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Abstract—We use satellite altitude free-air and terrain gravity correlations to differentiate regional
variations in crustal viscosity and transient cavity diameters of impact basins on the Moon and Mars
that we combine with surface roughness for a rheological assessment of the crust of Mercury. For the
Moon and Mars, we separate the free-air anomalies into terrain-correlated and terrain-decorrelated
components using the spectral properties of the free-air and computed terrain gravity effects. Adjusting
the terrain effects for the terrain-correlated anomalies yields compensated terrain effects that we
evaluate for crustal thickness variations of the impact basins. We interpret the terrain-correlated
anomalies for uncompensated elements of the crustal thickness variations that we find are strongly
correlated with the distribution of basin rings from photogeologic analyses. Hence, we estimate the
transient cavity diameter from the innermost diameter of the gravity-inferred rings. Comparing these
diameters with the related crustal thickness estimates clearly differentiates regional variations in the
crustal rheologies. For the Moon, the analysis points to a farside crust that was significantly more
rigid than the nearside crust during bombardment time. For Mars, the growth in transient cavity
diameters with apparent crustal age also reflects increased viscosity due to crustal cooling. These
results are also consistent with local estimates of surface roughness developed from the root-mean-
squared topography over 64 x 64° patches centered on the basins. Hence for Mercury where gravity
observations are lacking, rheological inferences on its crust may result from comparing photometric
estimates of transient cavity diameter and local surface roughness with the lunar and martian estimates.
These results for the Beethoven Basin, a typical multi-ring impact feature of Mercury, suggest that
the viscosity of the mercurian crust was relatively great during bombardment time. This enhanced
rigidity, despite crustal temperatures that were probably much hotter than those of the Moon and
Mars, may reflect an extremely dry crust for Mercury in its early development.

INTRODUCTION

Insight on the mechanical attributes of planetary
lithospheres has been provided by substrate rheology inferred
from surface topography (e.g., Galdikas, 1999) and the direct
proportionality between crustal viscosity and size of the
transient cavity of an impact basin (e.g., Melosh, 1982; Spudis,
1993). We investigate these relationships for the multi-ring
impact basins of the Moon and Mars using free-air and terrain
gravity correlations. We also consider their use for inferring
the rheological attributes of the crust of Mercury where gravity
observations are lacking.

For the Moon, altimetry data from the Clementine mission
(Nozette et al., 1994) reveal a dichotomy in surface roughness

(Lucey ez al., 1994) that reflects early differentiation processes
(Stevenson, 1980) where the higher thermal gradient in the
nearside crust (Solomon et al., 1982) produced smoother
topography than on the cooler and more viscous farside.
Gravity data from the Lunar Prospector and earlier missions
(Binder, 1998) in combination with computed gravity effects
of the lunar topography also show the nearside and farside
dichotomy in surface roughness to be complemented directly
by crustal thickness and strength variations (Potts and von
Frese, 2001b) to further support the differentiation hypothesis
for the primordial Moon (Stevenson, 1980).

For Mars, altimetry data from the Mars Global Surveyor
(Albee et al., 1998) reveal a 5 km elevation difference with a
corresponding dichotomy in surface roughness between the
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FIG. 1. Generalized crater morphologies (adapted from Wilhelms, 1987; Melosh, 1989; Spudis, 1993). The growth of the transient cavity is
characterized by its diameter (D) and depth (d,x) properties. Hatching indicates possible distributions of the impact melt sheet.

northern and southern hemispheres (Aharonson et al., 2001).
The rougher topography in the southern hemisphere is older
and heavily cratered relative to the smoother, younger, and
lightly cratered topography of the northern hemisphere (Smith
etal., 1999) that was formed by a resurfacing event in the early
development of Mars (e.g., Mutch et al., 1976; Carr, 1981).
Studies on the internal structure of Mars from gravity and
topography (e.g., Kiefer et al., 1996; Zuber et al., 2000) also
show a complementary hemispheric dichotomy in lithospheric
strength and crustal thickness. The lower crustal growth rate

in the northern hemisphere may be attributed to higher heat
flow in early martian tectonic development (Zuber et al., 2000),
but the survival of large-scale topographic features in the
southern hemisphere suggests that the thickness variations of
the crust may have constrained topographic relaxation (Nimmo
and Stevenson, 2001).

