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The elastic thickness, Te, for various regions of Venus is esti-
mated by comparing the observed line of sight (LOS) acceleration
of the Magellan spacecraft with that predicted using a spherical
harmonic representation of the topography, to degree and order
360. At long wavelengths (typically longer than about 500 km) the
transfer function between the topography and gravity, or admit-
tance, usually has a flat spectrum with a magnitude of between 20
and 50 mGal Km−1, which is most likely due to convective support.
In particular, the topographic highs associated with Beta, Phoebe,
Bell, and Eistla are thought to be dynamically supported. At shorter
wavelengths, the admittance increases, suggesting a component of
flexural support. The elastic thicknesses are constrained by fitting
theoretical admittance curves to the observed short wavelength val-
ues for the admittance. Results from Magellan cycle 5 show evidence
of regional variations in elastic thickness between about 19 and
29 km, with a mean value of around 21–23 km, assuming a crustal
thickness of 16 km and a density of 2670 kg m−3. The observed
variations in admittance between different regions are unlikely to
be due to differences in crustal thickness or density, and probably
represent real variations in Te. The values obtained are similar to
those from an identical analysis using cycle 4 data. Estimates of
the elastic thickness of the Ovda and Alpha regions are unreliable,
probably because the topography is not well determined. No reli-
able estimates of elastic thickness could be made from cycle 6 data
where the altitude of the spacecraft was higher than about 300 km,
due to the reduction in short wavelength signal amplitude with
altitude. c© 2000 Academic Press

Key Words: Venus; elastic thickness; admittance; gravity; line of
sight acceleration.
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The elastic thickness,Te, is the effective thickness of that pa
of the lithosphere which can support elastic stresses over
logical time scales. Any load on the lithosphere can, in gene
be expressed as a Fourier series of different wavelength lo
In the Fourier domain, the admittance,Z(k), is the ratio between
the gravity anomaly,1ḡ(k), caused by a topographic load on
elastic plate and the magnitude of the topography,h̄(k),

1ḡ(k) = Z(k)h̄(k), (1)
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the elastic thickness and can be viewed as a filter which pred
the gravity anomaly given the topography, i.e., is the trans
function between gravity and topography (see McKenzie a
Bowin 1976). The admittance is given by

Z= 3g0(ρc− ρw)

2aρp
exp(−kz)

×
[
1− exp(−ktc)

/(
1+ ET3

e k4

12(1− σ 2)(ρm− ρc)g0

)]
, (2)

whereg0 is the mean gravity field (8.86 m s−2), ρc is the crustal
density (2670 kg m−3), ρw is the density of the overlying fluid
(0 kg m−3),ρm is the density of the upper mantle (3300 kg m−3),
E is Young’s modulus (1011 Pa) andσ is Poisson’s ratio (0.25)
for the elastic layer of thicknessTe, z is the height of the surface
on which the gravity is measured above the mean upper sur
of the elastic layer (i.e., the spacecraft altitude),tc is the mean
crustal thickness (16 km),a is the radius of the planet (6052 km)
andρp is the mean density of the planet (5200 kg m−3). The
implications of the chosen values for the crustal parameters
addressed under Discussion and Conclusions.

Admittance analysis uses free air gravity data. As the wa
length of a load tends to infinity (i.e.,k→ 0), the load will
be compensated for all values ofTe and thus produce no free
air gravity anomaly. Hence at long wavelengths the admitta
is zero. Conversely, at short wavelengths the admittance
proaches a constant value, controlled by the density cont
between the load and the surrounding material. The wavelen
at which a change between these two regimes is observed
where compensation ceases) is dependent on elastic thickn

A further complication is that topography whose waveleng
is longer than about 500 km may be dynamically supported
convection. Dynamically supported topography typically giv
rise to an admittance spectrum which is flat at long waveleng
and has an amplitude of around 40–60 mGal km−1 in the ab-
sence of water (McKenzie 1994), depending on the lid thickn
(Nimmo and McKenzie 1996). This characteristic convecti
signal is a joint contribution from the bulge in the surface, whi

4



E

l

t

v

g

i
n

x

a

l
h

7

L
t

ce
ria-

t and
ise
e of
se
nts
ed

era-
nd

is
d a
ari-

e
is

se
eas-
true
ncy

-
ions
the
ing

ore
her
olar
hort
her

n
ion,
is
and

for

, in
vity,
s
ted

idth
-
that

om
hy,
zie
ELASTIC THICKNESS

gives a positive gravity anomaly, and from the anomalously
density of the hot asthenospheric material underneath, w
gives a negative, but smaller, anomaly. Note that the visco
structure of the mantle will, in practice, determine the rela
magnitudes of these two effects (see, e.g., Richards and H
1984, Ricardet al.1984). Thus the admittance does not tend
zero at long wavelengths when the topography is convecti
supported.

2. ADMITTANCE STUDIES OF VENUS
FROM MAGELLAN DATA

For an elastic thickness of the order of 20 km, the change in
value of the admittance, from high values at short wavelen
to lower values at long wavelengths, occurs in the wavelen
range 250–500 km. It is therefore this region which is of inter
for determiningTe. One major problem with flexural signals
this wavelength range is that the coherent gravitational sig
are attenuated as the orbital height,z, increases, by a factor o
approximately exp(−2πz/λ). This attenuation means, for e
ample, that a signal of wavelength 500 km will be attenuated
a factor of approximately exp(−6) ('0.002) at an orbital heigh
of 500 km.

