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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 lithosphere.
The lithosphere is represented by a system of stratified homogeneous viscous layers (low-density crust over high density mantle, over lowe
density layer beneath the lithosphere). A small harmonic perturbation imposed on the base of the lithosphere is observed to result in gravitation:
instability under the constraint of assumed axisymmetry. Topography develops with time under the influence of dynamic stress associated wit
downwelling or upwelling, and spatially variable crustal thickening or thinning. Topography may therefore be elevated or depressed above &
mantle downwelling, but the computed gravity anomaly is always negative above a mantle downwelling in a homogeneous asth@hesphere
ratio of peak gravity to topography anomaly depends primarily on the ratio of crust to lithospheric viscosity. Average observed ratios are well
resolved for two groups of coronae40 mgal km_l), consistent with models in which the crust is perhaps 5 times stronger than the lithosphere.
Group 3a (rim surrounding elevated central region) coronae are inferred to arise from a central upwelling model, whereas Group 8 (depressior
coronae are inferred to arise from central downwelling. Observed average coronae radii are consistent with a lithospheric thickness of only 50 kn
An upper low-density crustal layer is 10—20 km thick, as inferred from the amplitude of gravity and topography anomalies.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction these plumes originate from deep in the mantle. The size and
spacing of coronae imply relatively small plumes, but small
Coronae are quasi-circular volcano-tectonic features thajlumes originating at the core—mantle boundary could be ther-
range in diameter from-75 km to over 1000 km (e.@%ig. 1)  mally assimilated in the mantleH@nsen, 2008 In addition,

a_md are considered unique to Venus. Coronae are generally bemntle upwelling models fail to address the relative lack of vol-
lieved to form over small-scale mantle upwellings or plumesganism noted at some coronae.

(Stofan et al., 1991; Squyres et al., 1992; Janes et al.,)1992
The most successful model of corona formation predict§1
the range of observed topographic signatures using a modﬁ
in which plume-like mantle upwellings cause the cold, dens
lower lithosphere to delaminate, sinking into the mantle an
deforming the surfaceS(nrekar and Stofan, 199 7This model

Here we explore an alternative causal mechanism for coro-
e, based on gravitational (Rayleigh—Taylor) instability of the
hosphereTackley and Stevenson, 1991; Tackley et al., 1992
ayleigh—Taylor (R—T) instability may occur when a layer of
dense fluid (i.e. lithosphere) overlies a layer of less dense fluid
can account for the majority of tectonic deformation, hoW_(asthenosphere). Under such cgnditions, small deflections of
ever some questions remain unanswered. The size and depft Poundary between the two fluids grow until the system over-
at which the assumed mantle plumes originate is unclear, afy"s €handrasekhar, 1951The lithosphere may be unstable

the relatively close spacing of many coronae is surprising ifelative to the underlying layer because itis colder and therefore
denser. Although terrestrial lithosphere is depleted in old cra-
- _ _ ~ tonic regions (e.gJordan, 197Band its chemical composition
_Correspondmg author. Jet Propulsion Laboratory, 4800 Oak Grove Drlveimp”es intrinsic buoyancy that increases with aﬁ@t@djom-
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Fig. 1. Magellan synthetic aperture radar image of Nalwomga corona®(#8.247 E). Nalwomga is a concentric, depression-shaped corona (380 km in diameter)
located in the plains. Black regions indicate data gaps. Imagelittpri/pdsmaps.wr.usgs.gov

1997, 200). Venus and Earth are similar in size and mass and.uther, 197%. In any case;-80% of coronae are approximately
therefore should have a similar bulk composition despite thexisymmetric Stofan et al., 1992
apparent absence of water on Venkiafla, 1999. Conductive Magellan topography and free-air gravity data have recently
cooling and the likelihood of lesser chemical depletion therebeen used (e.¢gdoogenboom et al., 2004to constrain models
fore lead us to expect that the venusian lithosphere is similarlpf the venusian lithosphere where coronae have formed, assum-
denser than the underlying layer, at least in some regions.  ing an elastic layer that flexes under the load associated with
Various aspects of the R—T mechanism including non-corona formation. Such models help us to understand where the
Newtonian viscosityflouseman and Molnar, 199%tratifica- load is applied, but do not explain the mechanism that causes
tion of density and viscosityMolnar et al., 1998 the effects of the load. It is clear from structural interpretations (eCgpp
a crustal layerNeil and Houseman, 199%r externally forced et al., 1998, that corona formation is associated with perva-
convergence Rillen and Houseman, 2094have previously sive and permanent deformation. Deformation of a low-density
been quantified?ysklywec and Beaumont (200d@scribed the crustal layer is a natural outcome of R—T instability of the
asymmetric evolution of the instability when the upper layersunderlying lithospheric mantle, as shown for 2D plane-strain
deform plastically. All of those studies were based on 2D planeby Neil and Houseman (1999Here we calculate deformation
strain calculations in the context of the Earth. Here we consideof the crust caused by instability of the mantle layer where
the development of R—T instability under the assumption ofaxisymmetry is imposed, and use gravity and topography ob-
2D axisymmetry. In experimental R—T systems, instabilitiesservations to constrain model parameters. Our model may be
that grow from background noise always produce a cluster ofontrasted with the plume/delamination modebafirekar and
localised approximately axisymmetric blob@/ljitehead and Stofan (1997)n which plumes originating at depth are required
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to drive the formation of coronae. The primary difference is thawhich are integrated forward in time.
here, deformation is driven by an instability that develops lo- Numerical solutions of Eqs(1)—(6) are obtained using a

cally within the lithosphere. modified version of the finite-element progrdoasil devel-
oped byHouseman et al. (2002 he velocity field is repre-

2. Methods sented using quadratic interpolation functions on a triangular
mesh. The pressure field is represented using linear interpola-

2.1. Governing equations and solution method tion functions, followingYamada et al. (1975 he set of linear

equations (which results from the application of the Galerkin
The inertial terms are negligible in the balance of stress fomethod to the numerical solution) is solved using the conjugate
creeping viscous flow. Conservation of momentum in cylindri-gradient method. Equatiof®) is integrated using a two-step
cal coordinatesNlalvern, 1969 describes the balance between (second-order accurate) Runge—Kutta integration scheme. In
body force, viscous stress and pressure gradients: these calculations the horizontal extent of the solution domain is
small relative to the radius of the planet, so we neglect curvature
— ogg =0, (1a) of the surface layers. We assume that material properties (vis-
ar dz cosity, density) are piecewise constant, and the discontinuities
o) | 9(roz) _ rog (1b)  in these properties fall on element boundaries in the triangular
r 9z ' mesh used bipasil.
whereo is the stressp is the densityg is the acceleration due To validate the axisymmetric finite-element solutions, the
to gravity (acting in the negative direction), andr is the ra-  early growth-rate of the instability, calculated from linear the-
dial co-ordinate, and we have assumed that the solution doesy and valid for small deflections of the interfaces, was com-
not vary in the tangentiab] direction. The stressy{;) may be  pared with the growth-rate calculated using besil program.
resolved into pressure?) and deviatoric stress;¢) according ~ For a given wavenumber the theoretical growth rates are identi-

a(roy,) + d(roz)

to cal for 2D plane-strain (e.dNeil and Houseman, 19%@nd for
axisymmetry; the horizontal variation is described using cosine
0ij = P8ij + ij, (2)  functions for the former and Bessel functions for the latter.