Compared to the Moon and Mars, relatively little is known
about the crustal attributes of Mercury despite a limited flyby
of the Mariner 10 spacecraft (Murray et al., 1974; Connerney
and Ness, 1988). However, comparative planetology studies
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suggest strong similarities for regolith composition and crater
depth-to-diameter ratios between the Moon and Mercury (Pike,
1988). Photogeologic mapping (Spudis and Guest, 1988) also
suggests that mercurian basins experienced comparable
modification processes such as impact-induced uplift, isostatic
relaxation, and volcanic infilling (e.g., Harmon and Campbell,
1988; Pike, 1988). In addition, the mercurian multi-ring basins
follow the ubiquitous planetary V2D-spacing rule for the rings
of large impact basins, where D is the diameter of any one of
the rings (e.g., Pike, 1988; Spudis, 1993).

Hence, despite the lack of gravity data for Mercury,
inferences on the rheological attributes of its crust may be
possible by comparing the surface roughness and transient
cavity diameters or related ring attributes over its multi-ring
basins to those on the Moon and Mars. As a test, we consider
an improved digital elevation model (DEM) from a re-analysis
of Mariner 10 stereo image pairs (Cook and Robinson, 2000)
for the Beethoven multi-ring basin of Mercury (Spudis and
Guest, 1988). For new insight on the mercurian crust, the
surface roughness and transient cavity diameter from the
photographically estimated DEM are compared with the trends
developed from combined gravity and topographic analyses
of the multi-ring basins of the Moon and Mars.

In the sections that follow, we describe the application of
advanced spectral correlation theory to free-air and terrain
gravity data for modeling the crustal properties (e.g., thickness
variations, transient cavity diameters, isostatic attributes) of
the multi-ring basins on the Moon and Mars. We also
investigate the relationships between transient cavity attributes
and the root-mean-squared topography on the Moon, Mars,
and Mercury, and consider their inferences for the rheological
properties of the mercurian crust.

RING ATTRIBUTES OF IMPACT BASINS

Basin rings provide insight on the development of the
transient cavity that was initiated upon impact (e.g., Melosh,
1989). Assummarized in Fig. 1, the rapid passage of the shock
wave through the target causes the transient cavity, defined by
the interface between the vapor and melted or solid components
of the cavity floor, to grow by continuously ejecting material
until its maximum depth (dey) and diameter (D) are attained
(Melosh, 1989). The cratering process starts with the growing
transient cavity (Fig. 1a) that collapses into either a simple
crater (Fig. 1b), a complex crater (Fig. 1¢), or a multi-ring basin
(Fig. 1d). The final morphology depends on a range of factors
including the gravity field of the planet, the physical properties
of the substrate or target conditions and the atmosphere, as
well as the projectile's size, speed, and trajectory (e.g.,
Wilhelms, 1987; Melosh, 1989).

Identifying the transient cavity diameter (Dy.) provides
insight on various impact parameters including the mechanism
for basin formation, crustal volume displacement, sample
provenance, origin of mascons (e.g., Spudis, 1993), and crustal
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viscosity (e.g., Melosh, 1982). Photogeologic interpretations
have identified the ubiquitous V2D-spacing rule for the rings
of'the large impact basins on the planets (e.g., Wilhelms, 1987;
Melosh, 1989). A common estimate of Dy is provided by the
diameter of the innermost ring (e.g., Floran and Dence, 1976;
Spudis ez al., 1984; Wilhelms, 1987; Melosh, 1989). However,
the innermost ring location in photographs can be obscured by
ejecta, lava flooding, and other blanketing effects from basin-
forming processes (e.g., Wilhelms, 1987; Melosh, 1989).
Accordingly, gravity-based methods that are largely insensitive
to these masking effects have also been used for estimating
transient cavity diameters in the crust (Wieczorek and Phillips,
1999; Potts and von Frese, 2001b).

