table 1; Stofan et al., 1992). With h = 100 km, the example
shown inFigs. 4d, 5d, 6d, 8d, and 9bhave model diameter
in the range 500–1000 km. Because the model diameter s
directly with h, the observed average diameter of 300 km
these topographic groups, again implies lithospheric thick
h = 50 km, with uncertainty of a factor of∼2. Such values ofh,
smaller than expected, explain the average group diameter
we note that there is great variability in the data, and nume
examples of large coronae whose diameter is more consi
with a thicker lithosphere, or at least longer wavelength dis
bances.
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Fig. 9. Lithosphere–asthenosphere boundary (a), topography profiles (b
gravity anomaly profiles (c), at five successive dimensionless times for a
periment begun with central upwelling in cylindrical axisymmetry,η′

c = 0.05,
ρ′
c = −16.7, m′ = 1/2, k′ = 1.277 (R0 = 5.49), and free-slip upper surfac

The dashed lines in (a) show the boundaries between the crust and lithos
at beginning and end of the experiment.

4.3. Amplitude of topography

Observations of peak coronae topographic heights (Table 1)
provide further constraints on model parameters. Topogra
amplitudes typically are on the order of 1000 m, but v
from effectively zero (within measurement error of∼100 m
(Pettengill et al., 1991)) to ∼3000 m.

For a range of experiments we calculated the amplit
of model topography (e.g.Figs. 3c–3d, 4c–4d, 5c–5d, 6c
6d, 8c–8d, 9b), assuming values within the expected ran
of parametersρ ′

c, m′, and η′
c, and nominal dimensionalisa

tion constantsh = 100 km and	ρ = 30 kgm−3 (Eq. (11)).
The scaling parameters are not unique: the same topogr
scale results if we reduceh to 60 km and increase	ρ to
50 kg m−3. The model topographic heights fall within the o
served range of topographic heights however, suggesting
h	ρ = 3 × 106 kg m−2 is (within a factor of 2 or so) the cor
rect value to use in scaling our experiments. Some combina
of m′ and η′

c (e.g. Figs. 8c and 8d) do not give rise to topo
graphic amplitude on the kilometre scale without a significa
greater value ofh	ρ. In those cases the dynamic componen
topography has comparable magnitude and opposite sign t
component caused by crustal thickening. In other cases, o
these components dominates, and we easily predict kilom
scale topography. This variability in model amplitudes appe
to be reflected in the data variability (Table 1). It is therefore
nd
x-
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difficult to use the amplitude of topography alone to better c
strain the key physical and non-dimensional parameters.

For the scaling factorsh	ρ ∼ 3 × 106 kgm−2 and h =
50 km (from analysis of coronae diameters) we infer	ρ ∼
60 kg m−3. If this density excess is explained by therm
contraction, it implies a mean temperature contrast betw
lithospheric mantle and convection layer of about 600 K (al
these numbers uncertain within about a factor of 2). The m
temperature contrast, however, is expected to be at most a
475 K. Explanation of the density anomalies in terms of th
mal expansion is therefore possible, but we acknowledge
density differences caused by compositional variation pre
possible alternative mechanisms.

4.4. Free-air gravity anomalies

Gravity data were obtained from Magellan over 98%
Venus, at altitudes of 155–220 km. These data have b
downward continued to the surface, and analysed to d
mine a new spherical harmonic representation of the gra
field (MGN180USAAP), complete to degree and order 1
(Konopliv et al., 1999). Konopliv et al. (1999)described the res
olution in the model gravity field by means of a global degr
strength map, which provides an estimate of the maxim
spherical harmonic degree, below which there is discern
power in the local gravity field. In some regions, waveleng
as short as 300 km in the free-air gravity field are resolv
Thus, gravity data provide an additional constraint on mod
of corona formation, although the resolution may not be a
quate for application to many smaller coronae.

Johnson and Richards (2003)estimated the peak free-a
gravity anomalies of selected coronae (relative to the b
ground regional gravity field). Due to the variation in degr
strength, estimates were only obtained for 112 coronae an
all topographic groups were equally well represented (Table 1).
The peak anomalies range from−68 to 198 mgal, where pea
indicates maximum departure, positive or negative, from
background. For most of the topographic groups, both p
tive and negative peak free-air gravity anomalies are obse
Group 8 (depression) coronae, however, show uniformly n
ative peak free-air gravity anomalies, and Group 3a (rim
rounding interior high) coronae show only positive peak free
gravity anomalies.

