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The elastic thickness, T, 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 T.. 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.  © 2000 Academic Press
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1. INTRODUCTION

wherek = 2 /1 isthe wavenumber. The admittance depends o
the elastic thickness and can be viewed as a filter which predic
the gravity anomaly given the topography, i.e., is the transfe
function between gravity and topography (see McKenzie an
Bowin 1976). The admittance is given by

7 300(pc — ow)

—k
pa " eXPkD)

<[rewea (1 )] @

wheregy is the mean gravity field (8.86 nT$), p. is the crustal
density (2670 kg m3), py is the density of the overlying fluid
(0 kg n3), pm is the density of the upper mantle (3300 kg

E is Young's modulus (18 Pa) and is Poisson’s ratio (0.25)
for the elastic layer of thickneSg, z is the height of the surface
on which the gravity is measured above the mean upper surfa
of the elastic layer (i.e., the spacecraft altitudg)s the mean
crustal thickness (16 kma,is the radius of the planet (6052 km),
and pp is the mean density of the planet (5200 kg3 The
implications of the chosen values for the crustal parameters &
addressed under Discussion and Conclusions.

Admittance analysis uses free air gravity data. As the wave
length of a load tends to infinity (i.ek — 0), the load will
be compensated for all values ©f and thus produce no free
air gravity anomaly. Hence at long wavelengths the admittanc
is zero. Conversely, at short wavelengths the admittance a
proaches a constant value, controlled by the density contre
between the load and the surrounding material. The waveleng
at which a change between these two regimes is observed (i.

The elastic thicknesd,, is the effective thickness of that partwhere compensation ceases) is dependent on elastic thickne

of the lithosphere which can support elastic stresses over geoA further complication is that topography whose wavelengtt
logical time scales. Any load on the lithosphere can, in genertd longer than about 500 km may be dynamically supported k
be expressed as a Fourier series of different wavelength loagtwvection. Dynamically supported topography typically give:
In the Fourier domain, the admittanc&&(k), is the ratio between rise to an admittance spectrum which is flat at long wavelengtt
the gravity anomalyAg(k), caused by a topographic load on amnd has an amplitude of around 40-60 mGal kiim the ab-

elastic plate and the magnitude of the topograpii), sence of water (McKenzie 1994), depending on the lid thickne:
(Nimmo and McKenzie 1996). This characteristic convective
signal is a joint contribution from the bulge in the surface, whict

AQ(K) = Z(K)h(K), 1)
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gives a positive gravity anomaly, and from the anomalously loMcKenzie and Nimmo (1997). On Earth, an important sourc
density of the hot asthenospheric material underneath, whigtnoise is subsurface density variations. On Venus, such vari
gives a negative, but smaller, anomaly. Note that the viscostigns are likely to be smaller, because sediments are absent
structure of the mantle will, in practice, determine the relativiae crust is entirely volcanic. A more important source of nois
magnitudes of these two effects (see, e.g., Richards and Hagehe signal propagation path from Venus to Earth. Because
1984, Ricarcet al. 1984). Thus the admittance does not tend teariations in the electron density in the solar wind, the phas
zero at long wavelengths when the topography is convectivalf/ the carrier frequency used to make Doppler measuremet

supported. undergoes irregular variations which cannot be distinguishe
from the phase variations used to estimate the LOS accele

2. ADMITTANCE STUDIES OF VENUS tions. McKenzie and Nimmo (1997) showed that this solar win

FROM MAGELLAN DATA noise increased rapidly when the path from Venus to Earth

close to the Sun (i.e, near superior conjunction). They used

For an elastic thickness of the order of 20 km, the change in thignple model of electron density to describe the observed va
value of the admittance, from high values at short wavelengtions when the Earth—-Sun—\Venus angte,was greater than
to lower values at long wavelengths, occurs in the wavelengiBout 120. At smaller values ofy, they argued that the source
range 250-500 km. Itis therefore this region which is of intere§f the noise was probab|y instrumental, since its magnitude
for determiningTe. One major problem with flexural signals inindependent ofy. Both the plasma and the instrumental noist
this wavelength range is that the coherent gravitational signgigrease with increasing frequency, and they are therefore e
are attenuated as the orbital heightincreases, by a factor of jly recognized. In contrast, upward attentuation causes the tr
approximately exp¢2rz/1). This attenuation means, for ex-|OS acceleration from Venus to decay rapidly as the frequent
ample, that a signal of wavelength 500 km will be attenuated fycreases (i.e., as the wavelength decreases).
a factor of approximately exp(6) (~0.002) at an orbital height  As in McKenzie and Nimmo (1997), two-dimensional grid-
of 500 km. ded boxes of the observed and calculated LOS acceleratic

