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We evaluate the hypothesis that viscous relaxation has been an important process for modifying the 
topographic profiles of ancient large impact basins on the moon. We adopt a representative 
topographic profile of the Orientale basin, the youngest large impact basin on the moon, as an estimate 
of th e initial topography of older basins of similar horizontal dimensions, and we predict the 
topographic profiles that would result from viscous relaxation according to a number of simple 
analytical representations of the rheological response of the moon to surface topography. At 
wavelengths greater than the thickness of a high-viscosity lithosphere, both a decrease in viscosity 
with depth and the partial to complete isostatic compensation of topographic relief have pronounced 
effects on the wavelength-dependent relaxation times and must be considered in modeling viscous 
relaxation for features as large as impact basins. The effect of a decrease in viscosity with depth is to 
enhance the rate of viscous relaxation at long wavelengths, while the rate of relaxation decreases 
substantially for the fraction of long-wavelength topography which is isostatically compensated as an 
initial condition. TheSe models are applied to two pre-Nectarian basins on the moon, the Tranquillitatis 
basin on the lunar nearside and the much larger and older South Pole-Aitken basin on the farside. The 
topographic profile of Tranquillitatis, after correcting for the effect of mare basalt fill, is consistent with 
significant viscous relaxation of relief prior to the oldest episode of mare volcanism preserved as a 
surface unit. The large topographic relief of the larger farside basin, on the contrary, is not consistent 
with significant viscous relaxation and implies a mean crustal viscosity at least a factor of 10 higher 
than for the central nearside over the time interval during which substantial viscous relaxation of older 
nearside basins such as Tranquillitatis probably occurred. A difference in typical crustal temperature 
profiles between the farside and nearside is the most likely explanation of such a viscosity difference; 
such a nearside-farside asymmetry in near-surface temperature may date from the time of crust-mantle 
differentiation and may have persisted because of the different histories of late-stage impact basin 
formation and mare volcanism on the two hemispheres. 

INTRODUCTION 

Impact basins are large, generally circular structures ex- 
ceeding about 200 km in diameter and often displaying two 
or more concentric rings. Impact basins formed in the first 
billion years of planetary history; they can be seen on the 
surfaces of the moon, Mars,. Mercury, and the Galilean 
satellites [Hartmann and Wood, 1971; Malin, 1976; Wood 
and Head, 1976; McKinnon and Melosh, 1980], and they 
may have been preserved on the surface of Venus [Schaber 
and Boyce, 1977]. Their presence on these bodies makes it a 
virtual certainty that such impact basins also formed on the 
early surface of the earth, though their formation was prior 
to the time when stable nuclei of continental lithosphere 
could persist unmodified to the present, so that these early 
terrestrial impact basins have not been preserved. The 
abundances of impact basins on the solid surfaces of the 
solar system indicate that basin formation was an important 
geological process in the early, formative years of planetary 
crustal evolution [Head and Solomon, 1981]. 

The formation of a basin concentrates a substantial 

amount of heat into a small area and volume near the surface 

of a planet [O'Keefe and Ahrens, 1977]. In addition, impact 
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basins become a focus for other planetary processes, such as 
volcanism and tectonic activity, long after the impact event. 
These volcanic and tectonic processes can modify the struc- 
ture and morphology of the impact basin. The timing and 
character of such modification processes provide important 
information about the nature and evolution of the interior of 

a planet. 
As part of an ongoing effort to understand the properties 

and processes that affect the formation and evolution of 
impact basins [Head and Solomon, 1981], we have identified 
three major processes that act to modify impact basins over 
geologically long time scales (millions to billions of years): 
(1) thermal contraction and thermal stress associated with 
the loss of heat from basin formation, (2) relaxation of 
topographic relief by viscous flow for basins formed in 
regions of elevated temperatures at shallow depth, and (3) 
volcanic filling and lithospheric loading. The last process and 
its effect on the volcanic and tectonic history of major impact 
basins on the moon and Mars have been treated at length 
[Solomon and Head, 1979, 1980; Solomon et al., 1979; 
Comer et al., 1979, 1980]. The first process and its influence 
on basin topography and tectonics are the topics of parallel 
studies [Bratt et al., 1981; Church et al., 1982]. The second 
process, viscous relaxation as a modifier of impact basin 
topography, is the subject of this paper. 