where §;; is the Kronecker delta. A Newtonian constitutive o N
relation between deviatoric stress;] and strain-ratei(;) is ~ 2-2- Model description and boundary conditions

assumed: ) ) ) o
The model lithospherd~{g. 2) includes a uniform crust (ini-

Tij = 2néij, (3) tially betweenz =0 andz = —m, with density o, thickness
m and viscosityy,) that overlies a uniform mantle (initially be-
tweenz = —m andz = —h, with densityp,,, thicknesgh —m),
and viscosityn,,). The lithosphere (of total thickne#g over-

wheren is the viscosity. For axisymmetric flow, the strain rates
are defined in terms of the radial)(and vertical ¢) velocity

components: lies asthenosphere represented by a uniform half-space of den-
. Ou 4 sity p,, and viscosityy, small relative ton,,. The density dif-
Err = ar’ (4a) ference between the lithosphere and the asthenosphejag
. u attributed to the difference in mean temperature and the effect
ggp = —, (4b) . o )
r of thermal expansion (though compositional differences may
. v (40) also contribute) Klouseman and Molnar, 1997The calcula-
7 — 8z ’
1/0u Odv Observation Surface
tre==|—+—). 4d
T2 ( dz  or ) (d) \
The velocity field is assumed incompressible under conditions z
of cylindrical axisymmetry: //_: Surface of Planet
d i)+ 9 (o) =0 5) ~— %" iow density crustal /nl; 7"
—(r —(rv) =0. | o'
or T oz | laverGeno)
For a given density and viscosity distribution, and appropriate ., high density h
.. . . . lithospheric layer
boundary conditions, the flow field in the form of velocity com- (' m'm)
ponentsu(r, z), v(r, z), and pressure’(r,z) can be obtained
by solving Eqs(1)—(5) using the finite-element method. In or- z=-h - — R
der to compute finite deformation, material point coordinates half-space (o' iy
(R, Z) (and properties like density and viscosity) are advected
by the flow, according to Fig. 2. Sketch of the cylindrically symmetric system of viscous fluid layers
with parameters as defined in the text, for domaia Ry wherek R is either
dr dz (6) the first or second zero of the Bessel functibn The perimeter = Rg is a

— =1U, — =0 . . :
dr dr free-slip or reflection boundary for the purposes of these calculations.
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tions ignore the variation of density and viscosity within eachKey non-dimensional parameters (indicated with a prime) that
layer, and assume that the viscosity of the asthenosphere is negpvern the solutions then are the relative crust/mantle density
ligible (<1/10 of the viscosity of the lithosphereylolnar et ratio

al. (1998)and Conrad and Molnar (199®reviously guanti- . Pe— Pa

fied the effect of these approximations. The effect of thermalPc = Ap ®)
diffusion is also neglected under the assumption that the insta- i ) i
bility develops quickly compared to the diffusive timescale of h€ crust/mantle viscosity ratio
the lithosphere. r_ Ne

: . = 9
The upper surface of the planet is approximately stress-free g, ©)
For _computational sta_bility, however, we assume, as is COMnq the crust/lithosphere thickness ratio
ventional, that the vertical component of velocity on the upper
boundary { = 0) is zero ¢ = 0). The requirement of zero ver- ;' = m (10)

tical traction is then satisfied by assuming that a small deflec- h

tion of the top surface provides the gravitational load required Assuming densities for mantle,{ = 3330 kgnt2) and as-

for v = 0 (e.g.McKenzie, 197. For the horizontal compo- thenosphered, = 3300 kgn13), similar to terrestrial values,
nent we consider both a free-slip (for which tangential stressand attributing the difference in density between lithosphere
o, =0) and a rigid upper boundary (both velocity componentsand asthenosphere to thermal expansitp & p,a AT, with

u = v = 0). Both types of condition may be relevant, and thethermal expansion coefficienty of 3 x 107> K1, p, =
upper surface boundary condition clearly can influence the styl8300 kg n3, and average temperature differencg = 360 K),

and amplitude of dynamic topograpt&hong et al., 1996 we estimateAp = 30 kgnm3 (subject to unknown composi-

To simplify the application of boundary conditions at the tional variation). Assuming crustal density e2800 kg nT2,
base of the lithosphere, a reference column of densjtys  we therefore use. = —16.7 in all of the numerical experi-
subtracted from the system, so that the effective density of thments described here. With crustal thickness estimates obtained
asthenosphere is zero, that of the cruspds- p,, that of the  from analysis of gravity and topography typically in the range
atmosphere above the crustig,, and that of the lithosphere 10-60 km in coronae regions (e.@rimm and Hess, 1997;
is Ap = pm — pa- The asthenosphere is assumed to be relaHoogenboom et al., 2004and lithospheric thicknesses be-
tively inviscid, so that the base of the lithosphere (initially attween 40 and 100 kmK@ula and Phillips, 1981; Phillips and
z = —h) may be treated as a stress-free surface (both compadalin, 1983; Phillips, 1990; Solomon and Head, 138&e
nents of traction are zero). On the boundary between crust argbnsider values of’ = 1/6, 1/3, and ¥2. Topography and
mantle layers (initially at = —m), both velocity and traction gravity anomalies in the following diagrams are presented for
are continuous. On the central axis=£ 0),u =0 ando,; =0 g =10 ms?2, h = 100 km andAp = 30 kgnt 3. The rela-
are required for conservation of mass and momentum. We asive crustal viscosity parametef is poorly constrained and we
sume the same conditions apply at radius Ro, representing consider values in the range 0.05-25. The absolute viscosity
a free-slip perimeter, analogous to the reflecting condition oftescaler,, is likewise poorly constrained, and therefore we retain
used in 2D plane-strain calculations. a dimensionless timescale in results presented below.