The topography of Venus is known and can be expressedj@re used in this work. The slow rotation of Venus causes tt
terms of spherical harmonics to degree and order 360 (Rappapgi{tks to sweep gradually across the surface and the viewi
and Plaut 1999). This topographic model is an improvemegigle changes slowly, allowing the data to be gridded befo
over the previous one (Rappaport and Plaut 1994) because itfgurier transforming. Better results are achieved with 2-D, rath
cludes corrections to the position of the spacecraft, derived frqAan 1-D, Fourier transforms, because the instrumental and so
a recent high-resolution gravity model. The principal differencgind noise is confined to each track and therefore has a sh
between the two is at wavelengths greater than 1000 km aggvelength normal to each track. Therefore this noise has high
therefore does not have an important influence on the admjifjues ofk in 2-D than it does in 1-D. Multitapers (Thomson
tance estimates at Wavelengths shorter than 500 km. Inltlallylggz) are used towindow the data three times in each dimensic
value of 1 mGal km* at all wavelengths is used to calculate thgsing orthogonal windows, before the 2-D Fourier transform i
gravity potential. The three components of the gravity field @krried out. The multitaper method reduces spectral leakage ¢
the altitude of the spacecraft can then be calculated, using 160 reduces the standard deviation of the estimates, bie-

full spherical harmonic series te= m=360. The projection of cause it gives nine independent estimates of the admittance
these components onto the line of sight to the Earth is therefergch wavenumber band.

the LOS acceleration which would be observed if the admittanceThe best method of determmmg the admittance depends

were 1 mGal kmi*. The gravity field is obtained by measuringgeneral, on whether there is more noise in the observed gravi
the acceleration of the spacecraft during its orbit along the ligEor in the topographyy. Since the observed LOS gravity tends

of sight (LOS) from Earth (see McKenzie and Nimmo 1997} be noisier than the topography, the admittance is calculat
by calculating the time derivative of the LOS velocity,every ysing

4 s (At). The LOS acceleratiom,, at each point is given by

2_ 9(K)h* (k)

> h(h+ () )

_ Unp1 — Un-1 Z(k) =
="t ®)

which gives a properly centered value of the LOS acceleratiarhere the summation is over some wavenumber band of wid
at each time. Ak centred ork, (=(kZ + k3)'/?) (see McKenzie 1994). The as-
Equation (1) may then be usedto find the admitta@d¢k), be- terisk denotes the complex conjugate. This method assumest
tween the observed and calculated LOS accelerations, by findihg admittance is isotropic and that the topography is free fro
the transfer function between the calculated and observed L&&se. However, in practice there may be noise in the topograpl
accelerations in the Fourier domain and by assuming that thich tends to reduce estimates of the admittance (McKenz
calculated LOS acceleration is free from noise. Various sourcE294). The topography is poorly determined in regions such
of noise are discussed by McKenzie and Fairhead (1997) aedserae (highly deformed, elevated regions). In such regions
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rough topography, the radar returns that are used to map the sated by the short wavelength noise. It is therefore difficult tc
face topography come from a large region of surface below thsetimatel, directly from spherical harmonic models of the grav-
spacecraft, and it is difficult to pick the first return because thigy field unless the signal to noise ratio in the LOS acceleratio
signal is wrapped round in time by the pulse repetition frequenis/high between wavelengths of 300 and 500 km. This conditio
(see Forekt al. 1993, McKenzie and Nimmo 1997). Rough areais only satisfied by the Magellan data that was obtained at tt
where the topography is poorly constrained show up brightly lawest altitudes. In contrast, the method described by McKenz
the synthetic aperture radar (SAR) images. This problem meamsl Nimmo (1997) can provide reliable estimateg efhen the
that the spherical harmonic representation of the topographkignal to noise ratio is as low as 1 to 100, provided the noise
which is used to calculate the gravity, is not accurate in suadlet coherent with the topography. This condition is satisfied b
regions. instrumental and solar wind noise.

Other methods which have been used to estimate elastic thick-
ness include the modeling of topography in the space domain. 3. ANALYSIS OF MAGELLAN MAPPING CYCLES
Johnson and Sandwell (1994) modeled flexural features associ-
ated with coronae, using 2-D Cartesian and axisymmetric thinMagellan cycles 5 and 6 followed the circularization of the
elastic plate models. They found elastic thicknesses in the rargpacecraft's orbit (see Saundessal. 1992). Previously, the
12-34 km for the most reliable data. Brown and Grimm (199@ybit had been highly elliptical and approximately polar, with
carried out a study of several large impact craters on Venasperiapse at about 18. The altitude at periapse was about
They observed no evidence of post-impact elastic rebound1i80 km for cycle 4, and the apoapse distance was approximats
any of these craters, such as the presence of faulting in the flo8@90 km. In an analysis of this cycle by McKenzie and Nimmc
of the craters. Their interpretation was that the lithosphere wd997), no data was used when the altitude of the spacecraft w
sufficiently rigid to support the crater cavities, constraining thgreater than 400 km, which restricted the analyses to a latitu
elastic thickness for the three largest craters to be at least Hand of 25S to 40N. Cycles 5 and 6 can potentially be used to
15 km. McGovern and Solomon (1998) constrained the elassittidy areas at higher latitudes than was previously possible (s
thickness by studying the mechanisms necessary for the growtgs. 1-3).
and support of large venusian volcanoes. They concluded thaln any admittance analysis of an area of Venus, there are tv
large conical volcanoes are much more likely to fornTdfis important criteria which must be satisfied. First, the altitude o
relatively large, a value of at least 32 km being required to allothie spacecraft must not be too high. As the altitude increase
the formation of the largest 25% of volcanoes on Venus. the attenuation of the gravitational signals increases rapidly, wi

