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Abstract

The relationship between gravity and topography of various regions of Mars is used to estimate their effective elastic
thicknesses 7. using direct measurements of line of sight velocity, rather than spherical harmonic coefficients. Estimates
of T, vary from 70 km for Tharsis, 29 km for Elysium, to 14.5 km for the southern hemisphere, and show that the
thickness of the Martian lithosphere increases with age as the radioactive isotopes of K, Th, and U decay. A simple
parameterised model of the convective thermal history is used to estimate the temperature structure of the lithosphere,
and shows that the base of the elastic layer has a temperature of 300+ 50°C, or similar to the value for terrestrial
continents. In both cases the rheology is probably affected by the presence of water. The short wavelength behaviour of
the gravity field allows the density of the rocks that form the topography to be estimated, and gives values of about 3.0
Mg/m? for Tharsis and Elysium. This value is substantially greater than that of 2.7 Mg/m?® obtained for Earth, and is in
agreement with estimates from SNC (Shergottites—Nahklites—Chassigny) meteorites of 3.3 Mg/m3. The density of the
topography of Valles Marineris is only 2.35 Mg/m?, and suggests that ice may be present below the surface. In the
heavily bombarded southern hemisphere, isostatic compensation occurs at wavelengths as short as 700 km, which
requires the effective compensation depth to be no more than 10 km. The gravity field with wavelengths greater than
1500 km may be supported dynamically, by a plume rising beneath the Tharsis region. The difference in temperature
between the solidus and the present areotherm is less than 250°C, so melt generation can occur in rising
plumes. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Because so little seismic information is yet
available from Venus, Mars and the Moon, anal-
ysis of their external gravity fields and their to-
pography is at present the principal method avail-
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able for studying their interior structure [1]. The
surface topography of rocky planets and satellites
is supported by elastic forces in their outer layers.
Such support causes short wavelength topography
to be isostatically uncompensated, with compen-
sation increasing with increasing wavelength. The
resulting gravity anomalies can be used to esti-
mate the effective elastic thickness, 7., which is
controlled by the temperature within the outer
parts of a planet at the time that the load is im-
posed, and therefore contains information about
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Table 1
Estimates of Martian lithospheric parameters
Wavelength band used Pe T, Age T, F Ta
km Mg/m? km Ga °C mW/m? °C
Tharsis 380-1600 2.99 70 0 1261 17.8 340
Tharsis 380-700 2.97+0.04
V. Marineris 380-900 2.35 53
Elysium (MGS) 350-900 2.98 29 2.2 1304 35.4 270
Elysium (Viking) 700-1000 (2.98) 25 2.2 1304 354 220
South Pole (flat) 400-800 (2.97) 14.5 3.5 1336 49.9
South Pole (spherical) 400-3000 (2.97) 12.4 3.5 1336 49.9

T is the temperature at the base of the elastic layer, whose thickness is 7,.. The values of the parameters estimated from the
SNC meteorites are pp, =3.50 Mg/m?, E=1.44x10"" Pa and 6=0.268 (McKenzie and McSween, in preparation) and were used
to estimate 7.. A crustal thickness 7. of 30 km was used, except for the South Pole, where a value of 10 km was used for the
flat plate and 8 km for the spherical cap. The average density of the meteorites believed to come from the Martian crust is
pe=3.32 Mg/m>. The values of p. shown in parentheses were assumed, not estimated. The age estimates are from Hillier et al.

[29], and are very uncertain [24].

past and present heat flow. It also controls the
gravity field and the topography that result from
mantle convection, and hence 7. must be esti-
mated before such observations can be used to
study mantle dynamics.

