
Global Variations in the GeoidITopography 
Admittance of Venus 

Mark Simons, Bradford H. Hager, Sean C. Solomon 

Global representations of geoid height and topography are used to map variations in the 
geoidltopography ratio (admittance) of Venus. The admittance values are permissive of two 
mutually exclusive models for convection-driven topography. In the first, compressive 
highland plateaus are expressions of present mantle downwelling, broad volcanic rises are 
expressions of mantle upwelling, and lowlands overlie regions with no substantial vertical 
motion in the mantle. In the second, compressive highland plateaus are remnants of an 
earlier regime of high crustal strain, and most other long-wavelength topographicvariations 
arise from normal convective tractions at the base of the lithosphere. 

Convection is the primary means of heat 
loss for the silicate mantles of both Earth 
and Venus. Plate tectonics. the Drocess bv 
which oceanic lithosphere is formed at mid- 
ocean ridges and consumed at subduction 
zones, is a surface expression of mantle 
convection on Earth. Although Venus and 
Earth are similar in size, density, and bulk 
composition (1 ) , radar images of the surface 
of Venus obtained bv the recent Maeellan - 
mission show no evidence for global plate 
tectonics (2, 3). Thus, the surface manifes- 
tations of mantle convection are quite dif- 
ferent on the two planets, a result plausibly 
attributed to the extreme dryness and high 
temperatures of the Venus surface (1, 4, 5). 
The high surface temperature makes the 
lithosphere on Venus more buoyant than its 
terrestrial countemart and mav inhibit the 
subduction process (5). Further, subduction 
requires throughgoing faulting of the entire 
thickness of the lithosphere, and most mod- 
els of spatially localized brittle faulting re- 
quire the presence of water (6). In the 
absence of water, the lithosphere of Venus 
miy not be capable of faulting on the scale 
necessary to create plate boundaries (7). 

The topography and gravity fields (8) 
measured by the Magellan spacecraft and 
the relation between them constitute cru- 
cial data, which we have used to develop 
models of the tectonic processes active on 
Venus. Variations in long-wavelength 
(greater than 700 km) geoid height (9) and 
surface topography are primary expressions 
of the underlying structure, mechanical 
constitution, and dynamics of the mantle- 
lithosphere system (10). The processes as- 
sociated with mantle convection, litho- 
spheric deformation, and the development 

of crustal thickness variations are not mu- 
tually exclusive, and their expressions are 
frequently interrelated. We can constrain 
how each of these processes influences a 
given region and horizontal scale by consid- 
ering how variations in geoid height relate 
to variations in topography. 

Geoid and topography are typically re- 
lated through an admittance function, esti- 
mates of which have been used on Earth to 
calculate effective elastic plate thicknesses, 
crustal thicknesses, and dynamic stresses 
imparted by the convecting mantle (1 1- 
13). In its simplest usage, the admittance 
for a given area is the variation in geoid 
height divided by the variation in topogra- 
phy. Its sign and amplitude vary as a func- 
tion of position and wavelength. At long 
wavelengths the geoid is most sensitive to 
processes associated with mantle convec- 
tion. In the absence of significant long- 
wavelength topography associated with 
crustal thickness variations, a small or neg- 
ative admittance value over a eiven area - 
implies that a low-viscosity channel is pres- 
ent beneath the lithosphere, decoupling it 
from underlying stresses in the convecting 
mantle (14). Such a situation holds in 
oceanic regions on Earth (1 3). If crustal 
thickness variations are important, then 
the admittance can be used to determine 
the mean crustal thickness over a region. In 
the absence of mantle convective Drocesses, 
the admittance for such areas is positive and 
increases as the crustal thickness increases. 

Before the Magellan mission, tracking 
data from the Pioneer Venus Orbiter 
(PVO) indicated that the geoid height and 
topography of Venus are highly correlated 
on a planetary scale, but global analyses 
carried out with these data were limited to 
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tions (8) of the PVO spacecraft over limited 
geographic areas on Venus to demonstrate 
that geoid height and topography correlate 
on shorter scales (-600 to -2000 km) than 
could be represented with the global spher- 
ical harmonic fields then available. but 
such studies were limited to selected high- 
land regions (1 7-20). 