Other studies have estimat&g using the admittance calcu-this effect being most pronounced for short wavelength signal
lated directly from spherical harmonic models of the gravitit a given altitude, there will be some wavelength below whict
and topography. Smrekar (1994) inverted the raw LOS acc#te signal coherence is so low (typically below about 0.01) the
erations, in addition to spherical harmonic models, to generdke estimates of the admittance are unreliable. It is importal
a gravity field which she used to estimate an elastic thicknebsit the altitude is sufficiently low that the short wavelengtt
for Atla of 30+ 5 km. Phillips (1994) also used spherical harelastic signals are not too greatly attenuated; otherwise the tt
monic representations of the gravity and topography, to deteretical admittance curve which is fitted to the points will not
mine the elastic thickness of Atla using a Monte Carlo inversidse constrained. A useful rule of thumb is that the height of th
technique which found the best-fit value &f and three other spacecraft must be less than the wavelength at which the flex
parameters to the observed admittance spectrum. His bestditadmittance decreases rapidly as the wavelength increases
value of elastic thickness was 453 km, although any values practice, the admittance technique was not able to give a reliak
of Te from 0 to 140 km gave acceptable solutions. Howevegstimate ofT, for cycles 5 and 6 when the spacecraft altitude
more recently, Phillipgt al. (1997) have argued that an elastievas greater than about 300 km.
thickness of 25 km provides a better fit to the data. In addi- The second important point is that the area studied must n
tion, Simonset al.(1997) developed a method for analyzing thee too small. A large box is necessary if there is to be enouc
frequency content of the spherical harmonic data as a functioformation presentto allow accurate estimates of the admittan
of position. They found that the long wavelength topograpHyom noisy data. Also, not only does a box smaller than abot
of Venus is dominated by convective features, the admittard@, or 4000 km in either dimension, limit the signal wavelengtt
spectra implying values of elastic thickness of between 10 amthich can be studied but also it may result in spectral leakag
30 km. where a real signal with a wavelength longer than the box si:

Spherical harmonics must be used rather than Fourier tramsi be mapped onto shorter wavelengths.
forms when the size of the area under consideration is comparah addition, it is important to use a map projection which
ble to the radius of the planet. To produce a spherical harmomniénimizes length and angular distortion. For example, inthe ca:
representation of the gravity field from the LOS velocity dataf Mercator projection with an axis through the pole, feature
some method must be used to suppress the instability that arisear the poles are stretched relative to those nearer the equa
from downward continuation; otherwise the gravity field is domnin the case of boxes which extended more than abcubdSo
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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 altitude
spacecraft was less than 400 km are shown. Ascending tracks which cut across these descending tracks are also not shown; the ascending tidtisacor
different line of sight and therefore cannot be combined in the same admittance calculation.

in latitude, this stretching can be of order 1.5 or more. Studyitgpxes, with a pole roughly in the center of the box in eacl
large areas in such a Mercator projection can lead to errorscizse.

the calculated value dff; of also about this order. In this work, In order to reduce short wavelength gridding noise, the da
an Airy projection (Snyder 1989) was used for all admittanddoth observed and calculated LOS accelerations) we
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FIG. 2. The altitude of the spacecraft in km over the region where there is track coverage, for cycle 5. The black areas represent data gaps. The abrug
in altitude near 50 and 90E are due to maneuvers of the spacecraft (Konopliv and Sjogren 1996).
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FIG.3. Thelocations of the boxes used for the admittance studies with the cycle 5 data set and the best-fit elastic thicknesses. In each case, théaang
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 Ao, fnafecti
not in this Mercator projection. Also shown for comparison are local values of elastic thickness calculated by Johnson and Sandwell (1994 dfognaginsy to
using flexural models roughly perpendicular to strike of large features (filled circles) and smaller axisymmetric features (open circles).tRerraagh, of
elastic thicknesses found are shown in brackets, and for the large features, the best-fit elastic thicknesses are also shown. The gray lifekstlete6aban
contour.