The topography of Venus is known and can be expresse
terms of spherical harmonics to degree and order 360 (Rapp
and Plaut 1999). This topographic model is an improvem
over the previous one (Rappaport and Plaut 1994) because
cludes corrections to the position of the spacecraft, derived f
a recent high-resolution gravity model. The principal differen
between the two is at wavelengths greater than 1000 km
therefore does not have an important influence on the ad
tance estimates at wavelengths shorter than 500 km. Initia
value of 1 mGal km−1 at all wavelengths is used to calculate t
gravity potential. The three components of the gravity field
the altitude of the spacecraft can then be calculated, using
full spherical harmonic series tol =m= 360. The projection of
these components onto the line of sight to the Earth is there
the LOS acceleration which would be observed if the admitta
were 1 mGal km−1. The gravity field is obtained by measurin
the acceleration of the spacecraft during its orbit along the
of sight (LOS) from Earth (see McKenzie and Nimmo 199
by calculating the time derivative of the LOS velocity,v, every
4 s (1t). The LOS acceleration,gn, at each point is given by

gn = vn+1− vn−1

21t
, (3)

which gives a properly centered value of the LOS accelera
at each time.

Equation (1) may then be used to find the admittance,Z(k), be-
tween the observed and calculated LOS accelerations, by fin
the transfer function between the calculated and observed
accelerations in the Fourier domain and by assuming tha

calculated LOS acceleration is free from noise. Various sour
of noise are discussed by McKenzie and Fairhead (1997)
STIMATES FOR VENUS 405
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McKenzie and Nimmo (1997). On Earth, an important sour
of noise is subsurface density variations. On Venus, such va
tions are likely to be smaller, because sediments are absen
the crust is entirely volcanic. A more important source of no
is the signal propagation path from Venus to Earth. Becaus
variations in the electron density in the solar wind, the pha
of the carrier frequency used to make Doppler measureme
undergoes irregular variations which cannot be distinguish
from the phase variations used to estimate the LOS accel
tions. McKenzie and Nimmo (1997) showed that this solar wi
noise increased rapidly when the path from Venus to Earth
close to the Sun (i.e, near superior conjunction). They use
simple model of electron density to describe the observed v
ations when the Earth–Sun–Venus angle,ψ , was greater than
about 120◦. At smaller values ofψ , they argued that the sourc
of the noise was probably instrumental, since its magnitude
independent ofψ . Both the plasma and the instrumental noi
increase with increasing frequency, and they are therefore
ily recognized. In contrast, upward attentuation causes the
LOS acceleration from Venus to decay rapidly as the freque
increases (i.e., as the wavelength decreases).

As in McKenzie and Nimmo (1997), two-dimensional grid
ded boxes of the observed and calculated LOS accelerat
were used in this work. The slow rotation of Venus causes
tracks to sweep gradually across the surface and the view
angle changes slowly, allowing the data to be gridded bef
Fourier transforming. Better results are achieved with 2-D, rat
than 1-D, Fourier transforms, because the instrumental and s
wind noise is confined to each track and therefore has a s
wavelength normal to each track. Therefore this noise has hig
values ofk in 2-D than it does in 1-D. Multitapers (Thomso
1982) are used to window the data three times in each dimens
using orthogonal windows, before the 2-D Fourier transform
carried out. The multitaper method reduces spectral leakage
also reduces the standard deviation of the estimates ofZ, be-
cause it gives nine independent estimates of the admittance
each wavenumber band.

The best method of determining the admittance depends
general, on whether there is more noise in the observed gra
g, or in the topography,h. Since the observed LOS gravity tend
to be noisier than the topography, the admittance is calcula
using

Z(k) =
∑

g(k)h∗(k)∑
h(k)h∗(k)

, (4)

where the summation is over some wavenumber band of w
1k centred onk, (=(k2

x + k2
y)1/2) (see McKenzie 1994). The as

terisk denotes the complex conjugate. This method assumes
the admittance is isotropic and that the topography is free fr
noise. However, in practice there may be noise in the topograp
which tends to reduce estimates of the admittance (McKen
ces
and
1994). The topography is poorly determined in regions such as
tesserae (highly deformed, elevated regions). In such regions of
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rough topography, the radar returns that are used to map th
face topography come from a large region of surface below
spacecraft, and it is difficult to pick the first return because
signal is wrapped round in time by the pulse repetition freque
(see Fordet al.1993, McKenzie and Nimmo 1997). Rough are
where the topography is poorly constrained show up brightl
the synthetic aperture radar (SAR) images. This problem m
that the spherical harmonic representation of the topogra
which is used to calculate the gravity, is not accurate in s
regions.