At time zero, the initially flat interface at the base of the
lithosphere is displaced vertically by a small perturbation2.3. Surface topography and gravity
(£1%) that could be attributed to variation in basal heat-
flow or stress induced by convection in the layer beneath the To calculate topographic variation on the upper surface, vari-
lithosphere. An arbitrary radial variation in this deflection func- ations in vertical normal stress are assumed to be in static equi-
tion can be described using combinations of the Bessel fundibrium with the topographic burden of assumed dengitand
tions Jo(kr) and Jy(kr) with an appropriate combination of amplitudeH (r):
wavenumbers. The functiofy(kr) has a maximum at = 0, ,

. . . - . . A Ap av
as required for generation of an instability with either cen-g =h—o], =h—(p’ +277’_/>, (11)
tral upwelling(+) or central downwelling—). In representing Pec Pe dz
cases of central downwelling we vaRp and seleck so that  whereo?, is dimensionless normal stress evaluated &t 0,
kRo = 3.8317 (the first zero), representing a half wavelengthy, is the lithospheric thickness anp is the density difference
For central upwelling cases, we chaseo thatkRo = 7.0156  petween the lithosphere and the asthenosphere. The density of
(the second zero), representing a full wavelength. In order tghe atmosphere is assumed negligible relative.to

compare the two cases at the same wavenunieis greater The vertical component of the gravity anomaly &, ¢o) is
by the factor 7.0156/3.8317 for central upwelling than for cen-alculated using a surface integral around each constant den-
tral downwelling experiments. sity region. The integral in thé direction (around the axis of

The governing equations are rendered dimensionless usingmmetry) may be expressed as the complete Legendre elliptic
length scalée:, density scaleAp, and stress scalghAp. The  integral of the first kindF (r/2, k):
natural time scale for viscous flow is then

20, Ag= —4GAp f (rF(yT/Z, K (r, z))> dr (12)

o= @) a(r, z)

 ghAp’
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where a(r,z) = /(r +r0)?+ (z0 — 2)2, «(r,z) = 2, /rro/ the dependences on parametefsy.., andp,. of growth-rates
a(r,z), (ro, zo) is the measurement point, andy) are the co- ¢’(k") (previously described bieil and Houseman, 199%p-
ordinates of the path in the vertical plane around each constapty equally to the axisymmetric problem. The axisymmetric
density region. Gravity is also influenced by material outsideproblem differs essentially from the plane-strain problem in
the solution domain. For the purpose of the gravity calculationthe asymmetry between peripheral upwelling and central down-
the layer is assumed to continue to infinite radius, stratified agelling (or vice versa), and the consequences of this asymmetry
at r = Ro. For this reason, solutions were avoided in whichfor the development of the instability into the large amplitude
downwelling of the layer occurred at= Rop. domain.

Equation(12) is applied once for the crust-mantle inter-
face (density contragic — Ap) and once for the lithosphere— 3.2 |nstability without crustal layer
asthenosphere interface (density contrag) to compute the
Bouguer anomaly. To calculate the free-air anomaly, the effect Growth of the R

| _ . —T instability for a central downwelling ex-
of mass in the topography aboye= 0 is also included by a

S . periment is compared with that of a central upwelling experi-
further application of Eq(12)to the topography functiof (r) ment inFig. 3for the case of a uniform mantle layer without a

(density contrast- o). Model calculations here assume a Mea-crst. Central downwellingHig. 3a) occurs for a positive ini-

surement height for gravity of 5000 m above the reference Ieveh-al perturbation in lithospheric thickness on the axis=(0),

central upwelling Fig. 3b) for a negative perturbation. In this

illustration a relatively long wavelength is assumed, consistent

with the highest growth rates occurring for zero wavenumber.
Thickening of lithosphere pulls the surface downwards, cre-

L - ating a topographic basin over the downwelling, whose depth
When the perturbation is a small pure harmonic disturbance S .
(e a simplepmultiple of the Bessel ?unctida(kr)) the gen- ihcreases with timeHig. 3c). For central upwelling models

X . . with a free-slip upper boundary, a rise develops over the axis
eral analytic solution consists of two terms that grow or decayOfs mmetry Fig. ), caused by lithospheric thinning beneath
exponentially Neil and Houseman, 1999; Molnar and House- y yt1g. <), y P g

man, 2004, The growing term is driven by the unstable strafifi- the centre. A much deeper trough is created over the annular re-

cation at the base of the model lithosphere, while the decayin ion ofdownwellmg. At thlswavenumbgrthe downwell_mg drip

R e hifts slightly towards the centre of axisymmetry as it grows,
term is driven by the stable stratification at the base of the crust. , . :

. . ] which causes the sides of the trough to become steeper, and the
The dimensionless growth-raig(k’) = rpq (hk) of the unsta- . i )

. . . : ... central dome more plateau-like, with timeig. 3d, ¢’ > 0.85).
ble term determines the timescale over which the instability . : : ;
. : . The free-air gravity profilesHigs. 3e and 3fare qualita-

grows. If a range of wavenumbers is present in the initial per-

turbation (e.g. if developed from a random perturbation), th {ively similar in shape and sign to the topography profiles,
9. P P ' %\legative free-air gravity anomalies are calculated over the

wavenumber for which’ is a maximum soon dominates the so- Co
gepressed topography whether downwelling is central or pe-

lution. For the numerical experiments shown, we investigated d 1 eral. but significant positive hiahs develop on the sides of
range of wavenumbers in order to approximately identify the P ' 9 P 9 P

maximum growth-rate of the instability. We used eight dif- the negative trough irFig. &. Gravity anomaly_amplltud_es
ferent dimensionless wavenumbets— ki — 20.94, 12.56. may be somewhat greater for the central upwelling experiment

6.28, 4.19, 2.09, 1.39, 1.05, 0.52 (corresponding to domailﬁgg.:%f)when compared to the central downwelling experiment
radii Ro/h = 0.3, 0.5, 1.0, 1.5, 3, 4.5, 6, and 12, for central ("9- 3) ata comparable stage of growth.
downwelling, and the same set multiplied by 1.8309 for central ]
upwelling). 3.3. Effect of a low-density crustal layer

The growth-rate of the instability is determined from the gra-
dient of the graph of the natural log of the maximum displace- We next consider a model lithosphere that includes a crustal
ment versus dimensionless time. Central downwelling modeligyer with initial crust to lithosphere thickness ratio af =
theoretically grow at the same rate as central upwelling mod1/6, and no viscosity contrast between the crust and mantle
els in the early stage of growth. If the deformation is small,(n. = 1). The deflection of the base of the lithosphere as the
the numerically determined linear growth-rates agree withirinstability develops is shown for central downwellirfgid. 4a)
3% for the two forms of the instability. For’ = 0 and free- and central upwellingHig. 4b). Also shown (as dashed lines),
slip upper boundary, growth-rate increases monotonically wittare the depths of the crust-lithosphere boundary at the begin-
wavelength, and is maximumg/(= 0.5) fork’ = 0. Forrigid up-  ning (flat line) and at the last time step. Compared with the no-
per boundary, growth rates peak at wavelengths comparable twust models, the low-density crustal layer reduces the growth-
the layer thicknessk(< ~2.5) and decay to zero at long wave- rate ¢’ and decreases the wavelength of maximum growth,
lengths. At short wavelengths, growth rates are similar for botlbecause the buoyant crustal layer inhibits the growth of the in-
conditions. stability.