Basin Ring Diameters Estimated from Gravity

Central basin and ring formation processes clearly produce
mass variations that will be reflected in the topographic and
gravity data of the impact basin. Wieczorek and Phillips (1999)
related a dual-layered crustal model of the Moon to Bouguer
anomalies in an attempt to restore the lunar Moho to its pre-
impact position beneath the basins. The geometric crustal
reconstruction produced roughly parabolic crustal depressions
from which transient cavity depths and diameters were
estimated.

In another approach, transient cavity diameters were
estimated from the spectral correlation of free-air and computed
terrain gravity effects at satellite altitudes for the Moon (Potts
and von Frese, 2001a,b) and Mars (Potts and von Frese, 2001c).
This method produces a more comprehensive account of the
ring structure for the impact basins than can be obtained by
geometric crustal reconstruction. However, as discussed in
the next section the two methods provide remarkably similar
estimates for the lunar transient cavity diameters.

The principal features of using the spectral correlation of
the gravity effects to model the crust of multi-ring basins on
the Moon and Mars are demonstrated in Fig. 2. For the Moon,
the free-air anomaly components from the Lunar Prospector
LP75G gravity model (Konopliv et al., 1998) were spectrally
correlated at 100 km altitude with the gravity effects of the
Clementine GLTM-2 terrain model (Smith et al., 1997). For
Mars, we compared, also at 100 km altitude, gravity data from
the Mars Global Surveyor (Lemoine et al., 2001) with the
gravity effects of the topography mapped by the Mars Orbiter
laser altimeter (Smith et al., 1999). In both cases, the gravity
effects of the topography were computed in spherical
coordinates at satellite altitudes using Gauss—Legendre
quadrature integration (von Frese et al., 1981, 1997b) and
2.8 g/cm3 terrain density.

The left and right panels in Fig. 2 show the results across
representative lunar and martian multi-ring basins, respectively.
Figure 2a gives the free-air gravity anomalies at 100 km altitude
along with their related terrain-correlated and terrain-
decorrelated components. These components were obtained
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FIG. 2. Spectral correlation modeling of the free-air and terrain gravity effects for typical multi-ring basins on the Moon (left panel) and Mars
(right panel). The shaded portion at the top of the lunar Nectaris Basin represents basin mare fill estimated from the terrain-decorrelated

gravity anomalies (Potts and von Frese, 2001a). The surface relief and fill are exaggerated by a factor of 2 in (c).

using correlation filters based on the correlation spectrum (von
Frese et al., 1997a) between the free-air anomalies (Fig. 2a)
and the computed terrain gravity effects in Fig. 2b. The spectral
correlation filters were designed so that the terrain-decorrelated
anomalies (Fig. 2a) and compensated terrain effects (Fig. 2b)
have effectively zero correlation, and hence may be
independently analyzed for the properties of the subsurface.

For this application, we assumed the crust was primarily
compensated by its thickness variations with the terrain-
correlated free-air anomalies reflecting mostly the effects of
uncompensated terrain. Accordingly, the terrain-decorrelated
anomalies and compensated terrain effects were obtained by
subtracting the terrain-correlated components from the free-

air and terrain gravity effects, respectively.
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The lack of compensated terrain effects in the free-air
anomalies can be explained by annihilating signals that may
be analyzed for Moho variations in the context of an appropriate
crustal compensation model. Reversing the polarities of the
compensated terrain effects yielded the annihilating signals
shown in Fig. 2b. Assuming the crust was compensated
primarily by its thickness variations, the Moho estimates
(dashed curve) in Fig. 2c were then obtained by spherical
coordinate inversions of the annihilating signals using Gauss—
Legendre quadrature integration. In these inversions, density
contrasts of 0.5 and 0.6 g/cm3 for the mantle relative to the
crust were assumed for the Moon and Mars, respectively.