While the rugged ring mountains of comparatively young 
basins are often strikingly evident on the present surfaces of 
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Fig. la. The Orientale basin on the moon. Portion of Lunar orbiter photograph LO IV-194M. 

the moon, Mars, and Mercury (Figure 1), the ring structures 
of older basins on these planets are often incomplete and 
much more po0dy preserved. There also are circular basins, 
possibly of impact origin, on Venus and on the icy Galilean 
satellites with at most very modest topographic relief. A 
major candidate for the process responsible for these differ- 
ent degrees of preservation of impact basin topography in 
the solar system is viscous relaxation of the stresses generat- 
ed by topographic relief. The rate and degree of viscous 
relaxation is related to the regional thermal environment and 
to the thermal evolution of a planet. Extensive relaxation has 
probably occurred only in impact basins formed early 

enough in the history of a planet so that near-surface 
temperatures were high and solid state creep could readily 
occur on the scale of basin dimensions. 

A number of previous studies have supported the sugges- 
tion that viscous relaxation has been an important modifica- 
tion process for many impact craters and basins. Viscous 
relaxation has been proposed by several workers to explain 
both the reduced topographic relief in a number of specific 
lunar craters, particularly those with fractured and apparent- 
ly uplifted floors [Masursky, 1964; Daneg, 1965; Scott, 1967; 
Baldwin, 1968; Pike, 1968], and the general reduction in 
lunar crater relief with age [Baldwin, 1971; Kunze, 1974]. It 
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Fig. lb. Representative topographic profile for the Orientale 
basin [Head et al., 1981]; h = 0 corresponds to the typical level of 
surrounding terrain at a sufficient distance from the basin so that 
ejecta deposits are not a significant contributor to topography. 

has recently been demonstrated that the topographic profiles 
of several lunar floor-fractured craters 15 to 40 km in 

diameter can be quantitatively matched by viscous relax- 
ation of the topographic profile of a fresh crater of the same 
rim diameter [Hall et al., 1981]. The lack of evidence from 
Bouguer gravity anomalies for the mantle uplift that would 
accompany viscous relaxation for four Imbrian-age craters 
70 to 200 km in diameter, however, has been noted by 
Dvorak and Phillips [1978]. Viscous relaxation has been 
suggested to account for the very subdued topographic relief 
of ancient impact basins on Mercury [Schaber et al., 1977] 
and of possible impact basins on Venus [.Masursky et al., 
1980]. Clear evidence for viscous relaxation of craters is 
observable on Ganymede and Callisto [Smith et al., 1979]. 
Quantitative models for viscous modification of craters on 
icy satellites have been constructed b•; Parmentier and Head 
[1981]. 

In this paper we use a representative topographic profile 
of the youngest large basin on the moon (Orientale) to 
explore the consequences of viscous relaxation of basin 
topography. We conside r a range of simple analytical models 
for viscous flow, and we show that the wavelength-depen- 
dent time constants for viscous decay are sensitive to a 
decrease in viscosity with depth and to the extent of isostatic 
compensation of initial topography. Finally, we demonstrate 
that the present topographic profiles for comparatively older 
impact basins on at least the nearside of the moon are 
consistent with the hypothesis that viscous relaxation has 
been a substantial contributor to the modification of topogra- 
phy. The topographic relief preserved for a large ancient 
basin on the lunar farside suggests that crustal viscosities on 
the farside of the moon early in lunar history were at least an 
order of magnitude larger than contemporaneous viscosities 
on the nearside. 

ORIENTALE BASIN TOPOGRAPHY 

The Orientale basin on the moon is perhaps the best 
preserved large impact basin in the inner solar system. In 
plan view (Figure la), the basin is outlined by the Cordillera 
Mountains, which form a ring approximately 900 km in 
diameter [Head, 1974; Moore et al., 1974; Howard et al., 

1974]. Concentric to this outer ring are the outer Rook 
Mountains (620 km in diameter), the inner Rook Mountains 
(480 km in diameter), and an inner depression (approximate- 
ly 320 km in diameter), which is partially filled with mare 
material. The rim of the original impact crater cavity, 
according to the arguments of Head [1974], corresponds 
approximately to the outer Rook Mountain ring. By this 
argument, the Cordillera ring is a huge fault scarp that 
formed during the terminal stages of the cratering event by 
inward collapse of an annulus of lithosphere surrounding the 
transient crater cavity [Head, 1974; Melosh and McKinnon, 
1978]. The inner Rook Mountains correspond to a central 
peak ring within the crater. 