The growth-rates forn’ = 0 are, within numerical uncer- In both experiments crustal thickening occurs over the down-
tainty, the same as those obtaineddnnrad and Molnar (1997) welling. The asymmetry between central downwelling and cen-
for 2D plane-strain instability. While the perturbation is small tral upwelling is clearly evident in the final crustal thickness

3. Resaults

3.1. Growth-rate and wavenumber
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Fig. 3. Lithosphere—asthenosphere boundary (a,b), topography profilesaf@djravity anomaly profiles (e,f), at five successive dimensioritess turing the
growth of the Rayleigh—Taylor instability, for the case of central downwelling (a,c,e) and central upwelling (b,d,f), in cylindrical axisymitheffy=wl, m’ =0,
k' =0.3193 Rg = 12 and 21.97 for (a) and (b), respectively), and free-slip upper surface. Topography (c, d) is arbitrarily zeeegthaGravity (e,f) approaches
zero as- — oo, assuming that the structurerat Rg extends uniformly to infinity.
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Fig. 4. Lithosphere—asthenosphere boundary (a,b), topography profilesaf@djravity anomaly profiles (e,f), at five successive dimensioritess tduring the

growth of the Rayleigh—Taylor instability, for the case of central downwelling (a,c,e) and central upwelling (b,d,f), in cylindrical axisymithetfy=l, m’ = 1/6,
ph.=—167,k' = 12772 (Rop = 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 depths
the crust-lithosphere boundary at the beginning and end of the experiments. Other conventions &iig.&3. for

distributions of these two experiments. With central down-major lithospheric extension occurs beneath the central zone,
welling (Fig. 4a) peripheral crustal extension is relatively mod- with downwelling and crustal shortening in the surrounding an-
est. For the central upwelling experimemig. 4b), however, nular region. Mantle flowing downward in the annular region is
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replaced by lower-density asthenosphere that moves up in threegative anomaly above the downwelling lithosphere whose
centre as part of the convective overturn. The crust is thickenedmplitude also increases with timeigs. 5e and 5f

above the downwelling (by a factor 6f1.6) and thinned in the Although the crust undergoes little thinning in the central
central region (by a factor 6£2.2) at the end of the experiment. upwelling experimentKig. 50) the lithosphere in the central re-

The buoyancy of the thickened crust over the downwellinggion is thinned by a factor of between 2 and 3 at the end of the
causes the surface to rise in these regidfigs, 4c and 40  experiment, creating a huge contrast in lithospheric thickness
For central downwelling, continued thickening in the centrecompared to the surrounding annular region. As the lithosphere
pushes the surface upwards, creating a dome, which grows with pushed upwards and thinned over the central upwelling, the
time (Fig. 4c). For central upwelling the high topography forms topography is also pushed upwards into a dome surrounded by
an annular ridge of comparable height surrounding a low cena trough over the annular downwellingig. 5d). The dome in-
tral topographic depressiofrify. 4d). Compared tdrig. 3, the  creases in height with time, eventually assuming a plateau-like
signs of the topography anomalies over the downwellings arg@rofile. Because the variations in crustal thickness are so small
reversed. With the crust present, topography has isostatic (ré? these experiments, the free-air gravity anomaly profiles have
lated to crustal thickness variation) and dynamic component& similar shape to the topographic profilésg; ). Compa-
Crustal thickening clearly may cause positive topography that isable experiments with a rigid upper boundary show similar
greater than the negative dynamic topograptigs. 4cand 4d  topographic and gravity anomaly profiles.

The free-air gravity anomaly is more difficult to analyse If the crust is 20 times weaker than the mantjé £ 0.05)
since it includes a positive component from the dense lithothe crust is easily deformed, and in the course of the exper-
spheric root, a negative component from the dynamic topogradment is thickened by almost a factor of 2 over the central
phy, a negative component from the crustal root, and a positivdownwelling Fig. 6a). The topographic profile over the cen-
component from the isostatic component of topography. In gentral downwelling Fig. 6c) becomes dome-shaped as the uplift
eral the topographic contributions outweigh those caused by tr@ssociated with the progressively thickening crust overwhelms
density anomalies at depth, but whether the isostatic componeHte dynamic component of subsidence caused by mantle down-
outweighs the dynamic component depends on the extent yyelling. The free-air gravity anomaly, however, continues to
crustal deformation. IFigs. 4e and 4fhe negative components P& dominated by the negative contribution to the topographic
of the free-air gravity signal dominate over the downwellings,Signal from dynamic stress, and the broad negative anomaly
though they are smaller in amplitude than thoseFigfs. 3e  increases in amplitude with increasing tinfeid. 6e). Com-
and 3fby a factor of=5. Similar trends are also observed in the Pared to the experiment with no variation in viscosity between
topography and gravity anomalies calculated for models with &€ crust and mantle=(g. 4), we see firstly that the shapes of
rigid upper boundary, although the amplitudes of both topogragrav'ty and topography profiles are similar, and secondly that

phy and gravity are reduced compared to those obtained witWe low crustal viscosity reduces the amplitude of topography
free-slip experiments. by perhaps 13, whereas the amplitude of the gravity anomaly

is increased by about a factor of two. Similar topography and
gravity profiles are observed in the corresponding experiments
with a rigid upper boundary except that the height of the topog-

_ . _ raphy is reduced by as much as a factor of 1.3 at comparable
In the next set of experiments we varied the ratio of crustal tastages of development of the instability.