Other methods which have been used to estimate elastic t
ness include the modeling of topography in the space dom
Johnson and Sandwell (1994) modeled flexural features as
ated with coronae, using 2-D Cartesian and axisymmetric
elastic plate models. They found elastic thicknesses in the r
12–34 km for the most reliable data. Brown and Grimm (19
carried out a study of several large impact craters on Ve
They observed no evidence of post-impact elastic reboun
any of these craters, such as the presence of faulting in the fl
of the craters. Their interpretation was that the lithosphere
sufficiently rigid to support the crater cavities, constraining
elastic thickness for the three largest craters to be at leas
15 km. McGovern and Solomon (1998) constrained the ela
thickness by studying the mechanisms necessary for the gr
and support of large venusian volcanoes. They concluded
large conical volcanoes are much more likely to form ifTe is
relatively large, a value of at least 32 km being required to al
the formation of the largest 25% of volcanoes on Venus.

Other studies have estimatedTe using the admittance calcu
lated directly from spherical harmonic models of the grav
and topography. Smrekar (1994) inverted the raw LOS ac
erations, in addition to spherical harmonic models, to gene
a gravity field which she used to estimate an elastic thickn
for Atla of 30± 5 km. Phillips (1994) also used spherical h
monic representations of the gravity and topography, to de
mine the elastic thickness of Atla using a Monte Carlo invers
technique which found the best-fit value ofTe and three othe
parameters to the observed admittance spectrum. His be
value of elastic thickness was 45± 3 km, although any value
of Te from 0 to 140 km gave acceptable solutions. Howev
more recently, Phillipset al. (1997) have argued that an elas
thickness of 25 km provides a better fit to the data. In ad
tion, Simonset al.(1997) developed a method for analyzing t
frequency content of the spherical harmonic data as a func
of position. They found that the long wavelength topograp
of Venus is dominated by convective features, the admitta
spectra implying values of elastic thickness of between 10
30 km.

Spherical harmonics must be used rather than Fourier tr
forms when the size of the area under consideration is comp
ble to the radius of the planet. To produce a spherical harm
representation of the gravity field from the LOS velocity da

some method must be used to suppress the instability that a
from downward continuation; otherwise the gravity field is do
, AND McKENZIE
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inated by the short wavelength noise. It is therefore difficul
estimateTe directly from spherical harmonic models of the gra
ity field unless the signal to noise ratio in the LOS accelerat
is high between wavelengths of 300 and 500 km. This condi
is only satisfied by the Magellan data that was obtained at
lowest altitudes. In contrast, the method described by McKen
and Nimmo (1997) can provide reliable estimates ofZ when the
signal to noise ratio is as low as 1 to 100, provided the nois
not coherent with the topography. This condition is satisfied
instrumental and solar wind noise.

3. ANALYSIS OF MAGELLAN MAPPING CYCLES

Magellan cycles 5 and 6 followed the circularization of t
spacecraft’s orbit (see Saunderset al. 1992). Previously, the
orbit had been highly elliptical and approximately polar, w
a periapse at about 10◦N. The altitude at periapse was abo
180 km for cycle 4, and the apoapse distance was approxim
8000 km. In an analysis of this cycle by McKenzie and Nimm
(1997), no data was used when the altitude of the spacecraf
greater than 400 km, which restricted the analyses to a lati
band of 25◦S to 40◦N. Cycles 5 and 6 can potentially be used
study areas at higher latitudes than was previously possible
Figs. 1–3).

In any admittance analysis of an area of Venus, there are
important criteria which must be satisfied. First, the altitude
the spacecraft must not be too high. As the altitude increa
the attenuation of the gravitational signals increases rapidly,
this effect being most pronounced for short wavelength sign
At a given altitude, there will be some wavelength below wh
the signal coherence is so low (typically below about 0.01) t
the estimates of the admittance are unreliable. It is impor
that the altitude is sufficiently low that the short waveleng
elastic signals are not too greatly attenuated; otherwise the
oretical admittance curve which is fitted to the points will n
be constrained. A useful rule of thumb is that the height of
spacecraft must be less than the wavelength at which the fl
ral admittance decreases rapidly as the wavelength increas
practice, the admittance technique was not able to give a reli
estimate ofTe for cycles 5 and 6 when the spacecraft altitu
was greater than about 300 km.

The second important point is that the area studied must
be too small. A large box is necessary if there is to be eno
information present to allow accurate estimates of the admitta
from noisy data. Also, not only does a box smaller than ab
40◦, or 4000 km in either dimension, limit the signal waveleng
which can be studied but also it may result in spectral leaka
where a real signal with a wavelength longer than the box
will be mapped onto shorter wavelengths.

In addition, it is important to use a map projection whi
minimizes length and angular distortion. For example, in the c
of Mercator projection with an axis through the pole, featu
rises
m-

near the poles are stretched relative to those nearer the equator.
In the case of boxes which extended more than about 45◦ or so
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FIG. 1. Plot of the ground tracks of Magellan for which observed LOS accelerations are available, for cycle 5. Only those tracks where the altitu

a orrespo
t

ch
spacecraft was less than 400 km are shown. Ascending tracks which cut
different line of sight and therefore cannot be combined in the same admit

in latitude, this stretching can be of order 1.5 or more. Study
large areas in such a Mercator projection can lead to error

the calculated value ofT of also about this order. In this work

FIG. 2. The altitude of the spacecraft in km over the region where there
in altitude near 50◦E and 90◦E are due to maneuvers of the spacecraft (Kono
cross these descending tracks are also not shown; the ascending tracks cnd to a
ance calculation.