The interior topography of the eastern half of the Orientale 
basin has been determined by Head et al. [1981] from a 
compilation of limb-height measurements. A characteristic 
profile from the center of the basin to beyond the Cordillera 
Mountain ring is shown in Figure lb. The central floor of the 
basin lies at about 9 km below the peaks of the outer ring and 
at about 7.5 km below the level of the surrounding lunar 
terrain. The three prominent concentric ring mountains 
display local relief of 1-3 km. The central depression within 
the inner Rook Mountain ring has 3-4 km of local relief. 

Several factors may influence the initial topography of 
impact basins of a given size. Melosh and McKinnon [ 1978] 
have proposed that cavity collapse and ring formation are 
related to lithospheric thickness. If the cavity depth exceeds 
the effective elastic thickness of the lithosphere (at the large 
strain rates of impact basin formation), the n sublithospheric 
flow enhances cavity collapse and can lead to formation of 
the outer basin ring. If cavity depth is less than lithospheric 
thickness, ring formation and cavity collapse are inhibited. 
Ring formation and cavity collapse may therefore be favored 
early in lunar history when the elastic lithosphere is likely to 
have been relatively thin [Head and Solomon, 1980]. Fur- 
ther, several processes in addition to viscous flow may 
modify the initial topography of a basin, including impact 
degradation, local thermal contraction, and volcanic flood- 
ing. 

We adopt the present topographic profile of Oftentale as a 
model for the original topography of older lunar basins of 
similar horizontal dimensions. The well-developed ring 
structure around Orientale suggests that cavity collapse has 
taken place. In addition, Oftentale is the youngest large lunar 
basin [Hartmann and Wood, 1971; Wilhelms, 1979], so that it 
has not been modified by the emplacement of ejecta deposits 
from any younger basins and the volume of mare basalt fill 
within the basin is thought to be relatively small [Head, 
1974]. Abundant Orientale basin interior deposits interpreted 
as mixtures of shock-melted material and partially melted to 
unmelted ejecta show no evidence for major structural 
deformation [Head, 1974]. Thus any major structural adjust- 
ments to basin topographic relief related to collapse of the 
transient cavity must have been completed prior to final 
cooling of these impact melt deposits [Head, 1974]. Some 
early topographic modifications, occurring subsequent to 
impact melt emplacement and related to local thermal con- 
traction [Bratt et al., 1981; Church et al., 1982], may have 
increased the depth of the inner depression. Any geological- 
ly long-term isostatic or viscous adjustments to the early 
basin structure, however, must have been quite modest. The 
Orientale basin appears to have formed sufficiently late in 
lunar history so that the crust and lithosphere were charac- 
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Fig. 2. Viscous relaxation of Orientale basin topography for a 
half-space model for lunar rheology. Profiles are shown at t = 0, 10 TM 
s (3 m.y.), 10 •5 s (30 m.y.), and 10 •6 s (300 m.y.); these times scale 
linearly with the assumed viscosity, here taken as •/= 1025 P. 

terized by temperatures low enough to resist viscous flow 
and to permit the long-term support of basin topography by 
finite strength. 

VISCOUS RELAXATION 

Half-Space Model 

With the topographic profile of Oftentale as an assumed 
initial state, we now examine the effect of viscous relaxation 
on the topography of basins formed earlier in lunar history 
when near-surface temperatures were high and solid state 
creep was a significant process at shallow depths and on 
relatively short geological time scales [e.g., Solomon et al., 
1981]. We consider a range of simple models for the response 
of the moon to initial basin topographic relief; in all of these 
models the response is determined analytically so that we 
may understand the effect of important parameters on the 
relaxation process. 

The simplest model for lunar rheology is a half space of 
uniform Newtonian viscosity ,/, uniform density p, and 
uniform gravitational acceleration g. Consider topography 
that is initially two-dimensional and harmonic, 

f (x) = F cos kx (1) 

where x is the horizontal coordinate and k is the horizontal 

wave number. Then at t > 0, the topography h(x, t) is given 
by [e.g., Cathies, 1975] 

h(x, t) = F e -t/•ø cos kx (2) 

where 

•'o(k) = 2 •7k/pg (3) 

The relaxation is faster (i.e., •0 is less) for lower viscosity, 
for smaller k or greater wavelength (2•r/k), and for greater 
gravitational acceleration. 