smoothed before gridding. The smoothing was achieved by bin- 4. RESULTS FROM CYCLE5
ning the data into 0%5x 0.5 bins and calculating the mean
values of the locations and accelerations within each bin. SuchFigure 1 shows the ground track coverage for cycle 5 of the
bins are much smaller than the shortest wavelength which qaert of the surface of Venus over which the studies were carrie
be studied at the spacecraft altitude. The binning was necest. Figure 2 shows the altitude of the spacecraft, as a functic
sary, as linear tracks of noise, roughly parallel to the track onf position, and Fig. 3 shows the locations of the boxes used f
entations, were visible when observed LOS acceleration whe admittance studies which are discussed below. In Fig. 1, on
gridded without binning. This noise arose because the gridditrgcks where the altitude of the spacecraft was less than 400 |
code introduced large amplitude signals in locations where tage shown. Note that the coverage is not complete, both becat
tracks were closely spaced and adjacent values of LOS acdbkére is no data from when the craft was occulted by Vent
eration differed slightly, in an attempt to fit as many of thand near superior conjunction and because the signals frc
data points as possible. The observed and calculated accelagellan were not recorded continuously, even when the cre
ations must be smoothed in exactly the same way, becausewlas not occulted. For each box studied, only tracks with a consi
smoothing window affects the amplitude at a particular wavéent orientation throughout the box were used, corresponding
length. a slowly varying LOS direction. It was important not to have
One of the major aims of this work was to obtain estimates tfo sets of tracks from different times, or from ascending an
elastic thicknessTs, for different regions of Venus, and to sealescending orbits, which have different viewing geometries, i
whetherthere are variations in this parameter over the planet. The same box.
reliability of these estimates, and hence the meaningfulness ofn the case of cycle 5, there were two main regions in whicl
any observed variations, may be ascertained both by the quatitg spacecraft altitude was sufficiently low to alldwto be
of the fit of the theoretical admittance curve to the points (shovastimated. These were the two “longbox” regions (areas as sho
by the misfit function, as defined by McKenzie and Fairhedd Fig. 3 and with approximate latitude and longitude limits as
(1997) and by comparison of the results with those from thepecified in Table ), in which the spacecraft altitude was be
cycle 4 data set (McKenzie and Nimmo 1997). tween about 200 and 350 km. These were then subdivided in
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TABLE |

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 T, (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

A band Best-fifTe Mean altit.
Region Cycle Lat.9) Long. () (misfit) (km) (km) (km)

“Longbox” 5 —60to 50 —100 to—50 300 to 500 23 [16t0 33] 243
“Longbox2” 5 —501t0 50 0to 60 300 to 500 21 [18to24] 226
Beta 5 5t0 50 —100 to—60 300 to 500 29 [27to 30] 194
Phoebe 5 —30to 10 —100to-50 300 to 500 19 [16to 23] 226
Bell 5 10to 50 20to 60 300 to 500 20 [17to 23] 192
Eistla 5 —10to 40 —510 40 350 to 500 19 [16to 21] 198
S of Ovda 5 —70t0—-20 50 to 90 300 to 500 20 [14to 26] 281
Ovda 5 —201t0 20 50 to 90 300 to 500 (0 [0to9)) 196
Alpha 5 —45t00 5t0 50 350 to 500 (O [0to9)) 239
Atla 4 150 to 500 325
Ulfrun 4 150 to 500 33.0
Phoebe & Beta 4 150 to 500 275
Eistla 4 150 to 500 20.5
Aphrodite 4 150 to 500 5.0
Dali 4 150 to 500 12.0

409

Note.The values ofTe for Ovda and Alpha are not likely to be valid. The elastic thickness estimates from cycle 4 are from McKenzie and
Nimmo (1997).

smaller regions for study. Figure 2 also shows two abrupt jumfengths, which therefore contributes little to the misfit function
in the altitude of the spacecraft during cycle 5, near&@d 90 The misfit function shows the amount by which the effective
longitude. These correspond to maneuvers of the spacecraft. €tastic thickness estimate can be varied without seriously d
first was a lowering of the periapse, and the second is due tgrading the quality of the fit to the data. The range of elasti
series of maneuvers which raised the periapse and loweredttiieknesses for which the misfit function is less than twice the
apoapse (Konopliv and Sjogren 1996). These maneuvers do aots minimum is also given, as a guide to the uncertainty. Tt
affect the observed LOS acceleration, provided the period shortest wavelength used by Simaetsal. (1997) is shown in
which the maneuvre itself occurred is not used. Fig. 4 by a vertical dashed line, and it is longer than the longe
wavelength used in this work to estimdie Figure 5 shows the
4.1. Beta theoretical admittance curves for the upper and lowdimits
The region of Beta is discussed here as a representative @axd the calculated admittance values. Shown for comparison
ample of the areas studied. The location of the box is shownHistla (see Table ), an area whefgis less well constrained
Fig. 3 and is specified in Table | by approximate latitude an@ee also Fig. 11).
longitude limits. The average altitude of the spacecraft within At long wavelengths, the admittance spectrum is flat and h:
the box is also shown. A crustal thickness of 16 km and a density amplitude of approximately 50 mGal kin(see Fig. 4). A
of 2670 kg nT3 were assumed for all regions (but see the discuiat, long wavelength spectrum of such a large amplitude is dia
sion below). The best-fit elastic thickness for Beta is shown imostic of dynamic support (Simoes al. 1997), and the magni-
Table I, and plots of the admittance, signal coherence, and misiitle is consistent with models of mantle convection (Nimmo an
function of the admittance as a function of elastic thickness fbtcKenzie 1996, McKenzie 1994). Beta is therefore suspected
the region are all shown in Fig. 4. The wavelength band in whidfe convective in origin. In agreement with this conclusion is th
the misfit function was calculated is also shown, and it is tabtact that contour plots of observed and calculated LOS accelel
lated in Table I. It is important not to include long wavelengthgon for Beta (Fig. 6) show that the dominant feature of the area
where effects other than those due to elastic flexure dominéte positive topographic and gravity anomaly of Beta itself, witl
the admittance, and no data is used to constrain the theoretadiameter of around 2000 km. The evidence of rifting and vo
curve until the admittance estimates show a marked incre@saic constructs in the SAR images is also important. For the
from their long wavelength value (typically around 50 mGaleasons, numerous previous studies have also concluded t
km~.) The shorter wavelength limit is the wavelength beloweta, and many of the other broad topographic rises on Vent
which the coherence is too low for the calculated admittanese associated with convective mantle plumes (e.g., Smrek
values to be reliable. However, the inclusion of shorter wava&994, Phillipset al. 1981, McGillet al.1981). Note that the con-
lengths in the misfit calculation does not affect the estimate wiur interval for the calculated LOS acceleration plot is 50 time
Te, since the uncertainty in the admittance is large at short wawnaller than for the observed acceleration. Hence the similari