The transfer function Z between the Fourier
transform of the topography / and free air gravity
Ag when both are small is defined by Ag=Zh.
Expressions for Z for a flat plate and a spherical
shell are given in the Appendix, and the values of
the parameters used are listed in Table 1. Fig. 1
shows Z(k) as a function of 1/A for a plane layer
and a spherical shell, and for two values of 7.. At
short wavelengths no isostatic compensation oc-
curs, the value of Z(=2nGp,) is constant and is
controlled only by the density of the surface to-
pography p.. As the wavelength increases, iso-
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static compensation occurs as the plate is de-
flected. The shape of this part of the curve is
controlled by 7, and also by the density contrast
Ap at the Moho, the crust-mantle boundary. This
paper uses the approach that has previously been
applied to Earth and Venus [2,3] to estimate Z(k),
with two important modifications: one to take
account of the large amplitude of the Martian
topography and the other the polar orbits of
Mars Global Surveyor (MGS) and Viking 2.
The first attempts to estimate 7, for Mars used
Viking data [4,5]. The only topography available
was obtained from stereo images, and the gravity
field was also poorly known. MGS has now pro-
vided excellent topographic measurements [6,7],
and two independent groups [8,9] have used the
MGS tracking data to estimate the spherical har-
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Fig. 1. Plot showing (a) the influence of sphericity, and (b) of crustal thickness on Z(k).
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Fig. 2. Admittance calculated from the topography and (a) MGS75D gravity coefficients from JPL [8], and (b) ggm2bc80 gravity
coefficients from Goddard space flight center [9], by projection onto a plane using Airy’s projection [10] (see [2] for details).

monic coefficients of Mars’s gravity and their re-
sults agree well. Therefore the standard approach
to estimating 7, can now be used. Fig. 2a,b shows
Z(k) from both gravity fields for the Tharsis re-
gion (Fig. 3) of Mars, chosen because the ampli-
tude of both the topography and gravity is large.
The behaviour of Z(k) differs in two important
ways from similar estimates from Earth and Ve-
nus, and from the theoretical curves in Fig. 1. The
short wavelength behaviour requires a value of p,
of about 3.4 Mg/m?3, in contrast to 2.7 Mg/m? for
Venus and Earth, and the long wavelength behav-
iour is not well modelled by the deflection of an
elastic plate. Such a value of p. is greater than
that of 3.32 Mg/m? calculated from the composi-
tion of the SNC meteorites (Table 1), which are
generally accepted to be samples of Martian crust.
Section 2 is largely concerned with these differ-
ences, and argues that the first partly results
from the large amplitude of the topographic var-
iations and partly from the large density of the
surface topography, whereas the second results
from the polar orbits of MGS and Viking 2 being
viewed ‘edge-on’ during the periods when the best
data were collected. The angles between the
planes of the orbits and the line of sight (LOS)
vectors to the Earth averaged 2.8 £ 5.3° for MGS
and 0.9 7.0° for Viking 2. Though some of the
data used to determine MGS75D are from face-
on orbits, their quality is not as good as those
from the edge-on configuration. Once these effects

are understood, it is straightforward to estimate
T. for other regions of Mars (Section 3). Esti-
mates of the concentrations of U, Th and K based
on compositions of the SNC meteorites are then
used in Section 4 to estimate the temperature at
the base of the elastic layer, using parameterised
thermal history to estimate the surface heat flow,
and hence the temperature structure within the
lithosphere.

2. Data processing

We need to obtain the transfer function Z be-
tween topography % and gravity Ag over some
region of Mars from the spacecraft observations
in the frequency domain. The most obvious meth-
od of doing so is to use the spherical harmonic
coefficients of the gravity field to calculate Ag,
then to grid Ag and % in some projection that
minimises the distortion. Standard Fourier meth-
ods can then be used to calculate Z (see [2] for
details). The estimates of Z for Tharsis in Fig.
2a,b were obtained in this way. Although the
two independent estimates closely resemble each
other, there are two differences between both and
the theoretical curves in Fig. 1. At wavelengths
between 1000 and 450 km both are better repre-
sented by a straight line with positive slope than
by a horizontal line. At longer wavelengths a
straight line with a steeper slope fits the observed
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Fig. 3. Regions used to obtain the plots in Fig. 5. The solid lines show MGS tracks in b-e, and the dashed lines in d those of

Viking 2.

estimates better than do the ‘S’-shaped curves in
Fig. 1.