This methodology was developed and validated in crustal
studies of the Antarctic (von Frese ef al., 1999) and East Asia
(Tan and von Frese, 1997; Tan, 1998; von Frese ef al., 1998),
where the gravity estimated Moho depths were found to be
well within 10% of the depths inferred by large offset seismic
studies. The methodology was also used for crustal analyses
of the Moon (Potts, 2000) and its Mare Orientale Basin (von
Frese et al., 1997b, 1998), Greenland (Roman, 1999), and
Venus (Leftwich et al., 1999).

In Fig. 2¢, we also estimated the equilibrium Moho (dot-
dashed curve), which completely nullifies the terrain gravity
effect, from the inversion of the terrain-correlated free-air
anomalies that we take to reflect the effects of mostly
uncompensated crust. The crust is presumably attempting to
achieve complete isostatic equilibrium and a zero mean free-
air gravity anomaly. Hence, where the Moho is above or below
the equilibrium Moho, the mantle is at superisostatic or
subisostatic levels, respectively, and the crust may be under
pressure to sink or rise.

The differences (AMoho) between the Moho and
equilibrium Moho are shown in Fig. 2d. These differences are
very strongly correlated with the positions of the basin rings
that are marked by the vertical lines connecting Fig. 2¢ and
Fig. 2d. Specifically, starting from the basin center, the
innermost ring is located at the first zero cross-overs of the
differences (solid vertical lines), with the second ring occurring
at the next flanking maximum/minimum difference (dashed
lines), the third ring at the next zero cross-overs, and so forth.
The arrows in the crustal cross-sections of Fig. 2¢ indicate the
relative motions that the crust must undergo between the rings
to nullify the terrain-correlated free-air anomalies.

For the Moon, nearly every photogeologically identified
basin ring was found to be located at either a zero or maximum/
minimum Moho difference, although not all of these differences
have been attributed to basin rings by photogeologic analysis
(Potts, 2000; Potts and von Frese, 2001b). The very strong
correlation between the ring diameters inferred from
photogeologic studies (PG) and the gravity-derived Moho
differences (AMoho) is indicated in Fig. 3. For this comparison,
the photogeologic estimates from Solomon and Head (1980),
Wilhelms (1987), and Spudis (1993) were used that included
ring diameter estimates based on the \/2D-spacing rule (Spudis,
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1993). The remarkable correlation of 0.99 for the lunar basins
in Fig. 3 suggests that effective estimates on the size, location,
and number of basin rings may be obtained from the terrain-
correlated free-air gravity anomalies.

Estimating Transient Cavity Diameters

The dimensions of the transient cavity provide insight on
the mechanical properties of the crust (e.g., Melosh, 1982;
Spudis, 1993). Transient cavity diameters (D;.;) have been
estimated from photogeologic interpretations of the topographic
rim diameters (Wilhelms, 1987), inner ring diameters (e.g.,
Floran and Dence, 1976), the distribution of shock
metamorphism in bedrock (e.g., Murtaugh, 1972), and pre-
impact landforms (Spudis et al., 1984). In general, the diameter
of the inner ring may provide the most common estimate of
Dy (e.g., Floran and Dence, 1976; Spudis et al., 1984; Melosh,
1989), but the location of the inner ring can be obscured by the
masking effects from basin-forming processes (e.g., Wilhelms,
1987; Melosh, 1989).

Alternate estimates of Dy are clearly possible using the
innermost ring diameters derived from the terrain-correlated
free-air anomalies as described in the previous section.
Geometric crustal reconstruction provides another gravity-
based method for effectively estimating transient cavity
diameters (Wieczorek and Phillips, 1999). Figure 4 compares
the Dy, estimates from the two gravity-based approaches for
10 nearside lunar basins studied by Wieczorek and Phillips
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(1999). The strongly linear agreement with a 0.98 coefficient
of correlation suggests that the two methods yield remarkably
consistent Dy, estimates.