In our experiments negative free-air gravity anomalies
velop over downwellings, becoming more negative with
creasing time. For central downwelling a peripheral high
the free-air gravity is typically of small amplitude. For ce
tral upwelling, a positive free-air gravity anomaly in the cent
region may have amplitude comparable to, or in some c
greater than, the negative anomaly over the downwelling. V
ability in amplitude of free-air gravity can be explained by t
presence of a deforming crustal layer and variation in its th
ness produced by deformation. In contrast to model topogra
however, the free-air gravity anomaly is always negative o
a downwelling. Thus, observations that show positive gra
anomalies over the centre of coronae imply central upwel
in light of this model. Because the anomaly caused by the
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forming crustal layer generally acts in the opposite direc
to that caused by the downwelling mantle, the largest gra
anomalies are calculated when there is no crustal layer
Figs. 3e–3f), and the smallest are calculated for a thick cr
(e.g.Figs. 8e–8f). With crustal thickness ratios in the expect
range of 1/6–1/3, however, significant variability in the am
plitude of free-air gravity anomalies can also be attributed
variations in the relative viscosity of the crustal layer (e
Figs. 4e–4f, 5e–5f, 6e–6f).

The range of scaled peak free-air gravity estimates obta
from the numerical experiments overlaps generally with
range of observed gravity anomaly amplitudes (Table 1), which
are typically on the order of 50 mgal, and occasionally
much as 200 mgal. In general, however, our scaled exam
predict smaller gravity anomalies than are observed. We
tained anomalies greater in amplitude than 100 mgal, only w
the crustal layer is absent (e.g.Figs. 3e and 3f). The gravity
anomalies of observed Group 8 (depression) coronae (ave
−35 mgal) clearly imply central downwelling, but the re
tively modest amplitude also implies that a low-density cr
is present, reducing the amplitude of the anomalies relativ
what would be observed in the absence of a crust (e.g.Fig. 3).
Average gravity anomaly amplitudes for most of the other to
graphic groups are smaller than the standard deviation for
group of measurements. Thus we should be cautious in i
preting data that appear to be noisy. Only for Group 3a (
surrounding high) does the average peak anomaly (64 m
differ significantly from zero, and clearly imply that a cent
upwelling mechanism is responsible for that group of coron

As with the topographic anomalies, time dependence,
the scaling constantsh and 	ρ, directly and proportionally
influence the predicted gravity anomalies(12). Although we
might predict gravity anomalies of greater magnitude by
creasing the scaling constanth, the implied corresponding in
crease to model corona radius and topographic amplitude w
not be consistent with observations. Alternative explanat
for our calculation of smaller model anomalies than are
served could lie in inadequate resolution of the gravity fie
or in our omission of possible deep-sourced anomalies (e
mantle plume situated beneath the corona).

4.5. Gravity to topography ratio (GTR)

The shared dependence of gravity and topography anom
on the scaling constanth	ρ suggests another measure indep
dent of these scaling constants: the ratio of the peak ampl
of free-air gravity anomaly to topography. This measure is
strongly dependent on time, because both anomalies inc
approximately linearly with time. The gravity/topography ra
(GTR) thus should be more useful for constraining model pa
metersη′

c, andm′.
We computedGTR for each experiment by dividing th

peak gravity above the downwelling by the peak topog
phy above the downwelling, retaining the sign of each m
sure. With no crustal layer, this ratio provides values betw
30 and 80 mgal km−1 for central downwelling, and betwee
30 and 65 mgal km−1 for central upwelling. The compute
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GTR values are shown inFig. 10 for calculations with dif-
ferent crust/lithosphere thickness (m′) and viscosity (η′

c) ra-
tios, and either central downwelling (Figs. 10a–10c) or up-
welling (Figs. 10d–10f). The spread of the measurements (fr
∼9 distinct time levels for each experiment) shows that
GTRcalculation removes most of the time-dependence in
ent in each of the separate gravity and topography meas
Values ofGTRshow an almost linear dependence on the lo
rithm of η′

c, for all values ofm′ examined. The range ofGTR
computed numerically varies between approximately−250 and
+190 mgal km−1. Similar values ofGTRare obtained for cen
tral downwelling and upwelling models, other parameters be
equal. The predictions of comparable models with a rigid up
boundary are similar, although amplitudes ofGTRare typically
reduced by a factor between∼1.7 and 1.9.