Beta between the two plots in Fig. 6 is consistent with the fact that th
long wavelength admittance is approximately 50 mGatkm
The estimate of, for Beta (Fig. 4) is well constrained, be-

cause the altitude of the spacecraft is low and the gravity vari
tions are large. Thus the admittance values down to wavelengt
ofaround 300 km are reliable, despite the presence of noiseint
observed LOS acceleration (see Fig. 6). The prolate spheroic
wavefunctions used as tapers are designed to avoid spectral le
® age, which is anyway unlikely to be a problem when neithe
the topography nor the gravity has peaks. This argument w
tested by prewhitening the calculated LOS acceleration with
suitable transfer function. As expected, this test showed th
spectral leakage is unimportant when multitapers are used. T
size of the error bars on the admittance estimates is related
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FIG. 4. Plots of admittance as a function of wavelength, signal coherence FIG. 5. Admittance plots for Beta and Eistla, as functions of wavelength
as a function of wavelength, and misfit function (to the data points) as a functidhe theoretical curves for the best-fit elastic thicknesses (solid line) and f
of Te, for the Beta region, using the box shown in Fig. 3. The minimum ithe upper and lower limits of elastic thickness within uncertainty (those elasti
the misfit function shows the best-fit; the wavelength band used is shownthicknesses for which the misfit function is twice that at its minimum), shown by
in Table | and by a double-headed arrow on the admittance plot. The vertidatted lines, are fitted to the data points in each case. The best-fit elastic thickn
dashed line shows the wavelength corresponding to the valgg,afi the study  for Beta is 29 km, with an uncertainty range of 27-30 km, and the best-fit elast
by Simonset al. (1997) of the same region. thickness for Eistla is 19 km, with an uncertainty range of 16—21 km.

FIG.6. Plots of observed (a) and calculated (b) LOS acceleration for the Beta region (cycle 5). The contour intervals are, respectively, 0.05 and¢.001 |
The calculated LOS acceleration assumes an admittance at all wavelengths of 1 m&ahkhuses spherical harmonic topography to degree and order 360.
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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 line
theoretical admittance curve for the best-fit elastic thickness to the data. Parts (b)—(d) show the admittance as a function of wavelengthfrcaidilise
different spherical harmonic models of the gravity, to degree and order 120 (b), 155 (c), and 180 (d), and the gridded topography (solid dotsc&hpeurision
on each plot are the admittance values calculated from the LOS accelerations (open circles) and the best-fit curve to these points, as in (a).

the width of the wavenumber bands, and the uncertainty in tleev coherence between the observed Doppler derivative and t
admittance estimates. The value and position of the minimuralculated LOS acceleration at wavelengths shorter than 500 k
of the misfit function is not dependent axk. The expression (see Figs. 8 and 9). The signal processing used in this work
used to produce the theoretical admittance curves in this stuaffective because it extracts signals from the LOS acceleratio
(Eq. (2)) is calculated by approximating the elastic part of thehich are coherent with those from the topography. Howeve
lithosphere as a thin plane layer. Expressions for flexure ofttee signal to noise ratio at short wavelengths is too low to allov
thin spherical shell, similar to those given by Willemann anthe spherical harmonic gravity field itself to be accurately calcL
Turcotte (1982), change the estimatesTphy a kilometer or lated. Note that, in moving from a model of degree and order 12
less, because the radius of Venus is large compared with the $@enes of 155 and 180, there is some improvement in the calc
of the regions under consideration. lated admittance values at wavelengths of around 500 km, b
The results obtained here for Beta may also be comparatshorter wavelengths the decrease to small admittance vall
with those produced from spherical harmonic representatiassstill observed.
of the gravity. Figure 7 shows admittance plots produced from
gravity models to degree and order 120, 155, and 180. At Waves e Regions
lengths less than about 500 km, the admittance calculated from’
the spherical harmonics decreases, while that calculated fromNumerical estimates af, for the various other boxes are also
the LOS accelerations increases, so that at short wavelengthewn in Table I. The values df, from cycle 4 obtained by
only the admittance estimates produced from the LOS accelekécKenzie and Nimmo (1997) for their boxes are also showr
tions give reliable estimates of the elastic thickness. The reagsoncomparison. Plots of the admittance, signal coherence, a
for the decrease with the spherical harmonics is likely to be thasfit 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 and 'LOIlgbOXZ'
2670 kg n3, respectively. The values @t for the two “long-
box” regions (Figs. 8-9) are well constrained, as the signal co- 160 N ' e
herence in both cases remains high down to wavelengths as short é Te=21km !
as about 300 km, because the spacecraft altitude is relatively low. =5 1591 |
. . R P e———
At longer wavelengths, the admittance spectra are fairly flat and Ca? Simons et al. (1997) !
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§ 8r FIG.9. AsinFig. 4, but for the “Longbox2” region.