One of these differences, the variation of Z at
short wavelengths, results from an approximation.
McGovern et al. [11] argue that the large ampli-
tude of some of the topography on Mars causes
the relationship between Ag and 4 to be nonlinear
[12], and show that this problem becomes more
important as the wavelength decreases. They take
account of this effect by using the expressions
relating topography to gravity on a spherical
body obtained by Wieczorek and Phillips [13].
The second difference occurs at long wavelengths,
where nonlinear effects are of minor importance.
A likely explanation for this difference is that it

results from the polar orbit of MGS (Fig. 3). The
importance of using several spacecrafts with dif-
ferent heights and inclinations to determine the
Earth’s gravity coefficients is well known (see
[14]). It is also well known that the effects of orbit
resonance depend on a lumped combination of
spherical harmonics [15]. It is therefore not sur-
prising that the polar orbit used for MGS is not
able to resolve the aliasing problem and determine
the individual gravity coefficients accurately.

One solution to this problem is to use the track-
ing data to obtain Z(k) directly, rather than from
the harmonic coefficients of the gravity field.
McKenzie and Nimmo [3] provide a method of
doing so when the relationship between gravity
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and topography is linear, and their approach can
be extended to the nonlinear problem (there is a
typographic error in their equation 8: the factor
in front of the summation should be 1/a sin@ in-
stead of 1/a). The basic idea is to exploit the fact
that the topography /# of Mars is now well deter-
mined and therefore the spherical harmonic coef-
ficients for /& can be accurately calculated. It is
then straightforward to extract that part of the
acceleration of the spacecraft which is coherent
with the topography. The algebra and program-
ming is complicated because the true acceleration
of the spacecraft is a vector, but only the compo-
nent along the LOS from Mars to Earth can be
observed and used to estimate Z. The relevant
expressions are given in [3] and the Appendix.

Using these expressions, the calculated LOS ac-
celeration can be obtained directly from the to-
pography if Z is known. It is convenient to use a
value of Z=1 mGal/km in Eq. 5. With this
choice:

Ag, = Z(Ag. +72)+7 (1)

gives Z in mGal/km, where Ago, Age, e, n are the
Fourier transforms of the observed, Ag,, and
the calculated, Ag., LOS accelerations, of e, the
error that arises from the neglect of the non-
linear contributions from Moho topography (see
Appendix), and of n, the noise. The noise is
defined as that part of the LOS acceleration that
is incoherent with the topographic signal. Stan-
dard fast Fourier transform methods were used
to obtain Z from Ag, and Ag., with three tapers
[16].

Most, but not quite all, values of the MGS
Doppler velocities are provided as averages over
20 s, and over 10 s for Viking 2. Because the
observed Doppler velocities are not all given at
equal intervals in time, they were first linearly
interpolated to give values every 20 s (MGS)
and 10 s (Viking) before the LOS accelerations
were calculated. Because the orbits of the space-
craft are not circular, the spacing of these posi-
tions along the tracks on the surface of the planet
is not equal. The accelerations were therefore lin-
early interpolated onto points at intervals of 60
km (MGS) and 40 km (Viking) along the track

before being Fourier transformed to obtain Z.
The LOS Doppler data from both MGS and Vik-
ing supplied by JPL are the residual Doppler ve-
locity, and are calculated with respect to orbits
obtained from MGS75D. It was therefore neces-
sary to add the LOS acceleration from MGS75D
to the accelerations calculated from the residual
Doppler velocities to obtain the full accelerations.
The nonconservative accelerations were not re-
stored to the Doppler residuals. The largest of
these results from solar radiation pressure [6],
and is accurately known. Its magnitude is
~0.01 mGal [6], or about an order of magnitude
smaller than those of interest here. It does not
correlate with the topography, and therefore
does not affect the estimates of Z. The coherence
between the LOS acceleration obtained from the
residual Doppler velocity supplied by JPL and
Ag., the LOS acceleration from the topography,
is not significantly different from zero for either
spacecraft. Hence there is in fact no useful infor-
mation in the residual JPL Doppler. It is, how-
ever, important to recalculate the full accelera-
tions, because the fitting process used to
estimate 7, from the spectral observations uses
their standard deviations, as well as their mean
values.