We present maps of geoid/topography 
admittances for most of Venus from data 
recently obtained during the Magellan mis- 
sion (2 1). These maps demonstrate global 
variations in the admittance and constitute 
a guide to the depths and modes of com- 
pensation of topography associated with 
different large-scale features over much of 
Venus. We restrict our attention to the area 
north of 60"s (22), which occupies 93% of 
the surface of Venus and includes a wide 
range of geological structures (Fig. 1). The 
equatorial highlands of Aphrodite Terra 
span half the circumference of the planet. 
Western Aphrodite Terra consists of Ovda 
and Thetis Regiones, steep-flanked high- 
lands rising -3 km above the planetary 
mean and characterized by pervasive, dom- 
inantly compressive deformational features 
(2). In contrast, eastern Aphrodite Terra 
encompasses a broad rise, Atla Regio, 
topped by rift valleys and large volcanoes, 
with little evidence for compressional de- 
formation (2, 23). Beta and Eistla Regiones 
are each similarly characterized by a topo- 
graphic rise, large volcanoes, and rifting (2, 
23). Alpha and Tellus Regiones are areas of 
tesserae, complexly deformed terrain much 
like western Aphrodite (2, 24). Ishtar Ter- 
ra, which encompasses several mountain 
belts and blocks of highly deformed terrain 
(2, 25, 26), is the second largest compres- 
sionall~ deformed highland. Plains and low- 
lands, the lowest of which is Atalanta 
Planitia, lie between the highland terrains 
and make up most of the Venus surface. 
Ridge belts, compressional features with 
hundreds of meters of relief and dimensions 
of up to several thousand kilometers in 
length and hundreds of kilometers in width, 
are frequently associated with lowlands (2, 
27). 

Previous investigations of geoid-topogra- 
phy relations on Venus made use of geoid-to- 
topography ratios (GTR), estimates of the 
covariation of eeoid height and surface eleva- - - 
tion expressed as a function of position. The 
use of a sinele GTR relies on the  remise that - 
topography is locally compensated at one 
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depth (28). The admittance is the equivalent 
to GTR in the wave number domain (29), 
but the assumption of a single compensation 
depth is not required because the admittance 
can vary with wavelength. 

Following the practice in terrestrial stud- 

so as to determine regional variations, rath- 
er than only a global average, of the admit- 
tance. Calculations are simplified if we 
restrict ourselves to a regional domain, R, 
in the shape of a spherical cap, and if we 
adopt a reference frame whose pole pierces 
the center of this cap. In this reference 
frame, we define the covariance function, 
a*, between global fields A and B as 

tially overlapping wave number bands span- 
ning the range I = 10 to 55. We also made 
global maps for two of these bands: 1 = 10 
to 14 with Dw = 4000 km (band 1) and I = 
15 to 30 with Dw = 2700 km (band 3). 

To comDare our results to those of me- 
vious analyses, we applied our technique 
first to Earth (32). Admittance values range 
from -6 to 12 m/km for band 1 and -4 to 
12 m/km for band 3. The continents are 
characterized by positive admittances of 4 

ies, we assume that geoid and topography are 
linearlv related and determine the admit- 
tance in a least squares sense (1 1, 28, 30). 
We cast the problem directly in terms of the 
global spherical harmonic coefficients, with 
geoid height N and topography H defined at 
colatitude 0 and longitude + by 

I,. I,. 

11=1- lz=lmin m= -mo 
to 8 m/km, consistent with Airy compen- 
sation of topography and average crustal 
thicknesses of about 50 km. The lowest 
admittances occur in oceanic regions near 
triple junctions and subduction zones. For where 
example, the admittance over the Aleutian 
trench in band 1 is -4 2 3 m/km (Fig. 
2A). Given the strong sensitivity of the 
sien and amvlitude of the admittance to 

(1) 

I 
(2) 

where CN and CH are constants, GI, and 
Tlm are spherical harmonic coefficients, Ylm 
is the fully normalized complex spherical 
harmonic basis function of degree I and 
order m, and Re denotes the real part of the 
enclosed expression. We assume a relation 
of the form 