have amplitudes of about 40 mGal ki suggesting the long
wavelength topography is convectively supported. Similarly, th
estimate ofT, for Phoebe (Fig. 10) is fairly well constrained, be-

0 10 20

3'0 4'0 50 cause the altitude of the spacecraft is low and, as for Beta, t

Te, km admittance values down to wavelengths of around 300 km a

reliable. Note that the admittance is well determined and h:

FIG.8. Asin Fig. 4, but for the “Longbox” region. a small uncertainty at wavelengths of about 350 km, althouc
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Phoebe

The region south of Ovda (Fig. 13) maintains relatively higk
signal coherence down to wavelengths of around 350 km, ar

160 4 1 . . . . . .
T.=19 km ! l the estimate of is again fairly well constrained. The estimate
é e ! of T, for the region of Ovda itself (Fig. 14) is not likely to be
S 120} 4—: reliable, despite the high coherence at wavelengths as short
% Simons et al. (1997): ] 350 km. The best-fit value df, within the wavelength band of
@f ' / 300-500 km is zero, and the plot of the misfit function sugges
ST i an upper limit of around 10 km. However, Ovda is a region o
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FIG.10. Asin Fig. 4, but for the Phoebe region. &
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the signal coherence is only of order 0.01. The valu&dbr

Bell (Fig. 11) is, again, well constrained, as the signal coherence
remains high down to rather short wavelengths (around 300 km).
In the case of Eistla (Fig. 12), signal coherence is lost at longer 0

0 10 20 30 40 50

wavelengths than for Bell, perhaps because the topography is Te, km
less well determined, so the estimateTgfis constrained by
fewer points in the admittance plot. FIG.11. AsinFig. 4, but for the Bell region.
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Eistla wherey is the coherence between the altimetry and the tru
topography (McKenzie 1994).
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FIG. 12. Asin Fig. 4, but for the Eistla region.

tessera terrain. Therefore, many of the best-fit picks for the point
of the main radar echo are likely to be bad, and the topography
is therefore poorly determined. If the noise is in the topography,
the calculated admittancé,, will be reduced and is related to
the true admittancez, by

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

‘ suggested by the misfit function is again zero, but it is unlikel

to be meaningful. In addition, signal coherence also drops off
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FIG.13. AsinFig.4, butforthe South of Ovdaregion. Simatsl.(1997)
Z' = )/ZZ, (5) made no study of this region.
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OVda the box and the large amount of data, the high altitude caus

the coherence to drop off at wavelengths as long as 700 km, a

160 .= 0 m ! at wavelengths less than about 400 km the calculated admittar
e | T values are unreliable. Atlong wavelengths, the admittance spe
g 120} : trum is flat, due to dynamic support of the topography. The the
C'é Simons et al. (1997) ! oretical admittance curve is too poorly constrained at shorte
- | 1 wavelengths to give a reliable estimateTgf
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FIG.14. Asin Fig. 4, but for the Ovda region. b= I
4t
longer wavelengths than for Ovda, probably partly because of
the higher altitude in this case.
In the case of cycle 6, the spacecraft altitude was generally 0, 1'0 20 30 40 50
higher than for cycle 5, over the portion of Venus for which there Te, km

was track coverage. The results from an admittance box using the
cycle 6 data are shown (Fig. 16). Despite the large size of FIG.15. Asin Fig. 4, but for the Alpha region.
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FIG. 16. Plots of admittance and signal coherence as a function of wave- . .
length, using the cycle 6 data. No reliable estimat@afan be made from this 1N summary, though the admittance is affected by the crust

data. thickness and density, the regional variation3dound in this
study are likely to result from real regional variations in the
5. DISCUSSION AND CONCLUSIONS strength of the lithosphere. If, for instance, the elastic thickne:
of Beta were the same as that for Bell (with the latter having
The admittance curves can also be used to constrain crustal
density and thickness, which were assumed constant in the 160 - . -
previous section. These constraints will be illustrated by study- | — tc=8km, Te=30km
ing the data set for Beta, where the admittance estimates are well - — t;=30km, T,=26 km
determln_ed. For any given set of datq, the be_st-flt val_t]l%_ de- coor o= 50 km, Te=21 km
creases if the assumed crustal density or thickness is increased. :
There is therefore a trade-off between the two, where a similar I Beta
elastic thickness may be found if either a thin, dense crust or a
thicker, lower density crust is assumed. The main constraint is
that the crustal density at Beta must be less than about 3200 kg £ 40
m~3; otherwise the predicted values of the admittance at short
wavelengths are higher than the observed values (see Fig. 17).