Fig. 4a shows Z obtained directly from the
MGS Doppler velocities. The observed values
now vary with 1/1 in the way that is expected.
Furthermore it is easy to show that it is the
component of g(MGS75D) that is transverse to
the tracks which causes the difference between
Figs. 2 and 4a. The least well determined compo-
nent of g(MGS75D) is in the plane that is normal
to the LOS, and at right angles to the projection
of the track in this plane (Fig. 4d). This compo-
nent can be calculated from both MGS75D and
the topography. The resulting values of Z are
shown in Fig. 4b, and at long wavelengths are
even larger than those in Fig. 2. The values of
Z in Fig. 2 are averaged over all azimuths, and
are therefore intermediate between those in Fig.
4a and b. Similar tests with similar results were
carried out on the transverse components of g for
the other boxes in Fig. 3. Fig. 4c shows the errors
that arise from the neglect of the terms that are
nonlinear in Moho topography. These are smaller
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raphy and MGS75D calculated in the plane that is at right angles to the LOS vector, and normal to the orbit in this plane (d).
The error caused by the neglect of the nonlinear terms in Moho topography is shown in c.

than the noise, and can anyway only be calculated
if the Moho topography is known before the
topographic load is emplaced. They can therefore
be neglected.

Though the direct use of the Doppler velocities
avoids using the poorly determined components
of g, it does have one important disadvantage.
Because it uses 1D transforms of the LOS accel-
erations along a number of tracks to calculate Z,
rather than 2D transforms, there are fewer esti-
mates of the complex amplitude in each wave-
number band. The 1D estimates of Z are there-
fore noisier than the 2D estimates, and larger
regions are required to obtain accurate values. It
is then more difficult to detect regional variations
in Te.

The final step in the data analysis consists of
fitting a flexural model to the observed values of

Z, Z',, by minimising:

1L /7l -7\ *
H=H(Te, p.) = [NZ( OO-. C)

i=1

1/2

)

with respect to T, and p., where Z'; is calculated
from the theoretical expressions given in [32] and
the Appendix, and o; is the standard deviation of
Zi,.

3. Observations

The methods explained in the last section are
now used to estimate 7. and p. for four regions of
Mars shown in Fig. 3, and the values listed in
Table 1. Our estimates of 7. are slightly smaller
than those of McGovern et al. [11].



D. McKenzie et al. | Earth and Planetary Science Letters 195 (2002) 1-16 7

3.1. Tharsis region

The box in Fig. 3a labelled ‘Tharsis’ includes
Olympus Mons as well as the three large volca-
noes of Tharsis proper, and gives a crustal density
of 2.97+0.04 Mg/m?. Though this value is sub-
stantially greater than the terrestrial value of 2.67
Mg/m?, it is about 10% less than that obtained
from the SNC meteorite compositions (Table 1).
The difference probably results from porosity due
to cracks and vesicles.

3.2. Valles Marineris

Fig. 5c shows that the short wavelength values
of Z for Valles Marineris are smaller than those
for Tharsis, and a value of p. of 2.35 Mg/m? best
fits the observed admittance. The best fitting value
of T, is also smaller than that for Tharsis. The
low crustal density may be caused by a difference
in composition between the Tharsis volcanoes and
the walls of Valles Marineris. Another alternative
is that the density is reduced by the presence of a
large proportion of ice in the stratigraphic col-
umn. If the rock density is 3.32 Mg/m?3, the pro-
portion of ice f required is 0.40 by volume, and
could provide a source for the large amount of
water required to account for the geomorphology
of this region.

3.3. Elysium

Like Tharsis, this box also contains large vol-
canoes, but ones which are older than the Tharsis
structures. The density agrees with that from
Tharsis, but is less well determined, and T, is
smaller. The value of T, from Viking 2 agrees
reasonably well with that from MGS, but is likely
to be less accurate, as it is based on fewer data of
poorer quality (Fig. 3d).