lithospheric viscosity«/.) between 0.05 and 25. In these calcu-
lations, we assume a layer thicknessiof=1/6. To illustrate 3 5. |nfluence of crustal thickness ratid
the effect of crustal viscosity on topography and gravity, two

end-member experiments are describgd= 25 (Fig. 5), and The relationship between growth-rate and wavenumber is
n. = 0.05 (Fig. 6). In each case we chose a wavenumber neaghown inFig. 7 for values ofm’ = 1/3, 1/2, 1/6 and 0, for
that of maximum growth rate. The wavenumber of maximumhoth free-slip and rigid upper boundaries. Asincreases and
growth rate is reduced for the strong crust, because the base®fe crust is a greater percentage of the combined layer thick-
the crust behaves like a rigid upper boundary resisting horizomess, the growth-ratg’ decreases for either upper boundary
tal movement. In contrast longer wavelengths grow faster foeondition, though the effect is small for wavenumbers greater
the weak crust because of the reduced resistance to horizontalan~6. Differences between free-slip and rigid upper bound-
movement. ary experiments are most apparent at small wavenumbers with
In general, if the viscosity of the upper layer is much greatei,’ less than~1/3 (compareFigs. 7a and 7pb The crust is lim-
than that of the lower layer, the thickness of the crust staysted in its ability to deform and its buoyancy resists thickening
approximately the same, regardless of upper boundary condjith either boundary conditionNeil and Houseman, 1999
tion or wavenumber (e.drig. 5. However the crust transmits Thinner crust is less able to mask the effect of the upper bound-
the stress created by the mantle downwelling that pulls the suary and, for a free-slip boundary, the growth rate is observed
face downward into a topographic depression, growing deepeo increase significantly at small wavenumber as the crust is
with time (Figs. 5¢ and 5 With negligible contributions from thinned Fig. 7a).
crustal thickness variation, the free-air gravity anomaly is dom- To illustrate the effect of a relatively thick crust (or thin
inated by the depression of the upper surface to produce lghosphere), on topography and free-air graviig. 8 shows

3.4. Influence of crustal viscosity rati
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Fig. 5. Lithosphere—asthenosphere boundary (a,b), topography profilesaf@djravity anomaly profiles (e,f), at five successive dimensioritess tduring the
growth of the Rayleigh—Taylor instability, for the case of central downwelling (a,c,e) and central upwelling (b,d,f), in cylindrical axisymitietyy w25,
m' =1/6, pl. = —16.7,k = 2.554 (Ry = 1.5 and 2.75 for (a) and (b), respectively), and free-slip upper surface. Other conventions aréigsfor

central upwelling and central downwelling experiments fordegree of lithospheric thinning in the central region, even
m’ = 1/2 with crust that is relatively weaky( = 0.25). With  though crustal thickness is almost unaffected. Lithospheric
central downwelling, the crust thickens by a factor-ef.1  thinning causes uplift, resulting in a central plateau that is
over the downwelling Kig. 8a). As for Fig. 6a, the topogra- Surrounded by an annular ridge caused by crustal thickening
phy is briefly depressed over the downwelling then becomegbove the downwellingHig. &d). The same experiments with
dome-shaped as the uplift associated with the thickening crugt "gid upper boundary show comparable development of the
exceeds the dynamic component of subsidence related to tig10spheric downwelling but reduced degree of crustal thick-
mantle downwelling Figs. 8c and 8 The topographic relief ©MN9-
is much less than that predicted for a thinner crust, whetheﬁ Discussion
the crust is weaker (e.gigs. 6¢ and 6dor somewhat stronger
(e.g.Figs. 4c and 45 Therefore the free-air gravity anomalies A ,ccessful model of coronae formation should explain the
(Figs. 8e and §fremain negative over the downwellings, and ige variety of observed shapes, diameters, topographic profile
their amplitudes comparable to those of thinner stronger CruH{eights, free-air gravity anomalie3aple ) and presence or
(Fig. 4. absence of volcanism and extensional or convergent structures
For the corresponding experiment with central upwellingat the surface. Although mantle upwellings are the favoured
(n. = 0.25, m" = 1/2), crustal thickening by a similar factor mechanism for the formation of hot-spot rises, lithospheric
(~1.13) occurs above the downwellingig. 8). The most gravitational instabilities may develop independently of plumes
noteworthy aspect of this experiment, however, is the extremthat have originated deep within the mantle.
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Fig. 7. Dimensionless growth-rate (measured from numerical experiments) versus dimensionless wavenumber, for axisymmetric RayleigkedJifitgdoims
(a) free-slip and (b) rigid upper boundary, each with=1 andp, = —16.7. Diamonds represemt’ = 0; circles,m’ = 1/6; triangles,n’ = 1/3; and squares,
m' =1/2.

In interpreting our model profiles, we note several simplifi- (Turcotte and Schubert, 2002he wavelengths of these struc-
cations necessary to obtain practical solutions: Firstly, the intures may well be great enough that the flexural effect is small.
stability would continue to evolve after our calculations stopErosion is not expected to play a major part in the deforma-
(limited by mesh distortion). Detachment of the downwelling tion of corona structures given the low rates of erosion inferred
material and subsequent gravitational relaxation of the base @f, venus Arvidson et al., 1992 We also omit the effects of
the ,Crgstg anddupper sur_face W?,”'?j profbably.then (()jccur, accor’:ﬁ'on-Newtonian viscosity, which may require a large initial per-
panied by a decrease in amplitude of gravity and topograp Yurbation to overcome the stabilising effect of thermal diffusion

anomalies. The ratio of gravity to topography anomaly for suc Houseman and Molnar, 2001and assume that the viscosity

a relict corona should be preserved even though the peak amp 'f th derlvi th h . licibl hich i
tudes would presumably be much reduced with further elapse(a € underlying asthenosphere IS negiigible, which 1S accu-

time. Secondly, the truncation of the model-at Ry may in- rate if its viscosity is less by a factor of 10 or.more than that of
troduce a bias in the inferred background levels for elevatiorine® mantle Conrad and Molnar, 1997Conduction of heat, and
and gravity. We have also omitted erosion, brittle failure of thethe thermal subsidence that would result from lithospheric ex-
crust and the elastic response of the lithosphere. While the elatension and thermal re-equilibration (eMcKenzie, 1977, are

tic response of the lithosphere will act to redistribute surfacealso omitted; we assume that the instability is fast compared to
deflection at short wavelengths, leading to broader topographthermal re-equilibration.
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Fig. 8. Lithosphere—asthenosphere boundary (a,b), topography profilesaf@djravity anomaly profiles (e,f), at five successive dimensionitess tduring the
growth of the Rayleigh—Taylor instability, for the case of central downwelling (a,c,e) and central upwelling (b,d,f), in cylindrical axisymithetyly 0.25,
ph=—167,m' =1/2,k' = 2.554 (Rg = 1.5 and 2.75 for (a) and (b), respectively), and free-slip upper surface. Other conventions ar€igsor

In what follows, we systematically compare observationalabove a mantle downwelling, whereas crust whose viscosity is
measurements from venusian coronae, with the predictions déss than or similar to that of the mantle shortens horizontally,
these models in order to infer constraints on the thickness angickens and forms a dome at the surface. Domes or plateaus

effective viscosity of the venusian lithosphere. surrounded by a trough are also predicted in some cases of cen-
) tral upwelling if the crust is very viscoud-ig. 5d) or absent
4.1. Topographic shape (Fig. 3d).