ing
s in
boxes, with a pole roughly in the center of the box in ea
case.
, In order to reduce short wavelength gridding noise, the data
ere
e

an Airy projection (Snyder 1989) was used for all admittance(both observed and calculated LOS accelerations) w
is track coverage, for cycle 5. The black areas represent data gaps. The abrupt changes
pliv and Sjogren 1996).
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FIG. 3. The locations of the boxes used for the admittance studies with the cycle 5 data set and the best-fit elastic thicknesses. In each case, the ranic
thickness over which the misfit function is less than twice that at its minimum is shown in brackets. Note that each box is rectangular in an Airy projeon, but
not in this Mercator projection. Also shown for comparison are local values of elastic thickness calculated by Johnson and Sandwell (1994) from the topography,
using flexural models roughly perpendicular to strike of large features (filled circles) and smaller axisymmetric features (open circles). For each,the range of

elastic thicknesses found are shown in brackets, and for the large features, the best-fit elastic thicknesses are also shown. The gray line is the 6052.5 km elevation
contour.
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smoothed before gridding. The smoothing was achieved by
ning the data into 0.5◦× 0.5◦ bins and calculating the mea
values of the locations and accelerations within each bin. S
bins are much smaller than the shortest wavelength which
be studied at the spacecraft altitude. The binning was ne
sary, as linear tracks of noise, roughly parallel to the track
entations, were visible when observed LOS acceleration
gridded without binning. This noise arose because the gridd
code introduced large amplitude signals in locations where
tracks were closely spaced and adjacent values of LOS ac
eration differed slightly, in an attempt to fit as many of th
data points as possible. The observed and calculated acc
ations must be smoothed in exactly the same way, becaus
smoothing window affects the amplitude at a particular wa
length.

One of the major aims of this work was to obtain estimates
elastic thickness,Te, for different regions of Venus, and to se
whether there are variations in this parameter over the planet.
reliability of these estimates, and hence the meaningfulnes
any observed variations, may be ascertained both by the qu
of the fit of the theoretical admittance curve to the points (sho
by the misfit function, as defined by McKenzie and Fairhe

(1997) and by comparison of the results with those from t
cycle 4 data set (McKenzie and Nimmo 1997).
in-

uch
can
es-
ri-
as

ing
the
cel-
e
eler-

the
e-

of
e
The
s of
lity

wn
ad

4. RESULTS FROM CYCLE 5

Figure 1 shows the ground track coverage for cycle 5 of t
part of the surface of Venus over which the studies were car
out. Figure 2 shows the altitude of the spacecraft, as a func
of position, and Fig. 3 shows the locations of the boxes used
the admittance studies which are discussed below. In Fig. 1, o
tracks where the altitude of the spacecraft was less than 400
are shown. Note that the coverage is not complete, both bec
there is no data from when the craft was occulted by Ven
and near superior conjunction and because the signals f
Magellan were not recorded continuously, even when the c
was not occulted. For each box studied, only tracks with a con
tent orientation throughout the box were used, correspondin
a slowly varying LOS direction. It was important not to hav
two sets of tracks from different times, or from ascending a
descending orbits, which have different viewing geometries
the same box.

In the case of cycle 5, there were two main regions in wh
the spacecraft altitude was sufficiently low to allowTe to be
estimated. These were the two “longbox” regions (areas as sh
in Fig. 3 and with approximate latitude and longitude limits

hespecified in Table I), in which the spacecraft altitude was be-
tween about 200 and 350 km. These were then subdivided into
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TABLE I
Names and Approximate Latitude and Longitude Limits (for Cycle 5) of the Admittance Boxes, as Well as the Wavelength

Bands in Which the Misfit Function Was Calculated, the Best-Fit Value of Te (and the Range of Elastic Thickness over Which
the Misfit Function Is Less Than Twice That at Its Minimum), and the Mean Spacecraft Altitude within Each Box

λ band Best-fitTe Mean altit.
Region Cycle Lat. (◦) Long. (◦) (misfit) (km) (km) (km)

“Longbox” 5 −60 to 50 −100 to−50 300 to 500 23 [16 to 33] 243
“Longbox2” 5 −50 to 50 0 to 60 300 to 500 21 [18 to 24] 226
Beta 5 5 to 50 −100 to−60 300 to 500 29 [27 to 30] 194
Phoebe 5 −30 to 10 −100 to−50 300 to 500 19 [16 to 23] 226
Bell 5 10 to 50 20 to 60 300 to 500 20 [17 to 23] 192
Eistla 5 −10 to 40 −5 to 40 350 to 500 19 [16 to 21] 198
S of Ovda 5 −70 to−20 50 to 90 300 to 500 20 [14 to 26] 281
Ovda 5 −20 to 20 50 to 90 300 to 500 (0 [0 to 9]) 196
Alpha 5 −45 to 0 5 to 50 350 to 500 (0 [0 to 9]) 239

Atla 4 150 to 500 32.5
Ulfrun 4 150 to 500 33.0
Phoebe & Beta 4 150 to 500 27.5
Eistla 4 150 to 500 20.5
Aphrodite 4 150 to 500 5.0
Dali 4 150 to 500 12.0
.
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Note.The values ofTe for Ovda and Alpha are not likely to be va
Nimmo (1997).

smaller regions for study. Figure 2 also shows two abrupt jum
in the altitude of the spacecraft during cycle 5, near 50◦ and 90◦

longitude. These correspond to maneuvers of the spacecraft
first was a lowering of the periapse, and the second is due
series of maneuvers which raised the periapse and lowered
apoapse (Konopliv and Sjogren 1996). These maneuvers do
affect the observed LOS acceleration, provided the period
which the maneuvre itself occurred is not used.