3.4. South Pole

A large box (Fig. 3e) was required to obtain
reliable estimates, principally because the values
of Z are small for wavelengths larger than 600
km. Hence the decrease in Z that constrains the
value of T, occurs where the signal-to-noise ratio

is small, and can only be determined if a large
number of tracks are used. The surface of this
part of Mars is old and heavily cratered. It is
best fit by a small value of T, of 14.5 km. Because
T. is small, the behaviour of Z at wavelengths of
500-800 km constrains the effective depth of com-
pensation, which must be less than about 10 km
to fit the observed values. The flat part of the
theoretical curve Z(k) occurs at wavelengths
shorter than 250 km, where no reliable estimates
of Z can be obtained because the data is noisy.
Hence the data do not constrain p., and a value
of 2.97 Mg/m? was used. Because of its elevation,
it is unlikely that the average crustal thickness in
the South Pole region is as small as 10 km. It is
more likely that the crustal density is not con-
stant, and that the density of the upper crust
which forms the topography is lower than that
of the lower crust and that of the large volcanoes.

3.5. Other data

All of the data discussed above come from Vik-
ing 2 and the Gravity Calibration Orbits of MGS
between 5 February 1999 and 13 March 1999. An
attempt was made to use data from the Science
Phasing Orbits of MGS, but the resulting esti-
mates of Z were not reliable.

3.6. Dynamic features and crustal thickness
variations

Fig. 6 shows the long wavelength contributions
to the topography, gravity and the areoid, the
equipotential surface corresponding to the geoid
on Earth, obtained by applying the filter in Fig.
6d directly to the spherical harmonic coefficients
of the topography and MGS75D. The band pass
filter is designed to remove shorter wavelength
features that are elastically supported, and also
those with the longest wavelengths. The contour
levels for the gravity and topography are 50 mGal
and 1000 m respectively, and therefore the maps
should be identical if the admittance is everywhere
50 mGal/km.

The contour maps in Fig. 6a,b show that the
large volcanoes of Tharsis, Alba Patera and Ely-
sium have values of Z that are close to 50 mGal/
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km. The value of Z for Olympus Mons is, how-
ever, considerably larger than 50 mGal/km, and
suggests that 7, for this volcano may be larger
than 70 km. In agreement with Zuber et al. [1],
Fig. 6a shows that the large impact basins of Ar-
gyre and Hellas both have small values of Z, and
are therefore compensated by crustal thinning.

Long wavelength gravity anomalies with values
of Z of 50 mGal/km or more must be supported
dynamically, or by ring stresses if 7, is sufficiently
large. The difference in behaviour between the
plane and spherical models is caused by the pres-
ence of large ring stresses that arise in the spher-
ical shell. For Tharsis Fig. 5a shows that the ob-
served values of Z are 53.5+2.4 mGal/km at
wavelengths longer than 1500 km. Tharsis is the
only region for which dynamic support may be
required, and is only definitely necessary if the
ring stresses are relaxed by dyke intrusion.

The areoid in Fig. 6¢c can be compared with
Harder and Christensen’s [17] calculated areoid
for their 3D convective model. Their model of
convection with volumetric heating rate H of
3.25%X107° W/m? has one dominant plume after
4.5 Ga, and the height of their areoid is about 160
m after 7.8 Ga, compared with 700 m in Fig. 6c.
Their heating rate is a factor of 3.6 less than the
present day heating rate calculated from Wénke
and Dreibus’s [18] estimate of the abundances of
U, Th and K if these elements are uniformly dis-
tributed throughout the Martian mantle. The dif-
ference between Harder and Christensen’s calcu-

lated areoid and that observed may be caused by
their estimate of H being too small or by the
viscosity of the Martian mantle being greater
than the value of 10?! Pa s that they use.