. ) . . Topographic groups 2, 3, 4, and Taple 1 are better
Coronae topographic profiles have been classified into n'”Sprained by models that are driven by central upwelling,

groups (able ) by Smrekar and Stofan (1997Most of the with variations in topographic profile depending on the ini-

standard profile types can be explained by the gravitational Int'ial crust/lithosphere thickness rati@’, viscosity of the crust

stability model, although some are better explained by centra . . :
upwelling and some by central downwellirigable 9 n., and timer. However, it is possible that plateaus evolve

Within the parameter space examined, examples of simplE°M domes by gravitational spreading that follows the ini-
depressions (Group 8) are provided by experiments in whicltl‘f’" instability. If the crust is sufﬁmgntly thick or weak (e.g.
there is no crustal layer (e.§ig. ) or in which the crustal Fi9- &), topography evolves from rim surrounding depression
layer has a high viscosity (e.gfig. 5c). Domes (Group 1) (Group 4), to rim-only (Group 7), and eventually to rim sur-
are provided by experiments with a low-density crustal layefounding interior high (Group 3a). The evolution of rim-only
and central downwelling (e.drigs. 4c, 6¢, 8¢ Central down-  coronae (Group 7) from rimmed-depression coronae (Group 4)
welling initially induces a small depression that, depending oris also predicted for models of coronae formation based on up-
the viscosity of the crust, evolves into either a dome or a deepevelling diapirs Koch and Manga, 1996or plumes Smrekar
depression, with time. High-viscosity crust is flexed downwardand Stofan, 1997
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Table 1
Observed coronae properties
Group Topographic profile Description Observed diameter Observed peak free-  Observed peak topo-  GTR(mgal kni1)
(# of coronae) (km) air gravity (mgal) graphic deflection (m)
Min.  Med. Ave. Min.  Med. Avew Min. Med. Ave. Min.  Med. Ave.
max. std. dev. max. std. dev. max. std. dev. max. std. dev.
1 — " Sw—_  Dome (30) 75 150 201 —68 41 28190 300 1533 1667 —153 22 -4
552 109 128 67 3300 921 43 60
2 — ™ Plateau (52) 60 292 306 75 49  4Qyz 400 1700 1826 38 36 27
850 160 142 55 3500 989 106 33
3a —"" "™—— Rimsurounding 145 300 327 10 51 G4z 600 1250 1267 8 52 46
interior high (39) 630 119 198 45 2300 477 88 23
3b =TS Rim surrounding 91 288 309 -50 13 182 100 650 783 125 3 -11
interior dome (64) 810 146 93 44 2300 578 125 75
4 — ™" Rimsurrounding 64 170 195 —79 -35 —23p7) —2600 —810 -930 -283 —33 -36
depression (111) 1155 135 72 45 —-120 679 153 89

5 "\W\m\/\ Outer rise, trough, 118 313 341 - - - - - - - - -

rim, inner high

(22) 600 145
6 NS ™ Outerrise, trough, 150 207 622 - - - - - - - - -
rim, inner low (6) 2600 973
7 ™ A Rim only (31) 120 200 269 —65 0 -1 200 600 760 —-50 -38 -10
Y 1060 186 47 39 1300 513 78 56
8 QN Depression (39) 60 145 166 —-62 —33 —35g) —3800—1100 —1300 9 35 38
450 87 -10 18 —400 1120 90 26
9 No discernible 60 150 166 - - - - - - - - -
signature (13) 330 75

Topographic Groups are define8inirekar and Stofan, 1997ncluding the total number of coronae observed in each group (parentheses). Diameter is calculated
as the outermost extent of the concentric deformatitofan et al., 1992 Peak free-air gravity anomalies were measured for a subset of 112 coronae for which

the gravity field is locally resolvedlohnson and Richards, 20038 ubscripts indicate the number of coronae sampled in each group. Peak topographic deflections
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 Where the pe
topography was measured over the rims). Peak gravity/topogr&hi) (ratio is calculated by dividing the peak free-air gravity anomaly by the peak topographic
deflection. The minimum, maximum, median, average and standard deviation for each group measurement is also provided. Data for Groups 5 amij6 (compris
6% of the corona population) are omitted from this table for lack of adequately resolved gravity data in the relevant regions.

More complex topography (e.g. Group 3b) is found with of a factor of~2). Thinner lithosphere does not, however, ex-
central upwelling models in a few instances where a secondarglude the possibility of larger coronae developing in response
instability with shorter wavelength develops after the initial to small wavenumber disturbances.
central upwelling (e.gFig. 9, with n; = 0.05,m" = 1/2). Addi- The other topographic groups (plateaus, rimmed plateaus,
tional peripheral ridges and troughs are observed with Group Homes with surrounding rims, and rim only) whose profile types
and 6 coronae (deﬁned by outer rise, trOUgh, rim, and inner hlgare better exp|ained by a Centraj-upwe”ing model (See pre-
or low) and may be predicted if higher Bessel modes are pekjoys section) have observed average diameters3ffo km

mitted to grow, as occurs ifig. 9. (Table 1 Stofan et al., 1992 With # = 100 km, the examples
shown inFigs. 4d, 5d, 6d, 8d, and Ymave model diameters
4.2. Coronae diameters in the range 500-1000 km. Because the model diameter scales

directly with 4, the observed average diameter of 300 km for

For a model lithospheric thickness bf= 100 km, domes these topographic groups, again implies lithospheric thickness
(e.g.Figs. 4c, 6¢c, 8rand depressions (e Big. 5c) have scaled /=50 km, with uncertainty of a factor ef2. Such values of,
diameters (o) of 300-600 km (depending dd, ', andm’). smaller than expected, explain the average group diameters, but
Thus the range of model diameters is consistent with the obw€ note that there is great variability in the data, and numerous
served average diameter of 200 km for domes and depressiofgamples of large coronae whose diameter is more consistent
(Table ), if the nominal value of the scaling parameteis re-  with a thicker lithosphere, or at least longer wavelength distur-
duced by approximately/2, to » = 50 km (with uncertainty bances.
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0 R1 difficult to use the amplitude of topography alone to better con-

[a] strain the key physical and non-dimensional parameters.
For the scaling factor&aAp ~ 3 x 106 kgm 2 and h =
50 km (from analysis of coronae diameters) we infes ~
t'£1=lé373 60 kgni3. If this density excess is explained by thermal
t'=1.546 contraction, it implies a mean temperature contrast between
lithospheric mantle and convection layer of about 600 K (all of
these numbers uncertain within about a factor of 2). The mean
temperature contrast, however, is expected to be at most about
[b] 475 K. Explanation of the density anomalies in terms of ther-
mal expansion is therefore possible, but we acknowledge that
density differences caused by compositional variation present
possible alternative mechanisms.