TRANSIENT CAVITY DIAMETER
AND CRUSTAL THINNING

The excavation of large quantities of crustal material
presumably facilitated the uplift of the Moho beneath multi-
ring basins (Melosh, 1989). However, crustal thinning by
crustal unloading and mantle uplift is related to basin formation,
whereas ring development is related to the basin modification
phase (Melosh, 1989; Spudis, 1993). Accordingly, crustal
thickness may be correlated more with the transient cavity
diameter that developed during the basin excavation process
than with the size of the basin's main rim (e.g., Neumann et
al., 1996).

Insights on the Dy and its possible extensions by correlated
parameters such as crustal thickness can facilitate assessing
the mechanical properties of the lithosphere. For example, the
positive trend between crustal viscosity and Dy, (Melosh, 1989)
predicts larger Dy as viscosity presumably increased with time
following the bombardment period when high near-surface
temperatures associated with impact heating were prevalent
(Solomon et al., 1982). Hence, the relationship between crustal
thickness and Dy, for basins involving mass distributions with
contrasting isostatic properties may be especially useful for
investigating the diverse lithospheric mechanical properties of
the Moon and Mars.
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estimates for lunar nearside (solid diamonds) and farside (open
diamonds) multi-ring basins with overcompensating or superisostatic
mantle plugs.

Lunar Crustal Attributes

From the spectral correlation of lunar free-air and terrain
gravity effects between +64° latitudes, we estimated crustal
thickness and Dy for the multi-ring basins. Figure 5 shows
scatter plots of these results for both nearside (solid symbols)
and farside (open symbols) basins with superisostatic mantle
plugs.

The solid line in Fig. 5 along with its equation in kilometers
plots the inverse least-squares trend for the superisostatic basins
of the nearside. Outliers to this equation may include the
Humboltianum, Imbrium, and Serenitatis Basins. The crustal
properties established for Humboltianum may be problematic
in this analysis because the basin is located at high latitudes
where topographic accuracies are poor (e.g., Neumann ef al.,
1996; Smith et al., 1997). The crustal properties for Serenitatis
and Imbrium, on the other hand, are probably atypical of the
nearside crust. These basins formed in largely resurfaced
Procellarum KREEP terrane whose mafic petrogenesis may
relate to the early differentiation of the Moon (Joliff et al.,
2000; Haskin, 1998; Korotev, 2000).

The inverse least-squares trend for farside basins with
superisostatic mantle plugs is plotted by the dot-dashed line in
Fig. 5 along with its equation in kilometers. As discussed in a
later section ("Discussion"), the offset in these two trends tends
to support the dichotomy in lithospheric properties between
the lunar nearside and farside.
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The results for the subisostatic multi-ring basins that are
mostly confined to the lunar farside revealed little or no
apparent linear association between crustal thickness and D;,
(Potts and von Frese, 2001b) and hence were not included in
Fig. 5. However, the results are consistent with the existence
of amore viscous farside lithosphere during bombardment time
wherein mantle plugs could develop only to subisostatic levels
and the formation of basin rings was limited by a thicker and
stiffer farside crust (Potts and von Frese, 2001b).

Martian Crustal Attributes

Crustal thickness and D estimates for the martian multi-
ring basins were obtained from the spectral correlation of free-
air and terrain gravity effects. The results are shown in Fig. 6,
where the least-squares inverse trend is plotted by the dashed
line along with its equation in kilometers.