4. Thermal history

Temperature gradients within the lithospheres
of convecting planets can only be estimated if
the heat flux is known or if their thermal history
can be calculated. On Earth the lower boundary
of the continental seismogenic layer, the region of
the continents that generates earthquakes, has a
temperature of 350 £ 100°C [19], and has a thick-
ness that is slightly greater than 7,. On Venus,
however, the temperature at the base of the elastic
layer is considerably greater, about 650°C [20],
probably because both the crust and mantle of
Venus are dry. For Earth, thermal history calcu-
lations are uncertain, because at least 70% of the
present heat loss occurs by plate creation in the
oceans, and nothing is known about the rates of
oceanic plate production during most of its his-
tory. Mars and Venus, however, now have no
plate boundaries whose separation rate is suffi-
ciently fast to affect their heat budgets, so para-
meterised thermal history calculations for these
planets [21,22] may be more reliable than they
are for Earth. Mars is also small, and therefore
has a shorter time constant than does either Ve-
nus or Earth. But three unresolved problems af-
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fect such calculations. The first concerns elemen-
tal fractionation [23]. K, Th and U are among the
most incompatible elements, and are removed
from the source regions by melt fractions as small
as 1%. Their concentrations in the Martian man-
tle therefore depend on the unknown extent to
which Martian crust has been recycled early in
Martian history. The second concerns estimates
of the age of the Martian surfaces in the regions
used to estimate 7,, which differ by more than
1 Ga [24]. Furthermore, the volcanoes must be
older, and are perhaps much older, than the age
of their surfaces. The last problem concerns the
viscosity of the convective boundary layers which
control heat transport. Their viscosity is as
strongly affected by composition, and especially
by the presence of water, as it is by temperature
[25]. Until these problems are resolved it is not
possible to carry out accurate convective thermal
history calculations for Mars. We therefore used a
simple two layer model of Mars (Fig. 7d) with a

core of radius 1276 km [26] (Fig. 7d), and a man-
tle of constant composition [18]. Fig. 7a shows the
evolution of the potential temperature of the
mantle, obtained by analogy with Earth’s old oce-
anic plates, by requiring the potential temperature
to be 1300°C when the surface heat flux is 33.2
mW/m?. Fig. 7c shows the ratio of the heat loss to
the heat generation rate is 1.25 or less throughout
the last 3.5 Ga of Martian history.

The thermal structure of the Martian litho-
sphere at various times (Fig. 8) was then calcu-
lated from the mantle potential temperature and
the surface heat flux in Fig. 7 [27], using a viscos-
ity of 10'° Pa s for the thermal boundary layer.
Also shown in Fig. 8a,b are temperature profiles
for potential temperatures that are 250°C hotter
than those in Fig. 7a, similar to those of terres-
trial plumes, but with the same thicknesses of the
mechanical boundary layers. The temperature
profiles in Fig. 8 show that such plumes can gen-
erate melt in the mantle below Martian litho-
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Fig. 8. Temperature as a function of depth within the Martian lithosphere at three epochs, calculated from the values of poten-
tial temperature and heat flux in Fig. 7a,b [27] and a surface temperature of —63°C. The solid curves are for the potential tem-
peratures in Fig. 7a. The dashed curves show the effect of increasing these temperatures by 250°C without changing the litho-

spheric thickness.

sphere, and so produce the large volcanoes in the
Tharsis and Elysium regions, some of which may
still be active [28].

Fig. 8b also shows that the average temperature
of the mantle below the lithosphere exceeds the
solidus at ages greater than about 2.2 Ga, and
therefore that the early thermal history of Mars
cannot be modelled using this approach. Similar
problems occur for Earth and Venus, because the
rate of heat loss early in their history is controlled
by different physical processes from those which
now operate.

The temperature profiles in Fig. 8 can be used
to estimate the temperature at the base of the
elastic layer, and give values for Tharsis and Ely-
sium of 340°C and 270°C respectively. These are
similar to estimates of the temperature of the base
of the seismogenic layer on Earth of 350 £ 100°C
[19], but are considerably smaller than that for

Venus, of about 650°C. The difference between
the elastic properties of Venus and Earth is
thought to result from the presence of a small
amount of water in the Earth’s mantle, and its
absence within Venus [25]. The same effect can
account for the low temperature at the base of
the elastic layer on Mars if a small amount of
water remains within the Martian mantle. Since
considerable quantities of water have been present
at the surface of Mars in the past, it is not sur-
prising if some still remains in its interior.