I,. I- mo " 
mantle viscosity structure (33), one hy- 
pothesis (not tested here) is that these low 
admittances reflect horizontal variations in 
the effective viscosity of the upper mantle. 
In contrast, the admittance is higher near 
intraplate hot spots. For example, the ad- 
mittance for the Hawaiian hot spot is about 
10 m/km in band 1 and 6 m/km in band 3 
(Fig. 2B). These values correspond to an 
apparent depth of compensation (ADC) of 
about 70 km for the Hawaiian hot spot, 
which agrees with ~revious estimates for the 

and an asterisk denotes complex conjugate. 
The admittance calculated from Eas. 4 and 
5 is an average, F, over a band of harmonic 
degrees (3 1). Implicit in this formulation is 
the premise that the admittance can be 
represented by a single value over a given 
band but may vary among bands. - 

compensation depth of the swell (1 3). 
Global (Fig. 2C) and regional (Fig. 2, D 

through L, and Fig. 3) admittance values 
for Venus (34, 35) range from 1 to 40 m/km 
(36), several times greater than the range 
for Earth in a given band. The globally 
averaeed admittance is not well matched bv 

This procedure is repeated over a grid to 
create a mav of admittance values. For each where Ilm is the part of the geoid not 

linearly related to topography (30). The 
global admittance, FI, for a single harmonic 
degree 1, is defined as 

location, the spherical harmonic coeffi- 
cients Gh and TI,,, are recalculated in the 
rotated reference frame. To reduce edge 
effects, we chose the diameter of the cap Dw 
to be 10% greater than the longest wa_ve- 
length included in the analysis. Because F is 
the admittance over the whole cav. it is 

an &ry model. The steady increase i; 
admittance with decreasing wave number. 

- - 
where a,, is the cross-covariance of geoid 
and topography, and at, is the covariance of 
topography (30). 

We define the cross-covariance function 

. , 
important when analyzing the maps to bear 
in mind the smoothing effect of finite cap 
diameter. We calculated results for six par- 

.., 
however, is similar to predictions from 
models of mantle convection with no crust- 
al thickness variations (37, 38). Admit- 

Fig. 1. Topography of Ve- 
nus (60% to 80°N), with 
major physiographic prov- 
inces labeled (cylindrical 
equidistant projection). 
Blackened areas lack Ma- 
gellan altimetry measure- 
ments. 
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tances at the highest wave number band 
used here, as well as in a global degree-by- 
degree analysis (33,  are consistent with an 
average crustal thickness of no more than 
abouc25 km, although this result remains to 
be confirmed by higher.reso1ution studies. 

The admittance for all of Ishtar Terra is 
about 4 m/km at wavelengths less than 
3000 km, corresponding to an ADC of 
about 40 km (Fig. 2D). Convective pro- 
cesses are not required to explain such 
admittance values. This ADC value differs 
from an earlier estimate of 180 a 20 km 

lshtar 

70°N 330°E 

W. Eistla 

20°N OoE 

(1 8),  presumably because the admittance 
derived here incorporates low-elevation 
LOS data from the presently nearly circular 
orbit of Magellan. Aphrodite Terra can be 
divided into two regions. To the west of 
135"E in Ovda and Thetis Regiones, admit- 
tances are 3 to 7 m/km (Fig. ZE), whereas 
to the east in Atla Regio, the admittances 
are much higher, 20 to 30 m/km (Fig. 2F). 
These values agree well with previous ADC 
estimates of 70 and 230 km for western and 
eastern Aphrodite, respectively (1 7). The 
admittance for Tellus Regio (Fig. 2G) is 

Hawaii 

- . 

----------- 

20°N 204% 

Thetis 

/ I  * 

5"s 125"E 

Venus H 

I I I 1  

- Atalanta - 

- - 

L 65"N 165"E 
I I I t  

similar to that of Ishtar, Thetis, and Ovda 
Regiones, all about 4 m/km. Although 
Alpha Regio is similar to these areas at 
wavelengths less than 2500 km. the admit- - 
tance increases at longer wavelengths (Fig. 
2H). This difference arises because Alpha 
has a lateral extent of only about 1500 km, 
so that longer wavelengths primarily sample 
the surrounding plains. 