The effects for the superisostatic basins (solid symbols)
dominate the inverse association between crustal thicknesses
and transient cavity diameters. An apparent outlier here is the
Daedalia Basin with crust that may have experienced volcano-
tectonic modification (Spudis, 1993), because it underlies the
Noctis Labyrinthus, which is the center of uplift for the massive
Tharsis Bulge. This inverse trend is also reflected by the results
from the basins that appear to be underlain by subisostatic
mantle plugs (open symbols). These include the ancient Al
Qahira Basin of the Noachian period (Tanaka et al., 1992;

N T T I T T 1 I T T T I T T T T—_
Daedalia
60 |- -Sirenum -
3 JAl Qahira .
\
_ \ M Hesperia J
\
£ | \ )
- \ CT = 84.8-0.12D,
40} \\[] ini —
S N Cassini
O \ g
£ Mangala l\\
S Chryse ® \ ]
(%)
=2 ] \ i
(@) Argyre
20+ \ —
\
\ J
\\
N M Isidis {
\
0 T S R S B S S S SR A
0 200 400 600 800

Transient Cavity Diameter (km)

FIG. 6. Crustal thickness (CT) vs. transient cavity diameter (Dy)
estimates for martian basins with overcompensating (solid squares)
and undercompensating or subisostatic (open squares) mantle plugs.
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Spudis, 1993) and the presumably similar age Cassini Basin
(Acuna et al., 1999).

MORPHOMETRICS OF THE IMPACT BASINS

Crater morphology also affords insights on the mechanical
attributes of planetary lithospheres (e.g., Melosh, 1982;
Galdikas, 1999). For example, the dichotomy in mechanical
properties between the lunar nearside and farside crust was
noted from studies on surface profiles over the basins (e.g.,
Solomon et al., 1982; Williams and Zuber, 1998).

For this analysis, we evaluated the relationships between
transient cavity diameters and related crater morphologies for
the multi-ring basins of the Moon, Mars and Mercury.
Specifically, we compared Dy against crater roughness (R)
given by the root-mean-square topography over 64 x 64°
patches centered on the multi-ring basins. For Mercury, only a
preliminary DEM over the Beethoven Basin from the Mariner 10
flyby (Cook and Robinson, 2000) was available for analysis.
However, as a typical mercurian multi-ring basin (Spudis and
Guest, 1988), Beethoven's topographic and ring attributes will be
useful in assessing the characteristic crustal properties for Mercury.

Surface Roughness and Transient Cavity Diameter
Comparisons

Scatter plots of Ry vs. Dy are given in Fig. 7. Figure 7a
shows the results for lunar nearside basins that are dominated
by mascons related predominantly to overcompensating or
superisostatic mantle plugs. The dashed line through these
results provides a least-squares estimate in kilometers of Ry in
terms of Dy.. This equation is not appreciably affected by
deleting the results from Humboltiaum, Serenitatis and
Imbrium that were considered outlier basins in the analysis of
Fig. 5. This trend also correlates directly with the relative ages
of the nearside basins (Wilhelms, 1987).

Figure 7b gives the results for the lunar farside that includes
both superisostatic (solid symbols) and subisostatic (open
symbols) basins. The results are more scattered than they were
for the nearside. However, the least-squares equation for the
positive linear trend (dashed line) defined by the data has the
same slope, but larger intercept values in kilometers.

Figure 7c demonstrates the results for Mars that also
includes both superisostatic (solid symbols) and subisostatic
(open symbols) basins. Again, the least-squares trend (dashed
line) is positive with a slightly higher slope and somewhat lower
intercept than the trend for the lunar nearside basins. We
excluded the Daedalia Basin in our derivation of the equation
in Fig. 7c, because its ballistic morphology may have been
strongly affected by the relief and volcano-tectonic processes
of the great Tharsis Buldge (Spudis, 1993).

Figure 7d compares the results for the Beethoven Basin of
Mercury with the least-squares trends obtained in the other
three panels for the Moon and Mars. The values for Ry and
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FIG. 7. Comparison of surface roughness (R) and transient cavity diameter (Dy.) estimates for multi-ring basins on the lunar nearside (a) and
farside (b), and Mars (c) and Mercury (d). In (b) and (c), solid and open symbols indicate superisostatic and subisostatic basins, respectively.