120 [

Admittance Z(k), mGal’km
3

The best-fit value for the crustal density is around 2700 k§,m 0 U S 3 =
although densities between 2400 and 3000 Kg fit the ob- §| §| %| SI 3'
served data points within uncertainty. The constraint on crustal Wavelength, km

thicknessis much weaker, because this parameter only affects the
theoretical admittance curve at long wavelengths (see Fig. 18)ric. 18. As in Fig. 16, but with the crustal density assumed to be
where flexural effects are masked by the convective signatures7o kg nr3, to show the effects of varying the assumed crustal thickness.
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crustal thickness of 16 km and a density of 2670 kif)nthe  being dry, and thus able to withstand elastic stresses at higt
crustal density of Betawould have to exceed 2900 k§,mnless temperatures than terrestrial lithosphere (see, e.g., Nimmo a
the crustal thickness exceeded about 25 km. Even for a crustilKenzie (1998)). Also, the surface heat flux on Venus must b
thickness of 30 km, a crustal density of around 2850 kgf m smaller than that of the Earth if the temperature at around 20 k
would be necessary for the best-fit elastic thickness of Betadepth is to be low enough for the plate to behave elastically. Tt
be as small as that for Bell. These high crustal densities proagnitude of the variations in elastic thickness observed in th
duce poorer fits to the data, as shown by the misfit function (seteidy are close to the limit of resolution of this method. Howevel
Fig. 17). It is therefore reasonable to conclude that there are tfee implication of regional variations ifi. is that there are also
gional variations in elastic thickness between different areasrefjional variations in the thickness of the venusian lithospher
\Venus. Simonset al.(1997) have also used the gravity field of Venus
The assumed values for the crustal parameters in this studytarestimate the elastic thickness of the lithosphere, but they us
those used by McKenzie and Nimmo (1997), to aid comparisardifferent approach from that of McKenzie and Nimmo (1997
of results. The value of 2670 kg T for crustal density is the and that used here. The most important difference is that Simo
standard value used for Bouguer corrections on Earth and lehsal. used the spherical harmonic coefficients of the gravit
been well constrained by short wavelength admittance valdedd, determined from the orbits of Magellan and Pioneer Venu:
in terrestrial studies (see, e.g., McKenzie and Fairhead 199%ich are tabulated to=m=120. Simonst al. state that the
There is some suggestion that the highland plateau regionsadmittance estimate at some degréesensitive to gravity co-
Venus such as Ovda are isostatically compensated by thickéficients in the range= lyingow, Wherel yindow is the maximum
crust than elsewhere (e.g., Kucinskas and Turcotte 1994, Modegree in the spherical harmonic representation of the windo
and Schubert 1997, Simoasal.1997), but in these regions, thefor the data. For each area studied, an estimate was made
topography is too poorly determined at all wavelengths shortitie maximum degreé,s, Which was resolved in the harmonic
than about 1000 km for the admittance estimates calculatedmodel, and from this a corresponding valud gf, (<80) was
this work to be reliable. calculated, whergyq = lops— lwindow. The admittance estimate
The results obtained by Johnson and Sandwell (1994) (smmtered ali,yq therefore contains information up to degteg
Fig. 3) by flexural modeling of large features show elastic thicksimonset al. claim that this approach allows short wavelengtt
nesses similar to those found in this study. Those values fountbrmation to be used to constrain the valudgfHowever, the
by modeling smaller features seem to be systematically lowspherical harmonic coefficients at wavelengths corresponding
but the amplitudes of the topographic signals used are small and |,y are systematically too small, as shown by the compar
sometimes vary markedly from one orbit to the next. In additiospn between the admittance estimates for Beta calculated frc
McGovern and Solomon (1998) remark that elastic thickness éise LOS accelerations and those from the spherical harmor
timates at coronae tend, in general, to be somewhat lower tlgaavity coefficients, in Fig. 7. The reason the gravity field a
estimates made elsewhere. They suggest that coronae arendneelengths shorter than about 500 km cannot reliably be d
surface expressions of mantle upwellings beneath weak lithtermined from the orbital data is that the surface gravity fiel
sphere, upwellings beneath stronger lithosphere giving riseisareduced by a factor of about 20 at the height of the satellit
large volcanoes. They argue that coronae tend, on averagehdoause of upward attenuation. The resulting Doppler signal
be older than shield volcanoes, assuming that the lithosphdhen less than the noise.
thickness of Venus (and hen€g has beenincreasing withtime. The method employed in this study involves projection of the
The values obtained in this work show evidence of regionBDS accelerations onto a plane, which results in distortion :
variations inTe, between about 19 and 29 km, for areas whekgavelengths comparable to the radius of Venus. Sirebakuse
the topography is reliable. This variability is likely to be realthe topography to estimate the admittari€¢gand its uncertainty
rather than the result of errors in the estimate30fThe main by a method that uses a spherical harmonic representation of
trends are consistent with those found by McKenzie and Nimnazisymmetric smooth window. Their method therefore avoid
(1997), where such comparisons are possible, although the ratigedistortions that arise from projection onto a plane. Howeve
of values found in this study was smaller. For example, bothis distortion is unimportant, since for elastic thicknesses of ol
studies found a smaller elastic thickness for Eistla than for tder 20 km, it is at wavelengths shorter than around 500 km th
region containing Beta and Phoebe. Over the region studied, the theoretical admittance profiles must be constrained by tl
mean effective elastic thickness is between 21 and 23 km, alsalata to allow estimation df, (see below). At these wavelengths,
agreement with previous studies (e.g., Simenal. 1997). The distortion is small. An advantage of the method described here
elastic thickness values determined for Venus are similar to thdbat it enables us to use the multitaper technique, which great
observed in shields and old ocean basins on Earth. The surfeeduces spectral leakage. A disadvantage of Sirebak's ap-
temperature of Venus (around 4%) is much higher than that proach is that their estimates of the uncertainty iat different
of the Earth and is approximately the temperature which markalues ofl are not independent.
the base of the elastic part of the lithosphere on Earth (WattsA more important problem arises from Simagtsal’s inabil-
1994). This difference is consistent with the lithosphere of Venity to use wavelengths shorter than about 500 km, since itis
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these wavelengths that the influence of elasticity is most obviousGill, G. E., S. J. Steenstrup, C. Barton, and P. G. Ford 1981. Continent
and causes the admittance to increase from its long wavelengtfiting and the origin of Beta Regio, VenuSeophys. Res. Le, 737-740.
value of around 20-50 mGal krh. At longer wavelengths, the McGovern, P. J., and S. C. Solomon 1998. Growth of large volcanoes on Vent
effects of convective support are important and itis not possib|é\/|echanical models and implications for structural evolutibiGeophys. Res.