The admittance for Beta Regio, about 
30 d k m  at wavelengths greater than 2000 
km (Fig. 21), is in good agreement with a 
previous estimate of 31 a 2 m/km obtained 
from PVO LOS data (1 9). At wavelengths 
less than 1000 km, the admittance in- 
creases with decreasing wavelength, per- 
haps a result of localized crustal thickening 
by magmatic activity. Extending between 
Beta and Atla Regiones, the rift zones of 
Hecate and Parga Chasmata have an admit- 
tance in band 3 of about 15 m/km (Fig. 
3B), distinctly higher than the value in the 
surrounding plains' of 10 m/km. High ad- 
mittances are also found in Eistla Regio, 
with values in all bands greater than the 
planetary average (Fig. 2J). At the longest 
wavelengths, the results for Eistla Regio 
and surrounding areas agree with those of 
an earlier regional analysis (20). However, 
at shorter wavelengths, the admittances are 
less, and the implied ADC is shallower 
(Fig. 2J). Many of the previous local anal- 
yses display this long-wavelength bias (18- 
20). In Bell Regio, for instance, our admit- 
tance of about 20 d k m  in band 1 agrees 
with the result of an earlier regional model 
(19) but decreases significantly in higher 
bands (Fig. 2K). This bias in previous 
estimates may stem from an implicit reli- 
ance on an Airy isostastic model (29), 
which our results suggest is not generally 
valid. In addition, many features on Venus 
may not have significant geoid and topo- 
graphic expression in a particular wave 
number band, leading to large variations in 
admittance across different bands. The ad- 
mittance for Atalanta Planitia (Fig. 2L) is 

\ "  , 
typical of the plains and lowlands with a 
value of about 10 m/km at wavelengths 
greater than about 1500 km (Fig. 3). At 
shorter wavelengths, the admittance in the 
plains and lowlands decreases significantly 
to values comparable with the globally av- 
eraged values for corresponding wavelength 
bands (Fig. 2C). 

The admittance in all bands is consistent- 
ly nonnegative for the entire portion of 

Spherical harmonic degree, I 
Venus for which the geoid is well resolved 

Fig. 2. Admittances for (A) the Aleutian trench and island arc, (B) the Hawaiian hot spot, (C) all of and the admittance well constrained. ln 
Venus (D, = 2aR, where R is the radius of Venus), (D) lshtar Terra, (E) Thetis Regio, (F) Atla Regio, addition, the mean admittance values for 
(G) Tellus Regio, (H) Alpha Regio, (I) Beta Regio, (J) western Eistla Regio, (K) Bell Regio, and (L) Venus (about 16 mlkm for band and 13 
Atalanta Planitia. The admittances are shown as shaded rectangles whose horizontal extent 
represents the limits of the harmonic degree band and whose vertical extent corresponds to two mlkm for band 3, exceed the 
standard deviations in the admittance estimate. Theoretical geoid/topography admittance curves for Earth. High of 

for Airy isostasy with different compensation depths (25,50,100, and 200 km in bottom-to-top order) admittance from earlier global and regional 
are shown (21): Solid lines are for Venus (p = 2900 kg/m3, g = 8.9 m/s2, and R = 6051 km); dashed analyses formed the basis for the hypothesis 
lines are for Earth (p = 2670 kg/m3, g = 9.8 m/s2, and R = 6371 km). that Venus lacks an upper mantle low- 
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Fig. 3. Global admittance maps for Venus (or- 
thonormal projection) over (A) band 1 and (B) 
band 3. Topographic contour lines at 1-km 
intervals are also shown for reference: dashed 
for elevations 5-05 km and solid for eleva- 
tions 20.5 km. Lines of latitude and longitude 
are at 30" intervals. 

viscosity zone and thus experiences strong 
coupling between motions of the convecting 
mantle and the overlying lithosphere (1, 16, 
19,37,39-43). These new admittance maps 
are consistent with this hypothesis. 