Dy of the Beethoven Basin are based on imagery that was taken
at high Sun angle where only a single ring is clearly discernible
(Spudis and Guest, 1988). However, additional DEMs are
being processed from the Mariner 10 stereo imagery for other
mercurian basins (Cook, 2001, pers. comm.) that may be soon
available to augment and test these results.

DISCUSSION

Crustal modeling of lunar free-air and terrain gravity
correlations suggests that superisostatic mantle plugs may

predominantly underly multi-ring basins of the nearside, while
subisostatic mantle plugs mostly underly the farside basins.
In general, these results are consistent with a nearside crust
that was thinner, hotter and less rigid than the farside crust
during bombardment time (Solomon et al., 1982).

For the superisostatic basins of the lunar nearside and
farside, the Dy and crustal thicknesses estimates (Fig. 5) reveal
distinct linear trends with similar slopes, but quite different
intercepts. This offset between the two inverse trends suggests
that the farside basins may have developed in a much stronger
lithosphere than the nearside basins. In particular, because of
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its greater strength, the thickness of the farside crust wherein
superisostatic mantle plugs were produced was probably no
greater than ~75% of the thickness of the nearside crust in
which these plugs were emplaced.

In general, our modeling found that the production of
superisostatic mantle plugs was apparently limited to crustal
thicknesses of perhaps 30 km, whereas in thicker crust the
mantle plugs appear to have developed only to subisostatic
levels (Potts and von Frese, 2001a). Moreover, the transient
cavity diameters for the superisostatic basins were generally
smaller than those of the subisostatic basins that are
predominantly located on the farside. Hence, in view of the
direct proportionality of viscosity with Dy, (Head, 1982;
Melosh, 1982; Alexopoulos and McKinnon, 1994), our results
provide additional support for the dichotomized viscosity
between the nearside and farside during bombardment time.

The negative trend in Fig. 5 for the lunar nearside also
correlates inversely with the relative ages of the superisostatic
basins (Wilhelms, 1987). The correlation may reflect the
development of thicker crust for the older basins due to greater
subsidence of the uplifted Moho in a warmer lithosphere
compared to more limited subsidence for the younger basins
in a colder, more viscous lithosphere.

For Mars, a clearly negative linear relationship between
the Dy and crustal thickness estimates was found (Fig. 6). This
trend also appears to be inversely correlated with basin ages
from a broad time-stratigraphic classification that includes the
Noachian (oldest), Hesperian, and Amazonian (youngest)
periods (Cattermole, 1992). Although this scheme of relative
basin ages is poorly constrained for lack of radiometric dating
of the martian rocks, its use with our results is consistent with
crustal rigidity that increased over time.

For example, the older Noachian basins, Al Qahira and
Sirenum, and the Hesperian Basin, Hesperia, were formed in
the thicker crust of the southern hemisphere relative to the
presumably younger Amazonian Basin, Isidis, that formed in
the thinner crust of the northern hemisphere which suffered
considerable resurfacing and heat loss (Zuber et al., 2000).
However, analysis of the magnetic observations from the Mars
Global Surveyor suggests that remnants of the original crust
may also exist beneath the volcanic cover (Hood and Zakharian,
2001). Our terrain-decorrelated gravity anomalies also support
this notion. These data reveal ringed free-air anomalies over
the northern hemisphere that may target buried basins which
can be modeled by crustal effects like those shown for the Isidis
Basin in Fig. 2. In general, the satellite free-air anomalies are
key indicators of uncompensated mass components for both
buried and topographically visible impact basins.

Our spectral correlation studies of the free-air and terrain
gravity effects for the multi-ring basins of the Moon and Mars
suggest that the Dy, and topography are indicative of the
rheological properties of the crust. For Mercury where gravity
data are lacking, alternate estimates of these parameters from
photometric studies must be used. To test the viability of this
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approach, we developed relationships between Ry and Dy in
Fig. 7a—c for the lunar and martian basins.