For eachm′ examined, we find a value ofη′
c (generally close

to η′
c = 1) at which theGTRchanges from negative to positiv

This change in sign is driven by the change in sign of topo
phy: for smallη′

c crustal thickening causes elevated topogra
above a downwelling; for largeη′

c flexure of the crust is down
ward above a downwelling (Fig. 10).

The average observedGTRvalues (Table 1) fall in the range
of ±50 mgal km−1, but individual coronae range from−280
to +150 mgal km−1. For only two of the groups is the ave
ageGTR value clearly greater than the standard deviation
the measurements, and therefore probably significant. Grou
(rim surrounding interior high) has an averageGTR value
of 46± 23 mgal km−1. Its positive central gravity anomalie
clearly indicate central upwelling. Therefore, usingFigs. 10d–
10f), a GTRof 46 mgal km−1 can be explained either by a re
atively thick crust (m′ ∼ 1/2) whose viscosity is similar to tha
of the mantle, or by a thinner crust (1/6–1/3) whose viscosity
is ∼5 times greater than that of the mantle. The amplitude
the peak gravity (average 64 mgal) and topography anom
(average 1.27 km), however, favour the thinner stronger c
(e.g.Figs. 5d and 5f). For the lithospheric thickness of 50 k
that we inferred from coronae radii measurements, the imp
crustal thickness is therefore in the range 10–20 km.

Estimates ofGTR for Group 8 coronae (depressions) a
appear significant at 38± 26 mgal km−1, and in fact have a
similar amplitude to those of Group 3a. The difference h
is that gravity and topography have negative amplitude in
central region, implying that a central downwelling mode
required (e.g.Figs. 5c and 5e). Figs. 10a–10cthen shows tha
the observedGTRcan be explained by approximately the sa
combinations of crustal thickness ratio and crustal viscosity
tio inferred for Group 3a.

The variability of the observed gravity/topography ratios
venusian coronae might also suggest spatial variation of the
cosity and thickness of the crust. Variability in crustal viscos
could result from variation in water content (e.g.Mackwell and
Kohlstedt, 1993; Mackwell et al., 1998) as much as tempe
ature (e.g.Karato et al., 1986). The uncertainties of the ob
servedGTRmeasurements are sufficiently great, however,
any systematic variation either between or within coronae to
graphic groups is not yet evident.



Coronae formation by Rayleigh–Taylor instability 305

lling
Fig. 10. Gravity to topography ratio (GTR), versus crust/lithosphere viscosity ratioη′
c , at a range of times in the numerical experiments with central downwe

(a–c) or central upwelling (d–f), free-slip upper boundary and initial crust/lithosphere thickness ratiom′ = 1/6 (a,d), 1/3 (b,e), and 1/2 (c,f). Symbols show
wavenumber: circles fork = 1.277, squares fork′ = 2.554, and diamonds fork′ = 3.831 (R0 = 3,1.5, and 1, respectively, for central downwelling).
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4.6. Viscosity of the lithosphere

The hypothesis that R–T instability acting on a therma
controlled density stratification is the driving mechanism
corona formation, implies a timescale from which we infer
upper bound on the lithospheric viscosity (e.g.Neil and House-
man, 1999). If density depends only on temperature, then th
mal conduction acts on the initial perturbation on a timesc
of order∼20 Myr, and may cause density gradients to diffu
away rather than be amplified by the induced flow (Houseman
and Molnar, 2001). Therefore, we assume that the growth of
instability takes less than∼20 Myr.