Western Aphrodite, Ishtar Terra, and 
the other large tesserae regions such as 
Alpha and Tellus are characterized by per- 
vasive com~ressional features that are con- 
sistent with crustal deformation in response 
to horizontal shortening of the lithosphere 
(2, 26, 41, 42). The high topography in 
these areas probably results from a combi- 
nation of crustal thickening and accumula- 
tion of low-density mantle residuum. The 
admittances in these areas are consistent 
with a crustal thickness of about 40 km. In 
contrast, on the basis of large admittance 
values and evidence for extensive volca- 
nism, Beta, Atla, Bell, and Eistla Regiones 
likely overlie sites of mantle upwelling; 
their high topography probably results prin- 
cipally from a combination of vertical con- 
vective stresses on the base of the litho- 
sphere and crustal thickening by volcanism 
and magmatic intrusion (2, 5, 19, 20, 
39-41, 43, 44)- 

The densitv of im~act  craters on the 
surface of Venus indicates an average age of 
about 500 million years (45). Furthermore, 
the low density of craters modified by vol- 
canic flows or deformation suggests that the 
rate of removal or modification of impact 
craters has been markedly lower since 500 
million years ago (Ma) than before that 
time (43..  Although the premise of cou- 
pling mantle convection to the lithosphere 
provides a basis for our interpretation of the 
admittance maps, we must distinguish be- 
tween models in which the styles of surface 
deformation have been similar for more 
than 500 million vears and models in which 
a significant chaige occurred at about 500 
Ma. We refer to these two classes of models 
as a steady regime and a variable regime, 
respectively (46). Under a steady regime, all 
observed surface deformational features can 
be related to present characteristics of man- 
tle flow. In contrast, under a variable re- 
gime, some observed tectonic features are 
products of processes no longer occurring. In 
particular, we discuss a class of models in 
which the highland plateaus with dominant- 
ly compressive tectonic features, such as 
western Aphrodite Terra and Ishtar Terra, 
and the tesserae are remnants of a previous 
regime of high crustal strain prior to 500 Ma. 

We divide models of mantle-lithosphere 
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coupling into those that include the effects 
of thickening and thinning of the crust and 
those that do not. A model in which the 
crust acts only as a passive tracer, such that 
essentially all long-wavelength topography is 
simply the result of .the vertical tractions 
associated with mantle convection, can fit the 
:observed geoid and topography (16, 37, 40, 
43). In this model. highlands overlie sites of , - 
mantle upwelling, and lowlands overlie sites 
of mantle downwelling. In such a model, the 
ridge belts in the lowlands are most likely the 
expression of limited lithospheric strain in- 
duced by mantle downwelling (27). However, 
a model without substantial crustal deforma- 
tion induced bv mantle flow cannot ex~lain 
the large-scale compressional features seen in 
radar images of many highlands and the per- 
vasive deformation recorded in the tesserae. 
Thus, this model can only be viable if such 
regions are postulated to have formed during a 
now extinct phase of tectonic deformation 
(Fig. 4A). 

In contrast, if Venus is in a steady 
regime and the compressional highlands are 
relatable to present mantle flow pattems- 
that is, if the crust currently experiences 
significant deformation in response to man- 
tle-convective tractions-then the issue of 
the origin of the lowlands remains (Fig. 
4B). The lowlands have previously been 
hypothesized to be regions of incipient or 
fully developed downgoing mantle flow, 
which eventually mature to states resem- 
bling western Aphrodite Terra or Ishtar 
Terra (5, 27, 41). To accomplish such a 
metamorphosis, the topography must 
change sign (relative to the global mean 
elevation) during the evolution of the con- 
vective downwelling. The sign of the to- 
pography would be dominated by vertical 
convective stresses (surface depression) in 
the early stages of evolution and by crustal 
thickening effects (high topography) in lat- 
er stages (41, 47). In the absence of a 
mdchanism by which the sign of the geoid 
anomaly from a given convective phenom- 
enon changes at the same time as that of 
the topography, this scenario involves an 
early lowland period during which admit- 
tance is of one sign (for example, negative), 
a brief period with no appreciable topo- 
graphic expression when the admittance is 
unbounded (or the geoid and topography 
signatures are incoherent), and a late high- 
land period when the admittance has a sign 
opposite to that of the lowland period (for 
example, positive). Because observed admit- 
tances for both lowlands and highlands are 
positive (Fig. 2, C through L, and Fig. 3), 
this model is inconsistent with observation. 