5. Discussion and conclusions

Uncompensated topography with an amplitude
of 1 km, a density of 3 Mg/m® and a wavelength
of 400 km produces a surface gravity anomaly of
amplitude 126 mGal. At a height of 400 km of the
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MGS orbit the anomaly is reduced to 0.22 mGal.
The corresponding variation in spacecraft velocity
is 46 um/s, and in height is | mm. These estimates
show that accurate estimates of 7, for Mars are
only possible because the velocity of MGS has
been measured to an accuracy and precision of
100 um/s or better using X-band telemetry. This
remarkable data set allows the LOS acceleration
to be calculated directly and compared with the
topography. Though the Viking accelerations are
from S-band tracking, and are therefore less ac-
curate, the periapse height of 280 km is lower
than that of 350-400 km of MGS. There is there-
fore less upward attenuation of the gravity
anomalies in the Viking data. Because of the orbit
and tracking geometry, a comparison between
gravity and topography is better done using the
LOS accelerations than by using surface gravity
calculated from the spherical harmonic coeffi-
cients. In the frequency domain this comparison
allows the elastic thickness 7, and density p. of
the surface topography to be estimated. Large
volcanoes of the Tharsis region give a value of
T. of 70 km, whereas those of Elysium give a
value of 29 km. The value of T, for the old heav-
ily cratered southern hemisphere is even smaller,
14.5 km. Estimates of p. for Tharsis and Elysium
are 2.97 and 2.98 Mg/m?, or substantially greater
than the value for Earth of 2.67 Mg/m?. This
difference is expected from the difference in com-
position between SNC meteorites and terrestrial
basalts. The density of the topography of Valles
Marineris is 2.35 Mg/m?3, and is smaller than that
of the volcanoes, perhaps because of the presence
of ice.

The variation of 7, with age of loading suggests
that the Martian lithosphere has thickened as the
planet has aged. Though the absolute ages of the
regions are very uncertain, there is general agree-
ment that the heavily cratered southern hemi-
sphere is older than the Elysium volcanoes, which
are in turn older than those of the Tharsis region
[24]. Simple convective thermal history calcula-
tions suggest that the base of the elastic layer is
controlled by the depth of the 300+ 50°C iso-
therm. The critical temperature is therefore simi-
lar to the terrestrial value of 350+ 100°C [19],
presumably because a small amount of water is

also present in the Martian mantle. The thermal
structure of the Martian lithosphere and astheno-
sphere has been within 250°C of the solidus tem-
perature throughout the last 2.2 Ga. Rising
plumes whose potential temperature is 250°C
greater than the average temperature of the upper
mantle can therefore generate melt, even at the
present day.

We were unable to estimate the crustal thick-
ness, which only controls the relationship between
gravity and topography at wavelengths where dy-
namic effects become important. Zuber et al. [1]
obtained estimates by assuming that the crustal
density is constant, but the crustal density differ-
ence of 0.6 Mg/m? between the Tharsis and Valles
Marineris regions is larger than the density con-
trast of 0.5 Mg/m? between crust and mantle. Iso-
static compensation in the southern hemisphere
requires a density contrast at a depth of about
10 km. Unfortunately the orbit of the MGS
spacecraft is too high to permit an estimate of
the surface density p. in this region, but it seems
unlikely that the crust itself is as thin as 10 km.
Variations of the thickness of a surface layer
whose density is low, perhaps because it has
been extensively fractured by impacts, seems a
more likely explanation of the gravity observa-
tions.

Knowledge of the present day elastic thickness
of the Martian lithosphere allows the gravity field
to be low pass filtered, to remove features that are
elastically supported. Maps of this long wave-
length gravity and topography show that the
Tharsis bulge may be supported dynamically.