4.1. Beta

The region of Beta is discussed here as a representative
ample of the areas studied. The location of the box is show
Fig. 3 and is specified in Table I by approximate latitude a
longitude limits. The average altitude of the spacecraft wit
the box is also shown. A crustal thickness of 16 km and a den
of 2670 kg m−3 were assumed for all regions (but see the disc
sion below). The best-fit elastic thickness for Beta is shown
Table I, and plots of the admittance, signal coherence, and m
function of the admittance as a function of elastic thickness
the region are all shown in Fig. 4. The wavelength band in wh
the misfit function was calculated is also shown, and it is ta
lated in Table I. It is important not to include long wavelengt
where effects other than those due to elastic flexure domin
the admittance, and no data is used to constrain the theore
curve until the admittance estimates show a marked incre
from their long wavelength value (typically around 50 mG
km−1.) The shorter wavelength limit is the wavelength belo
which the coherence is too low for the calculated admittan
values to be reliable. However, the inclusion of shorter wa
gths in the misfit calculation does not affect the estimate
since the uncertainty in the admittance is large at short wa
lid. The elastic thickness estimates from cycle 4 are from McKenzie and
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lengths, which therefore contributes little to the misfit functio
The misfit function shows the amount by which the effect
elastic thickness estimate can be varied without seriously
grading the quality of the fit to the data. The range of ela
thicknesses for which the misfit function is less than twice t
at its minimum is also given, as a guide to the uncertainty.
shortest wavelength used by Simonset al. (1997) is shown in
Fig. 4 by a vertical dashed line, and it is longer than the long
wavelength used in this work to estimateTe. Figure 5 shows the
theoretical admittance curves for the upper and lowerTe limits
and the calculated admittance values. Shown for comparis
Eistla (see Table I), an area whereTe is less well constrained
(see also Fig. 11).

At long wavelengths, the admittance spectrum is flat and
an amplitude of approximately 50 mGal km−1 (see Fig. 4). A
flat, long wavelength spectrum of such a large amplitude is d
nostic of dynamic support (Simonset al.1997), and the magni
tude is consistent with models of mantle convection (Nimmo
McKenzie 1996, McKenzie 1994). Beta is therefore suspecte
be convective in origin. In agreement with this conclusion is
fact that contour plots of observed and calculated LOS acce
tion for Beta (Fig. 6) show that the dominant feature of the are
the positive topographic and gravity anomaly of Beta itself, w
a diameter of around 2000 km. The evidence of rifting and v
canic constructs in the SAR images is also important. For th
reasons, numerous previous studies have also concluded
Beta, and many of the other broad topographic rises on Ve
are associated with convective mantle plumes (e.g., Smr
1994, Phillipset al.1981, McGillet al.1981). Note that the con

of

ve-
tour interval for the calculated LOS acceleration plot is 50 times
smaller than for the observed acceleration. Hence the similarity
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FIG. 4. Plots of admittance as a function of wavelength, signal cohere
as a function of wavelength, and misfit function (to the data points) as a func
of Te, for the Beta region, using the box shown in Fig. 3. The minimum
the misfit function shows the best-fitTe; the wavelength band used is show
in Table I and by a double-headed arrow on the admittance plot. The ver

dashed line shows the wavelength corresponding to the value oflnyq in the study

FIG. 6. Plots of observed (a) and calculated (b) LOS acceleration for the
The calculated LOS acceleration assumes an admittance at all wavelength

41
ce
tion
in
n
ical

between the two plots in Fig. 6 is consistent with the fact that
long wavelength admittance is approximately 50 mGal km−1.

The estimate ofTe for Beta (Fig. 4) is well constrained, be
cause the altitude of the spacecraft is low and the gravity va
tions are large. Thus the admittance values down to wavelen
of around 300 km are reliable, despite the presence of noise i
observed LOS acceleration (see Fig. 6). The prolate spher
wavefunctions used as tapers are designed to avoid spectral
age, which is anyway unlikely to be a problem when neit
the topography nor the gravity has peaks. This argument
tested by prewhitening the calculated LOS acceleration wi
suitable transfer function. As expected, this test showed
spectral leakage is unimportant when multitapers are used.
size of the error bars on the admittance estimates is relate
the coherence between the observed and calculated LOS a
erations and the number of estimates in each wavenumber
(see McKenzie 1994).There is therefore a trade-off between1k,

FIG. 5. Admittance plots for Beta and Eistla, as functions of waveleng
The theoretical curves for the best-fit elastic thicknesses (solid line) and
the upper and lower limits of elastic thickness within uncertainty (those ela
thicknesses for which the misfit function is twice that at its minimum), shown
dotted lines, are fitted to the data points in each case. The best-fit elastic thic

for Beta is 29 km, with an uncertainty range of 27–30 km, and the best-fit elastic
by Simonset al. (1997) of the same region. thickness for Eistla is 19 km, with an uncertainty range of 16–21 km.
Beta region (cycle 5). The contour intervals are, respectively, 0.05 and 0.001 mm s−2.
s of 1 mGal km−1 and uses spherical harmonic topography to degree and order 360.