The growth time of the instability in our experiments, fro
the initial 1% perturbation, is in the range of 10–15 dimensi
less time units (e.g.Fig. 3), at the wavenumber of maximum
growth rate. The dimensional growth time is found by mu
plying by t0 (7). The resulting constraint that 15t0 <∼20 Myr
-
e

-

may be rewritten as a constraint on the viscosity parameterηm:

(13)ηm <∼gh	ρ(2× 1013 s),

where the numerical factor includes the conversion from M
to seconds. Assuming the values ofh	ρ = 3 × 106 kgm−2

inferred above from topography amplitude data, the visco
of the mantle lithosphere is at most∼5 × 1020 Pas and the
crustal viscosity forη′

c ∼ 5 (inferred fromGTR analysis) is
∼3 × 1021 Pas. Although some uncertainty inh	ρ is possi-
ble, increasing or decreasing it by a factor of two would mak
difficult to reproduce the observed range of gravity and top
raphy anomalies.

This upper bound on lithospheric mantle viscosity (∼5 ×
1020 Pas) is comparable to viscosities previously inferred
the Venusian upper mantle.Nimmo and McKenzie (1996)esti-
mated 3× 1020 Pas (±a factor of∼3) for the viscosity of the
mantle using observations of gravity and topography over in
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preted mantle plumes.Solomatov and Moresi (1996)estimated
1020–1021 Pa s for the convecting mantle based on stagn
lid convection models with a temperature-dependent vis
ity. Our inference that lithospheric mantle viscosity is less t
∼5 × 1020 Pas suggests that previous estimates of venu
mantle viscosity are too high—at least in regions where coro
have formed. While the venusian lithosphere may generall
much stronger than 5× 1020 Pas, this corona formation mec
anism could still apply where lithospheric mantle viscosity
locally reduced by thermal or tectonic activity, as has been
gued for terrestrial orogens (e.g.Billen and Houseman, 2004).

The 20 Myr timescale assumed in this model is much sho
than the inferred average age of the surface (e.g. 500
(Phillips et al., 1992) or 750 Myr (McKinnon et al., 1997)).
Thus, coronae could have formed at any time during the
riod preserved by the geological record. We cannot exclude
possibility, however, that the instability is driven by an uns
ble compositionally dense layer and not by thermally indu
density differences. In that case the relevant upper limit on
time required for corona development could be as great a
inferred age of the surface, implying that the upper bound
viscosity of the mantle lithosphere could be 25–50 times gre
than the value inferred from(13).

5. Conclusions

The numerical experiments described in this paper exp
the hypothesis that Rayleigh–Taylor (R–T) instability of t
mantle lithosphere is the mechanism by which coronae h
formed on Venus. Axisymmetric R–T instability can produ
the scale of uplift and most of the topographic forms d
played by coronae. A central upwelling mechanism is infer
for some coronae, whereas central downwelling is required
others. The sign of topography is not diagnostic of central
welling or downwelling because crustal thickness variations
duced by the deformation may cause a topographic high a
a downwelling or a low above an upwelling when the op
site would be observed in the absence of a crustal layer.
model calculations show, however, that the gravity anoma
always negative above a downwelling, although its amplit
may be diminished by deformation of the crust. Thus the s
of the gravity anomaly, in principle, is diagnostic of wheth
the corona is produced by central upwelling or by central do
welling. In practice it may be difficult to get sufficiently well re
solved gravity data to apply this criterion to a particular coro

The ratio of gravity to topography amplitude (GTR) shows
a clear dependence on the ratio of crust to mantle visco
and a secondary dependence on the ratio of crust to m
thickness. In particular, positiveGTR values are found if the
crust is very thin, or if it is stronger than the mantle; ne
tive values are found if the crust is weak. For two groups
coronae (rim surrounding interior high, and depression)
observedGTR (∼40 mgal km−1) implies that a low density
crust is present, and that it is likely to be stronger than
lithospheric mantle by a factor of between 1 and∼5, depend-
ing on the crustal thickness ratiom′. The amplitudes of pea
gravity anomalies are more consistent with thinner crust
t
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the range say 1/6 < m′ < 1/3) for which the crustal viscos
ity contrast is closer to 5 than 1. The average observed rad
corona deformation imply a mantle lithosphere that is on a
age∼50 km thick. Thus the implied crustal thickness is on
order of 10–20 km where these types of coronae have form
The variation of observedGTRmay imply that the local gravity
field is not adequately resolved for the purpose of this anal
but it may also suggest spatial variability in the relative visc
ity and thickness of the crust.
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