Perhaps the most important result is that this
study has led to few surprises. We now appear to
understand, at least in outline, the processes that
control the temperature structure of the litho-
spheres of Mars, Venus and Earth, support their
topography by static and dynamic processes, and
generate melt by mantle convection.
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Appendix

Wieczorek and Phillips [13] obtain an expres-
sion for the perturbation of the gravity potential
AU produced by surface perturbations 7 to a
spherical surface of mean radius R (=3389.5
km) and Moho perturbations b to a surface of
mean radius R—t., where f. is the mean crustal
thickness, in terms of "h’;,, and "b’;,, defined by:

hn = Rznhlﬂm Yﬂm(ea ¢)7 bn =

ilm

(R_ZC)Z”b/ilm Yi/m(ea ¢) (3)

ilm

Yim(6, ¢) are spherical harmonics of degree / and
order m normalised to 4m, with Y, = P;,(6) cos
m@, Yo, = Py, (0) sin m¢@, and Py, (6) are Legen-
dre and Associated Legendre polynomials. We
used values of n of 1-5. They show that the po-
tential from a single deformed surface of mean
radius R with density contrast Ap is:

R
AU :27EGZ <7)l+lUlilm Yilm(ea ¢)

ilm

where:
2R?Ap

U/imzi
=

(h/ilm + H/+ )

ilm

G is the gravitational constant, and:

ST (1 +4=))
h/im = ]hlim H = j_]—nh/il11 4
: o il ; A

This notation is slightly different from [13] be-
cause the linear term has been separated from

H';, . We also need similar expressions for 'y,

and B’} , obtained by substituting b and B for &

ilm>

and H in Eq. 4. The spherical harmonic coeffi-
cients g, of the perturbed gravity field Ag. can
then be written as:

Agc = Zgilm Yiim (5)

ilm
where:

gilm = Z/R(h/ilm + H/Jr + e,i/m)

ilm

Z; =2nGp Al + Bi/(1 + Ci/Dy)]

and:
e/i[m _ Bl(pm_pc>(hlilmBl?[—m + blilmH/?]—m)
pch/ilm + Bl(pm_pc)b/ilm

For a spherical shell:
A= 20+2)/2l1+1), B = (1—t/R)"3,

C;=D[P(I+ 1) =4 (1 + 1)*+
8I(1+ 1)) + ETR[I(I +1)-2)],

Dy = Rig(pm—p)[I(I +1)=1+ o] (6)
[30,31], and for a flat sheet [32]:

Ar=1, B = exp(—ktc), C1/D; = Dk*/g(pm—pc)
()

where D= ET3/12(1—0c?), g is the mean accelera-
tion due to gravity on the surface of the planet,
Pec> Pm the crustal and mantle densities, £ Young’s
modulus, ¢ Poisson’s ratio, and k (= (/+0.5)/R) is
the wavenumber. Z; is the linear admittance be-
tween gy, and Rh'y,. The error e that results
from assuming a linear relationship between g,
and (4, +H' i) is therefore:

e=Re = Rzelﬂm Yim (8)

ilm

It contains terms that depend nonlinearly on
the Moho deflection b and hence on T,. In con-
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trast, h'y,+H'yn depends only on the surface
shape, which is now well known, and only needs
to be evaluated once. Therefore, if e is small, Z(k)
can be obtained directly from the calculated, Ag.,
and observed, Ag,, LOS accelerations by Fourier
transforming both series. Calculation of Z(k) for
any value of T, then takes less than 0.1 ms. In
contrast, the calculation of e’ for one value of T,
takes about 5 h on the same machine, or a factor
of about 2x10® longer. The average fractional
errors RZ(k)e'(k)/(Ag.(k)+RZ(k)e'(k)) for the
Tharsis and Valles Marineris boxes with 7, =70
km are 2% and 0.2% respectively, for Elysium
with 7.=30 km is 6%, and for the South Pole
region with 7. =15 km is 0.2%, for the wave-
length bands given in Table 1 that were used to
estimate 7.. These errors were calculated by eval-
uating the LOS acceleration resulting from Eq. (8)
along the path of the spacecraft. Even the largest
of these errors, for Elysium, is smaller than any of
the uncertainties in Z(k) in the relevant wave-
length bands in Fig. Se,g.
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