0
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FIG. 7. Part (a) shows the calculated admittance values for Beta, as a function of wavelength, directly from the LOS accelerations. The solid
theoretical admittance curve for the best-fit elastic thickness to the data. Parts (b)–(d) show the admittance as a function of wavelength, calculated from three

different spherical harmonic models of the gravity, to degree and order 120 (b), 155 (c), and 180 (d), and the gridded topography (solid dots). Shown for comparison
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on each plot are the admittance values calculated from the LOS accelerat

the width of the wavenumber bands, and the uncertainty in
admittance estimates. The value and position of the minim
of the misfit function is not dependent on1k. The expression
used to produce the theoretical admittance curves in this s
(Eq. (2)) is calculated by approximating the elastic part of
lithosphere as a thin plane layer. Expressions for flexure
thin spherical shell, similar to those given by Willemann a
Turcotte (1982), change the estimates ofTe by a kilometer or
less, because the radius of Venus is large compared with the
of the regions under consideration.

The results obtained here for Beta may also be comp
with those produced from spherical harmonic representat
of the gravity. Figure 7 shows admittance plots produced f
gravity models to degree and order 120, 155, and 180. At w
lengths less than about 500 km, the admittance calculated
the spherical harmonics decreases, while that calculated
the LOS accelerations increases, so that at short wavele
only the admittance estimates produced from the LOS acce

tions give reliable estimates of the elastic thickness. The rea
for the decrease with the spherical harmonics is likely to be
ons (open circles) and the best-fit curve to these points, as in (a).
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low coherence between the observed Doppler derivative and
calculated LOS acceleration at wavelengths shorter than 500
(see Figs. 8 and 9). The signal processing used in this wor
effective because it extracts signals from the LOS accelerat
which are coherent with those from the topography. Howev
the signal to noise ratio at short wavelengths is too low to all
the spherical harmonic gravity field itself to be accurately cal
lated. Note that, in moving from a model of degree and order
to ones of 155 and 180, there is some improvement in the ca
lated admittance values at wavelengths of around 500 km,
at shorter wavelengths the decrease to small admittance va
is still observed.

4.2. Other Regions

Numerical estimates ofTe for the various other boxes are als
shown in Table I. The values ofTe from cycle 4 obtained by
McKenzie and Nimmo (1997) for their boxes are also show

son
the
for comparison. Plots of the admittance, signal coherence, and
misfit function are all shown in Figs. 8–15. In all cases, the
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crustal thickness and density were assumed to be 16 km
2670 kg m−3, respectively. The values ofTe for the two “long-
box” regions (Figs. 8–9) are well constrained, as the signal
herence in both cases remains high down to wavelengths as
as about 300 km, because the spacecraft altitude is relatively
At longer wavelengths, the admittance spectra are fairly flat
FIG. 8. As in Fig. 4, but for the “Longbox” region.
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FIG. 9. As in Fig. 4, but for the “Longbox2” region.

have amplitudes of about 40 mGal km−1, suggesting the long
wavelength topography is convectively supported. Similarly,
estimate ofTe for Phoebe (Fig. 10) is fairly well constrained, be
cause the altitude of the spacecraft is low and, as for Beta,
admittance values down to wavelengths of around 300 km

reliable. Note that the admittance is well determined and has
a small uncertainty at wavelengths of about 350 km, although
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FIG. 10. As in Fig. 4, but for the Phoebe region.

the signal coherence is only of order 0.01. The value ofTe for
Bell (Fig. 11) is, again, well constrained, as the signal cohere
remains high down to rather short wavelengths (around 300 k
In the case of Eistla (Fig. 12), signal coherence is lost at lon
wavelengths than for Bell, perhaps because the topograph

less well determined, so the estimate ofTe is constrained by
fewer points in the admittance plot.
, AND McKENZIE

nce
m).
ger
y is

The region south of Ovda (Fig. 13) maintains relatively hi
signal coherence down to wavelengths of around 350 km,
the estimate ofTe is again fairly well constrained. The estima
of Te for the region of Ovda itself (Fig. 14) is not likely to b
reliable, despite the high coherence at wavelengths as sho
350 km. The best-fit value ofTe within the wavelength band o
300–500 km is zero, and the plot of the misfit function sugge
an upper limit of around 10 km. However, Ovda is a region
FIG. 11. As in Fig. 4, but for the Bell region.
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FIG. 12. As in Fig. 4, but for the Eistla region.

tessera terrain. Therefore, many of the best-fit picks for the p
of the main radar echo are likely to be bad, and the topogra
is therefore poorly determined. If the noise is in the topograp
the calculated admittance,Z′, will be reduced and is related t
the true admittance,Z, by
Z′ = γ 2Z, (5)
STIMATES FOR VENUS 415
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whereγ is the coherence between the altimetry and the tr
topography (McKenzie 1994).