By this reasoning, in a steady regime, 
lowlands overlie regions where there is no 
substantial vertical component of upper 
mantle flow, and a source of stress other 
than localized downwelling is required to 

A Variable regime 

I'm 

B Steady regime 

Fig. 4. Schematic illustration of the two permis- 
sible regimes that are consistent with the geoidl 
topography admittance constraints: (A) vari- 
able regime and (B) steady regime. Curving 
arrows indicate direction of mantle flow, p, and 
p, indicate regions with crustal and mantle 
densities, respectively, and thrust fault symbols 
denote compressional highland plateaus and 
tesserae. 

form the ridge belts. One possibility is that 
the lithospheric instabilities believed to 
generate the ridge belts (27) arise from 
shear tractions at the base of the litho- 
sphere. However, this mechanism has yet 
to be explored in detail. In addition, in a 
steady regime, the consistently positive val- 
ues of admittance, together with observa- 
tions of crustal deformation. reauire that , . 
surface elevation over downwellings always 
be ~ositive. This im~lies that the thicken- 
ing of crust and any .buoyant residuum is 
always sufficient to overcome the effect of 
surface downwarping by flow in the under- 
lying mantle. On the other hand, topogra- 
phy over mantle upwellings must also be 
positive, requiring that mantle convective 
uplift and magmatic additions to crustal 
voluine dominate the effects of convec- 
tivelv induced crustal extension and thin- 
ning. One possible :elution to this apparent 
paradox is that over mantle upwellings the 
crust is shielded from convective shear trac- 
tions by the strong mantle portion of the 
lithosphere, such that crustal thinning is 
either negligible or outweighed by construc- 
tional volcanism and maematic intrusion. 

LJ 

In contrast to upwellings, where rising 
plumes impinge on the base of the litho- 
sphere, the development of convective 
downwelling instabilities would involve the 
entire lithospheric boundary layer. In this 
scenario, the crust would not be shielded 
from convective tractions but would deform 
with the rest of the lithosphere as the 
instability grows. 

Both the steady and the variable regimes 
require that there be no significant exten- 
sional thinning of the crust over regions of 
upwelling mantle. Several tectonic obser- 
vations suggest that such a requirement is 
met. Impact craters in regions of postulated 
mantle upwelling show only limited 
amounts of strain (48). Strain in these 
regions occurs primarily across rifts, which 
show only limited amounts of horizontal 
separation (2, 23). In addition, except for 
isolated volcanic edifices. rifts show little 
evidence for voluminous magmatism, in 
support of the view that the crust and 
lithosphere have not thinned sufficiently to 
generate widespread pressure-release melt- 
ing. Similarly consistent with both regimes 
is the evidence for only limited crustal 
deformation in the lowlands (2). 

A variable regime, however, is favored 
bv the results of several recent studies. The 
tesserae have a higher density of impact 
craters larger than 16 km in diameter than 
do the plains, and only one-sixth of the 
large impact craters in the tesserae have 
been significantly deformed; these results 
suggest that recent tectonic activity has not 
been widespread in these regions (49). Fur- 
ther, new laboratory measurements indicate 
that the strength of crustal rocks under dry, 
Venus-like conditions is much greater than 
previously recognized, implying that the 
large topographic relief and steep slopes 
found in the crustal plateaus and mountain 
belts can be maintained over longer time 
periods than previously assumed on the 
basis of the high surface temperature and 
the strength of crustal rocks on Earth (50). 
Consistent with these new measurements of 
creep strength are Earth-like estimates of 
the thickness of the elastic lithosphere on 
Venus from the flexural response to volcan- 
ic and tectonic loading (5 1 ) . 

While the conclusion that mantle con- 
vection and lithospheric deformation are 
strongly coupled on Venus remains firm (1, 
16-20, 37, 39-43), the admittances are 
consistent with two auite different models 
for the evolution of surface deformation. A 
model in which the crust currently experi- 
ences extensive deformation in response to 
convective coupling can be valid only in 
what we term a steady regime. In this 
regime, lowlands are not dynamic features, 
and the rheological stratification of the 
lithosphere must be such that the crust is 
shielded from shear tractions over mantle 
upwellings but is able to deform rapidly 
during the development of cold downgoing 
mantle instabilities. In contrast, a model in 
which the crust does not thicken or thin 
significantly in response to present convec- 
tive tractions can be valid only in what we 
term a variable regime. In such a regime, 
which we currently favor, the compression- 
al highlands and tesserae are products of 
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past, rather than current, mantle processes, 
and most other long-wavelength topo- 
graphic features are principally the result of 
vertical tractions at the base of the litho- 
sphere. 
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