‘:\

— t=0
3 =12

Topography (m)

N t=0 Lo .
-200 4.4. Free-air gravity anomalies

Gravity data were obtained from Magellan over 98% of
Venus, at altitudes of 155-220 km. These data have been
downward continued to the surface, and analysed to deter-
mine a new spherical harmonic representation of the gravity
field (MGN180USAAP), complete to degree and order 180
(Konopliv et al., 1999 Konopliv et al. (1999)lescribed the res-
olution in the model gravity field by means of a global degree-
0 550 km strength map, which provides an estimate of the maximum

Fia 9. Lithosoh " here boundary (a), hy profiles (b) §Pherical harmonic degree, below which there is discernable
ig. 9. Lithosphere—asthenosphere boundary (a), topography profiles (b), a . o .
gravity anomaly profiles (c), at five successive dimensionless times for an e power in the local gravity field. In some regions, Wavelengths

periment begun with central upwelling in cylindrical axisymmetfy=0.05, @S short as 300 km in .the free'ai'r.graVity field are resolved.
oL =—167,m' =1/2, k' = 1.277 (Rg = 5.49), and free-slip upper surface. Thus, gravity data provide an additional constraint on models
The dashed lines in (a) show the boundaries between the crust and lithosphes¢ corona formation, although the resolution may not be ade-

Free-air Gravity (mgal)

A
<)

at beginning and end of the experiment. quate for application to many smaller coronae.
_ Johnson and Richards (2008timated the peak free-air
4.3. Amplitude of topography gravity anomalies of selected coronae (relative to the back-

ground regional gravity field). Due to the variation in degree-

Observations of peak coronae topographic heigrable )  strength, estimates were only obtained for 112 coronae and not
provide further constraints on model parameters. Topographigll topographic groups were equally well represenfi@ble 1.
amplitudes typically are on the order of 1000 m, but varyThe peak anomalies range fron68 to 198 mgal, where peak
from effectively zero (within measurement error €fl00 m  indicates maximum departure, positive or negative, from the
(Pettengill et al., 199) to ~3000 m. background. For most of the topographic groups, both posi-

For a range of experiments we calculated the amplitudeive and negative peak free-air gravity anomalies are observed.
of model topography (e.gFigs. 3c-3d, 4c—4d, 5¢c-5d, 6¢c— Group 8 (depression) coronae, however, show uniformly neg-
6d, 8c-8d, 9 assuming values within the expected rangesative peak free-air gravity anomalies, and Group 3a (rim sur-
of parametersp., m’, and 5., and nominal dimensionalisa- rounding interior high) coronae show only positive peak free-air
tion constants: = 100 km andAp = 30 kgnr2 (Eq. (11)). gravity anomalies.
The scaling parameters are not unique: the same topographic In our experiments negative free-air gravity anomalies de-
scale results if we reduck to 60 km and increasé\p to  velop over downwellings, becoming more negative with in-
50 kg nT3. The model topographic heights fall within the ob- creasing time. For central downwelling a peripheral high in
served range of topographic heights however, suggesting theie free-air gravity is typically of small amplitude. For cen-
hAp =3 x 1P kgm~2 is (within a factor of 2 or so) the cor- tral upwelling, a positive free-air gravity anomaly in the central
rect value to use in scaling our experiments. Some combinationggion may have amplitude comparable to, or in some cases
of m" andn.. (e.g.Figs. 8¢c and 8ddo not give rise to topo- greater than, the negative anomaly over the downwelling. Vari-
graphic amplitude on the kilometre scale without a significantlyability in amplitude of free-air gravity can be explained by the
greater value of Ap. In those cases the dynamic component ofpresence of a deforming crustal layer and variation in its thick-
topography has comparable magnitude and opposite sign to timess produced by deformation. In contrast to model topography,
component caused by crustal thickening. In other cases, one hbwever, the free-air gravity anomaly is always negative over
these components dominates, and we easily predict kilometra downwelling. Thus, observations that show positive gravity
scale topography. This variability in model amplitudes appearanomalies over the centre of coronae imply central upwelling
to be reflected in the data variabilitfgble J. It is therefore in light of this model. Because the anomaly caused by the de-
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forming crustal layer generally acts in the opposite directionGTR values are shown ifrig. 10 for calculations with dif-
to that caused by the downwelling mantle, the largest gravitferent crust/lithosphere thicknesa'§ and viscosity §..) ra-
anomalies are calculated when there is no crustal layer (e.gos, and either central downwellindgrifgs. 10a—10cor up-
Figs. 3e-3f, and the smallest are calculated for a thick crustwelling (Figs. 10d—10f The spread of the measurements (from
(e.g.Figs. 8e-8). With crustal thickness ratios in the expected ~9 distinct time levels for each experiment) shows that the
range of ¥6-1/3, however, significant variability in the am- GTR calculation removes most of the time-dependence inher-
plitude of free-air gravity anomalies can also be attributed taent in each of the separate gravity and topography measures.
variations in the relative viscosity of the crustal layer (e.g.values of GTRshow an almost linear dependence on the loga-
Figs. 4e—4f, 5e-5f, 6e-pf rithm of #., for all values ofm’ examined. The range GTR
The range of scaled peak free-air gravity estimates obtainegbmputed numerically varies between approximatedp0 and
from the numerical experiments overlaps generally with they 190 mgalkm®. Similar values ofGTRare obtained for cen-
range of observed gravity anomaly amplitudést{e ), which  tral downwelling and upwelling models, other parameters being
are typically on the order of 50 mgal, and occasionally assqual. The predictions of comparable models with a rigid upper
much as 200 mgal. In general, however, our scaled examplgyundary are similar, although amplitudesGfRare typically
predict smaller gravity anomalies than are observed. We olypqyced by a factor betweert.7 and 1.9.
tained anomalies greater in amplitude than 100 mgal, only when  For eachn’ examined, we find a value qf (generally close
the crustal layer is absent (e/gigs. 3e and 3f The gravity 1o,/ — 1) at which theGTRchanges from negative to positive.
anomalies of obseryed Group 8 (depressio_n) coronae (averaggis change in sign is driven by the change in sign of topogra-
—35 mgal) clearly imply central downwelling, but the rela- ppy- for smally. crustal thickening causes elevated topography
tively modest amplitude also implies that a low-density crust,,, e 5 downwelling: for largg. flexure of the crust is down-
is present, reducing the qmplitude of the anomalies. relative tQard above a downwellingH(g. (iq_
what would b_e observed in thg absence of a crust tégy.3). The average observeaTRvalues able J) fall in the range
Average gravity anomaly amplitudes for most of the othertopo-Of +50 mgal kT, but individual coronae range from 280
graphic groups are smaller than the standard deviation for th% +150 mgalknt?. For only two of the groups is the aver-

group of measurements. Thus we should be cautious in InteEigeGTR value clearly greater than the standard deviation of

preting g_ata :}hart] agpeartrt]o be noisy. Om'z/ for Grcl)qu?;a (r ?e measurements, and therefore probably significant. Group 3a
surrounding high) does the average peak anomaly (64 mga im surrounding interior high) has an avera@dR value