Much of the Alpha region (Fig. 15) is also tessera terrain,
the topography is poorly determined. The best-fit value ofTe

suggested by the misfit function is again zero, but it is unlike
to be meaningful. In addition, signal coherence also drops of
FIG. 13. As in Fig. 4, but for the South of Ovda region. Simonset al.(1997)
made no study of this region.
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FIG. 14. As in Fig. 4, but for the Ovda region.

longer wavelengths than for Ovda, probably partly becaus
the higher altitude in this case.

In the case of cycle 6, the spacecraft altitude was gener
higher than for cycle 5, over the portion of Venus for which the

was track coverage. The results from an admittance box using
cycle 6 data are shown (Fig. 16). Despite the large size
, AND McKENZIE

of

ally
re

the box and the large amount of data, the high altitude ca
the coherence to drop off at wavelengths as long as 700 km
at wavelengths less than about 400 km the calculated admitt
values are unreliable. At long wavelengths, the admittance s
trum is flat, due to dynamic support of the topography. The
oretical admittance curve is too poorly constrained at sho
wavelengths to give a reliable estimate ofTe.
the
of FIG. 15. As in Fig. 4, but for the Alpha region.
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FIG. 16. Plots of admittance and signal coherence as a function of wa
length, using the cycle 6 data. No reliable estimate ofTe can be made from this
data.

5. DISCUSSION AND CONCLUSIONS

The admittance curves can also be used to constrain cru
density and thickness, which were assumed constant in
previous section. These constraints will be illustrated by stu
ing the data set for Beta, where the admittance estimates are
determined. For any given set of data, the best-fit value ofTe de-
creases if the assumed crustal density or thickness is increa
There is therefore a trade-off between the two, where a sim
elastic thickness may be found if either a thin, dense crust o
thicker, lower density crust is assumed. The main constrain
that the crustal density at Beta must be less than about 320
m−3; otherwise the predicted values of the admittance at sh
wavelengths are higher than the observed values (see Fig.
The best-fit value for the crustal density is around 2700 kg m−3,
although densities between 2400 and 3000 kg m−3 fit the ob-
served data points within uncertainty. The constraint on cru
thickness is much weaker, because this parameter only affect

theoretical admittance curve at long wavelengths (see Fig. 1
where flexural effects are masked by the convective signatu
STIMATES FOR VENUS 417
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FIG. 17. The admittance plot for Beta as a function of wavelength. Fitt
to the data points are a series of curves, which are the theoretical curves fo
best-fit elastic thicknesses for the different values of crustal density given
each case, the assumed crustal thickness is 16 km. The lower plot show
value of the misfit function at its minimum (i.e., for the best-fit elastic thickne
as a function of crustal density.

In summary, though the admittance is affected by the cru
thickness and density, the regional variations inTe found in this
study are likely to result from real regional variations in th
strength of the lithosphere. If, for instance, the elastic thickn
of Beta were the same as that for Bell (with the latter having
8),
re.

FIG. 18. As in Fig. 16, but with the crustal density assumed to be
2670 kg m−3, to show the effects of varying the assumed crustal thickness.
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crustal thickness of 16 km and a density of 2670 kg m−3), the
crustal density of Beta would have to exceed 2900 kg m−3, unless
the crustal thickness exceeded about 25 km. Even for a cru
thickness of 30 km, a crustal density of around 2850 kg m−3

would be necessary for the best-fit elastic thickness of Bet
be as small as that for Bell. These high crustal densities p
duce poorer fits to the data, as shown by the misfit function (
Fig. 17). It is therefore reasonable to conclude that there are
gional variations in elastic thickness between different area
Venus.

The assumed values for the crustal parameters in this stud
those used by McKenzie and Nimmo (1997), to aid compari
of results. The value of 2670 kg m−3 for crustal density is the
standard value used for Bouguer corrections on Earth and
been well constrained by short wavelength admittance va
in terrestrial studies (see, e.g., McKenzie and Fairhead 19
There is some suggestion that the highland plateau region
Venus such as Ovda are isostatically compensated by thi
crust than elsewhere (e.g., Kucinskas and Turcotte 1994, M
and Schubert 1997, Simonset al.1997), but in these regions, th
topography is too poorly determined at all wavelengths sho
than about 1000 km for the admittance estimates calculate
this work to be reliable.

The results obtained by Johnson and Sandwell (1994)
Fig. 3) by flexural modeling of large features show elastic thic
nesses similar to those found in this study. Those values fo
by modeling smaller features seem to be systematically low
but the amplitudes of the topographic signals used are small
sometimes vary markedly from one orbit to the next. In additi
McGovern and Solomon (1998) remark that elastic thickness
timates at coronae tend, in general, to be somewhat lower
estimates made elsewhere. They suggest that coronae ar
surface expressions of mantle upwellings beneath weak li
sphere, upwellings beneath stronger lithosphere giving ris
large volcanoes. They argue that coronae tend, on averag
be older than shield volcanoes, assuming that the lithosph
thickness of Venus (and henceTe) has been increasing with time