: T ) 103 11071-11101.
to separate the effects of convection and elastic flexure using onl

Mé/Kenzie, D. 1994. The relationship between topography and gravity on Ear

gravity and topography. For this reason, in this study no admit=, 4 Venuslcarus112, 55-88.

tance estimates produced from gravity S|gnals Wlth_wavelengma(enzie, D., and C. Bowin 1976. The relationship between bathymetry ar
longer than about 500 km are used to estinTateReliable ad-  gravity in the Atlantic Oceanl. Geophys. Re81, 1903-1915.

mittance eStimateS_ can be Optaineq ?'t wavelengths as shoi@&nzie, 0., and D. Fairhead 1997. Estimates of the effective elastic thickne

250 km when the signal to noise ratio is as low as 0.01, becausef the continental lithosphere from Bouguer and free air gravity anomalie:

only that part of the LOS acceleration which is coherent with J. Geophys. Red02, 27523-27552.

the topography is extracted by the signal processing. McKenzie, D., and F. Nimmo 1997. Elastic thickness estimates for Venus frol
The long wavelength topography and gravity associated witHine of sight accelerationécarus 130, 198-216.

Beta, Phoebe, Bell, and Eistla are suspected to be COﬂVGCM?@re'W'B"and G. Schubert1997. Venusian crustal and lithospheric properti

. - . from nonlinear regressions of highland geoid and topograjlayus 12
in origin, not only because of the presence of roughly circular, ;;z_4.g 9 9 g pog 8

positive gravity and tquQraphy anomalies bUt_ also be_cause mlﬁmo, F., and D. McKenzie 1996. Modelling plume-related uplift, gravity and
long wavelength admittance spectra are flat, with amplitudes bémeiting on VenusEarth Planet. Sci. Lett145 109-123.
tween about 20 and 50 mGal k) in agreement with the val- Nimmo, F., and D. McKenzie 1998. Volcanism and tectonics on Vefnsu.
ues predicted by convective modeling. There is also evidenc®ev. Earth Planet. Sc26, 23-51.
of rifting and volcanic constructs in the SAR images. In gerphillips, R. J. 1994. Estimating lithospheric properties at Atla Regio, Venu:
eral, the form of the admittance spectra suggests that the lonlgarus112 147-170.
wavelength topography of Venus is dynamically Supported’PaillipS, R.J., W. M. Kaula, G. E. McGill, and M. C. Malin 1981. Tectonics and
conclusion which is supported by Simoeisal. (1997). evolution of VenusScience212, 879-887.

Another major conclusion of this work is the importance ofhillips, R. J., C. L. Johnson, S. J. Mackwell, P. Morgan, D. T. Sandwell, an
the altitude of the spacecraft when studying gravitational signalqM' T. zuber 1997. Lithospheric mechanics and dynamics of Venudzitis
. . 4 ) | (S. W. Bougher, D. M. Hunten, and R. J. Phillips, Eds.), pp. 1163-1204
in the wavelength range necessary to investigate elastic effectgyiy, of Arizona Press, Tucson.
If the altitude is too high, signal attenuation makes admittan@@ppaport, N. J., and J. J. Plaut 1994. 360 degree and order model of venu
studies unreliable. This effect prevents reliable estimatég of topographylcarus112 27-33.
from being obtained from cycle 6, where the spacecraft altituéappaport, N. J., A. S. Konopliv, and A. B. Kucinskas 1999. An improved 36
varied in the range 250 to 450 km, approximately, and fromdegree and order model of Venus topograpgrus 139, 19-31.

about half of cycle 5. Ricard, Y., L. Fleitout, and C. Froidevaux 1984. Geoid heights and lithospher
stresses for a dynamic Earthnn. Geophysicag, 267—286.
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