Slﬁ\f,;m:?m::;ir;]t;ﬁ;?nrqszgg(?:sdibtrlee::) rxt:zr;plfot:ato?cgiggzl of 46+ 23 mgalknT®. Its positive central gravity anomalies
P 9 P group " glearly indicate central upwelling. Therefore, usifigs. 10d—

As Wi.th the topographic anom_alies, time dependgnce, ar@Of) aGTRof 46 mgalknt! can be explained either by a rel-
the scaling constants and Ap, directly and proportionally atively thick crust f2” ~ 1/2) whose viscosity is similar to that

influence the predicted gravity anomali€k?). Although we 4 : .
. . . . . . of the mantle, or by a thinner crust/@-1/3) whose viscosity
h lies of 20
might predict gravity anomalies of greater magnitude by in is ~5 times greater than that of the mantle. The amplitudes of

creasing the scaling constantthe implied corresponding in- K ) 64 ) and h i
crease to model corona radius and topographic amplitude Wouge peak gravity (average 64 mgal) and topography anomalies

not be consistent with observations. Alternative explanation verage 1.27 km),thowe\r/]er,llfzvou:]th.e ”;]',nrller stro?gerlfrust
for our calculation of smaller model anomalies than are ob{&-9-Figs. 5d and 5t For the lithospheric thickness of 50 km

served could lie in inadequate resolution of the gravity ﬁe|d’that we inferred from coronae radii measurements, the implied

or in our omission of possible deep-sourced anomalies (e.g. JUStal thickness is therefore in the range 10-20 km.
mantle plume situated beneath the corona). Estimates ofGTR for Group 8 coronae (depressions) also

appear significant at 3& 26 mgalknt?, and in fact have a
4.5. Gravity to topography ratio (GTR) _similar amplitude to those of Group 3a. The diffe-rence-here
is that gravity and topography have negative amplitude in the

The shared dependence of gravity and topography anomali€§ntral region, implying that a central downwelling model is
on the scaling constahtAp suggests another measure indepentequired (e.gFigs. 5c and Se Figs. 10a-10¢hen shows that
dent of these scaling constants: the ratio of the peak amplitud@e observe@TRcan be explained by approximately the same
of free-air gravity anomaly to topography. This measure is les§ombinations of crustal thickness ratio and crustal viscosity ra-
strongly dependent on time, because both anomalies increati@ inferred for Group 3a.
approximately linearly with time. The gravity/topography ratio ~ The variability of the observed gravity/topography ratios for
(GTR thus should be more useful for constraining model paravenusian coronae might also suggest spatial variation of the vis-
metersy.., andm’. cosity and thickness of the crust. Variability in crustal viscosity

We computedGTR for each experiment by dividing the could result from variation in water content (edackwell and
peak gravity above the downwelling by the peak topografohistedt, 1993; Mackwell et al., 199&s much as temper-
phy above the downwelling, retaining the sign of each meaature (e.gKarato et al., 1986 The uncertainties of the ob-
sure. With no crustal layer, this ratio provides values betweeservedGTRmeasurements are sufficiently great, however, that
30 and 80 mgal km! for central downwelling, and between any systematic variation either between or within coronae topo-
30 and 65 mgalkm! for central upwelling. The computed graphic groups is not yet evident.
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Fig. 10. Gravity to topography ratigXTR), versus crust/lithosphere viscosity ratjp, at a range of times in the numerical experiments with central downwelling
(a—c) or central upwelling (d—f), free-slip upper boundary and initial crust/lithosphere thickness:fatid/6 (a,d), ¥3 (b,e), and 12 (c,f). Symbols show
wavenumber: circles fat = 1.277, squares fot’ = 2.554, and diamonds fd' = 3.831 (Rg = 3, 1.5, and 1, respectively, for central downwelling).

4.6. Viscosity of the lithosphere may be rewritten as a constraint on the viscosity paramegter,

The hypothesis that R—T instability acting on a thermally/im < ~81Ap(2x 1079, (13)
controlled density stratification is the driving mechanism forwhere the numerical factor includes the conversion from Myr
corona formation, implies a timescale from which we infer anto seconds. Assuming the values jofp = 3 x 10f kgm2
upper bound on the lithospheric viscosity (éNgil and House-  inferred above from topography amplitude data, the viscosity
man, 1999. If density depends only on temperature, then ther-of the mantle lithosphere is at most5 x 10?° Pas and the
mal conduction acts on the initial perturbation on a timescalerustal viscosity fory,. ~ 5 (inferred fromGTR analysis) is
of order~20 Myr, and may cause density gradients to diffuse~3 x 10?1 Pas. Although some uncertainty i\ p is possi-
away rather than be amplified by the induced fl®dogseman  ble, increasing or decreasing it by a factor of two would make it
and Molnar, 200 Therefore, we assume that the growth of thedifficult to reproduce the observed range of gravity and topog-
instability takes less thaw20 Myr. raphy anomalies.

The growth time of the instability in our experiments, from  This upper bound on lithospheric mantle viscosity5(x
the initial 1% perturbation, is in the range of 10-15 dimension-10?° Pas) is comparable to viscosities previously inferred for
less time units (e.grig. J), at the wavenumber of maximum the Venusian upper mantldimmo and McKenzie (19969sti-
growth rate. The dimensional growth time is found by multi- mated 3x 10°° Pas a factor of~3) for the viscosity of the
plying by 7o (7). The resulting constraint that &5< ~20 Myr  mantle using observations of gravity and topography over inter-
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preted mantle plumeSolomatov and Moresi (199@stimated  the range say /6 < m’ < 1/3) for which the crustal viscos-
107°-10?! Pas for the convecting mantle based on stagnarity contrast is closer to 5 than 1. The average observed radii of
lid convection models with a temperature-dependent viscossorona deformation imply a mantle lithosphere that is on aver-
ity. Our inference that lithospheric mantle viscosity is less tharage~50 km thick. Thus the implied crustal thickness is on the
~5 x 10?0 Pas suggests that previous estimates of venusiaarder of 10-20 km where these types of coronae have formed.
mantle viscosity are too high—at least in regions where coronag&he variation of observe@ TRmay imply that the local gravity
have formed. While the venusian lithosphere may generally b&eld is not adequately resolved for the purpose of this analysis,
much stronger than & 10?° Pa s, this corona formation mech- but it may also suggest spatial variability in the relative viscos-
anism could still apply where lithospheric mantle viscosity isity and thickness of the crust.
locally reduced by thermal or tectonic activity, as has been ar-
gued for terrestrial orogens (eBjllen and Houseman, 2004  Acknowledgments
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