The values obtained in this work show evidence of regio
variations inTe, between about 19 and 29 km, for areas wh
the topography is reliable. This variability is likely to be rea
rather than the result of errors in the estimates ofTe. The main
trends are consistent with those found by McKenzie and Nim
(1997), where such comparisons are possible, although the r
of values found in this study was smaller. For example, b
studies found a smaller elastic thickness for Eistla than for
region containing Beta and Phoebe. Over the region studied
mean effective elastic thickness is between 21 and 23 km, als
agreement with previous studies (e.g., Simonset al.1997). The
elastic thickness values determined for Venus are similar to th
observed in shields and old ocean basins on Earth. The su
temperature of Venus (around 450◦C) is much higher than tha
of the Earth and is approximately the temperature which ma

the base of the elastic part of the lithosphere on Earth (W
1994). This difference is consistent with the lithosphere of Ven
, AND McKENZIE
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being dry, and thus able to withstand elastic stresses at h
temperatures than terrestrial lithosphere (see, e.g., Nimmo
McKenzie (1998)). Also, the surface heat flux on Venus mus
smaller than that of the Earth if the temperature at around 20
depth is to be low enough for the plate to behave elastically.
magnitude of the variations in elastic thickness observed in
study are close to the limit of resolution of this method. Howev
the implication of regional variations inTe is that there are als
regional variations in the thickness of the venusian lithosph

Simonset al.(1997) have also used the gravity field of Ven
to estimate the elastic thickness of the lithosphere, but they
a different approach from that of McKenzie and Nimmo (199
and that used here. The most important difference is that Sim
et al. used the spherical harmonic coefficients of the gra
field, determined from the orbits of Magellan and Pioneer Ven
which are tabulated tol =m= 120. Simonset al.state that the
admittance estimate at some degreel is sensitive to gravity co
efficients in the rangel ± lwindow, wherelwindow is the maximum
degree in the spherical harmonic representation of the win
for the data. For each area studied, an estimate was ma
the maximum degree,lobs, which was resolved in the harmon
model, and from this a corresponding value oflnyq (≤80) was
calculated, wherelnyq= lobs− lwindow. The admittance estimat
centered atlnyq therefore contains information up to degreelobs.
Simonset al.claim that this approach allows short waveleng
information to be used to constrain the value ofTe. However, the
spherical harmonic coefficients at wavelengths correspondin
l > lnyq are systematically too small, as shown by the comp
son between the admittance estimates for Beta calculated
the LOS accelerations and those from the spherical harm
gravity coefficients, in Fig. 7. The reason the gravity field
wavelengths shorter than about 500 km cannot reliably be
termined from the orbital data is that the surface gravity fi
is reduced by a factor of about 20 at the height of the sate
because of upward attenuation. The resulting Doppler sign
then less than the noise.

The method employed in this study involves projection of
LOS accelerations onto a plane, which results in distortio
wavelengths comparable to the radius of Venus. Simonset al.use
the topography to estimate the admittance,Z, and its uncertainty
by a method that uses a spherical harmonic representation
axisymmetric smooth window. Their method therefore avo
the distortions that arise from projection onto a plane. Howe
this distortion is unimportant, since for elastic thicknesses o
der 20 km, it is at wavelengths shorter than around 500 km
the theoretical admittance profiles must be constrained by
data to allow estimation ofTe (see below). At these wavelength
distortion is small. An advantage of the method described he
that it enables us to use the multitaper technique, which gre
reduces spectral leakage. A disadvantage of Simonset al.’s ap-
proach is that their estimates of the uncertainty inZ at different
values ofl are not independent.
atts
us

A more important problem arises from Simonset al.’s inabil-
ity to use wavelengths shorter than about 500 km, since it is at
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these wavelengths that the influence of elasticity is most obvi
and causes the admittance to increase from its long wavele
value of around 20–50 mGal km−1. At longer wavelengths, the
effects of convective support are important, and it is not poss
to separate the effects of convection and elastic flexure using
gravity and topography. For this reason, in this study no adm
tance estimates produced from gravity signals with waveleng
longer than about 500 km are used to estimateTe. Reliable ad-
mittance estimates can be obtained at wavelengths as sho
250 km when the signal to noise ratio is as low as 0.01, beca
only that part of the LOS acceleration which is coherent w
the topography is extracted by the signal processing.

The long wavelength topography and gravity associated w
Beta, Phoebe, Bell, and Eistla are suspected to be conve
in origin, not only because of the presence of roughly circu
positive gravity and topography anomalies but also because
long wavelength admittance spectra are flat, with amplitudes
tween about 20 and 50 mGal km−1, in agreement with the val-
ues predicted by convective modeling. There is also evide
of rifting and volcanic constructs in the SAR images. In ge
eral, the form of the admittance spectra suggests that the
wavelength topography of Venus is dynamically supported
conclusion which is supported by Simonset al. (1997).

Another major conclusion of this work is the importance
the altitude of the spacecraft when studying gravitational sign
in the wavelength range necessary to investigate elastic eff
If the altitude is too high, signal attenuation makes admitta
studies unreliable. This effect prevents reliable estimates oTe

from being obtained from cycle 6, where the spacecraft altitu
varied in the range 250 to 450 km, approximately, and fro
about half of cycle 5.
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