The direct correspondence of lunar Dy with Ry values also
suggests the dichotomized rheological properties of crust at
the time of bombardment. For the nearside (Fig. 7a), the results
are proportional to the relative ages of the basins, suggesting
increased crustal rigidity with time. The positive offset of the
linear trend for the farside basins (Fig. 7b) relative to the trend
of the nearside basins is also consistent with basin impacts on
a comparatively stronger farside lithosphere.

For Mars, Ry is also positively correlated with Dy (Fig. 7c¢).
The slope is consistent with the rough relative ages of the basins
(Cattermole, 1992). However, the intercept is better matched
with the trend for the lunar nearside basins than that of the
farside basins. Hence, the highland crust appears to have
responded rheologically to bolide impacts more like the crust
of the lunar nearside than the farside during bombardment time.

For Mercury, we have at present only the photometric
results from the Beethoven Basin to compare against the lunar
and martian trends (Fig. 7d). The comparison, however,
suggests that the mechanical attributes of Mercury's lithosphere
were most comparable to those of the lunar farside during
bombardment time. However, relative to the Moon, the rigid
mercurian crust was much hotter and a thicker lithosphere was
developed on Mercury by the end of the heavy bombardment
period (Melosh and McKinnon, 1988). Our result supports an
early hot, but high viscosity mercurian surface that is consistent
with a "dry" crust (e.g., Schultz, 1988; Barlow et al., 1999;
Mackwell et al., 1998) for a volatile-poor planet (e.g., Goettel,
1988).

Additional testing of our inferences on the poorly
understood mercurian crust will occur as more photometric
DEMs of the basins become available (Cook, 2001, pers.
comm.). However, the number of photometrically identifiable
multi-ring basins appears to have been limited by the viscous
relaxation of the topography (Melosh and McKinnon, 1988).
The crust of Mercury was exposed to temperatures up to
roughly 200 K hotter than what the lunar crust experienced, so
crustal viscosities may have been reduced by up to 2 orders of
magnitude relative to those of the lunar crust if similar
compositional and thermal properties are assumed (Melosh and
McKinnon, 1988). Hence, significant new insight on the poorly
understood crustal properties of Mercury are anticipated from
the gravity and topography data that will be obtained by the
proposed MESSENGER mission.

CONCLUSION

We analyzed free-air and topographic gravity correlations
for crustal mass variations of the Moon and Mars to constrain
the Dy and crustal thickness estimates beneath the multi-ringed
impact basins. For the Moon, crustal rigidity appears to hold
impact-induced mass disruptions at predominantly
superisostatic and subisostatic levels for the nearside and
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farside, respectively. A weaker nearside lithosphere facilitated
the development of a thinner crust while the farside yielded a
more brittle response to impacts due to its higher viscosity.

For Mars, our results suggest a linear decrease of crustal
thickness with time. Older basins developed thicker crust in
the southern hemisphere presumably due to enhanced thermal
insulation, while younger basins developed thinner crust in
the northern hemisphere of high heat loss.

The photometric correlation of Rq with Dy estimates can
provide comparable insights on the crustal properties for
regions such as Mercury that lack gravity data. For example,
the trend in Ry for the lunar nearside basins is depressed by
~0.5 km relative to the farside basins. This offset is consistent
with the development on the nearside of relatively subdued
basin morphology in a lithosphere with a higher thermal
gradient from a greater abundance of radiogenic elements.
More rugged topography developed on the lunar farside where
a lower thermal gradient resulted in a more brittle response to
bolide impacts. The trend for Mars correlates most strongly
with the trend of the lunar nearside, whereas the results for the
Beethoven Basin reflect a relatively rigid crust for Mercury
with rheological attributes that were more like those of the
lunar farside crust.
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