The solution for circularly symmetric topography is analo- 
gous to (2). If the initial topographic profile is f(r), where r is 
the radial coordinate, then at t > 0 the topography h(r, t) is 
given by [Cathies, 1975] 

f0 h(r, t) = F(k) e-•Z•:k•ffo(kr) k dk (4) 

where J0 is the Bessel function of order zero, v(k) is given by 
(3), and F(k) is the Hankel transform of f(r): 

f0 F(k) = f(r) Jo(kr) r dr (5) 

Equations (3)-(5) have been used to evaluate the effect of 
viscous relaxation on lunar craters by Daneg [1965], Scott 
[1967], and Hall et al. [1981] and to estimate the lifetimes of 
crater and basin relief on Mercury by Schaber et al. [1977]. 

In practice, the initial topographic profile in Figure lb is 
represented by a discrete series at a radial distance spacing 
of 20 km. The Hankel transform in (5) is evaluated by 
quadrature using the trapezoid rule and polynomial approxi- 
mations to J0 given by Abrarnowitz and Stegun [1964]. The 
integral in (4) is replaced by an equivalent sum over 200 
wave numbers spaced evenly in k between wavelengths of 
4000 and 40 km. The neglect of the spherical geometry of the 
lunar surface is likely to introduce some error in the relax- 
ation times for the longest wavelengths (several hundred 
kilometers and greater) in the basin topographic spectrum. 

The predicted viscous relaxation of Orientale basin topog- 
raphy with the half-space model for viscosity in the moon is 
shown in Figure 2. Profiles are given at a number of times t 
for the assumed values p = 2.9 g/cm 3, g = 162 cm/s 2, and ,/= 
1025 P. For the profiles shown, the indicated times would 
increase or decrease in direct proportion to changes in the 
assumed value for viscosity. Note that because long-wave- 
length features decay faster than short-wavelength features 
according to (3), the overall relief of the basin and the depth 
of the central depression decrease faster than the local relief 
of individual ring structures. 

A uniform half space is not, for many reasons, an adequate 
model of the rheology of the moon. Laboratory experiments 
on the creep behavior of rocks and minerals appropriate to 
planetary crusts and mantles indicate that the effective 
viscosity of such materials is strongly dependent, in general, 
on temperature, strain rate (or deviatoric stress), and com- 
position [e.g., Tullis, 1979]. Figure 3 displays, as examples, 
the effective viscosity of olivine [Goetze, 1978] and pyroxene 
[Avd Lallemant, 1978] at dry conditions as functions of 
temperature and stress difference. While a nonlinear rela- 
tionship between stress difference and strain rate has been 
demonstrated for creep in rock-forming minerals at stress 
differences of hundreds of bars to kilobars and is characteris- 

tic of flow mechanisms controlled by the movement of 
dislocations [e.g., Goetze, 1978], Figure 3 indicates that the 
variations in the effective viscosity within planets is primari- 
ly a function of temperature and only secondarily a function 
of the stress difference. Thus to retain the simplicity and 
clarity of analytical models for planetary rheology, we 
maintain the assumption of a Newtonian viscosity (i.e., 
strain rate is linearly proportional to stress difference), but 
we permit viscosity to vary with depth in recognition of a 
strong dependence of rheology on temperature. 

Layer Over Inviscid Half Space 

The next simplest model that we consider for lunar 
rheology is that of a layer of uniform Newtonian viscosity • 
and thickness H overlying a half space of viscosity sutfi- 
ciently low so that we may regard the material as inviscid (• 
= O) at geological time scales. The conceptual motivation for 
such a model is that of a lithosphere in which viscous 



SOLOMON ET AL..' VISCOUS RELAXATION OF IMPACT BASI N TOPOGRAPHY 3979 

Effective J 

,• Viscosity 
/ 

• X •' 0.• kb•r 
Dry Oivine 

I /- 1/./••• G oetze (I 978) 

- 
I// 

io 

// -5 30 

-I0 25 

sec -• poise 

-15 20 

-20 15 

-25 I0 

I I I 

•, Effective 
Viscosity Strain Rate 

/0.5 

' ••/ 0.1 kbar 

_ 

// / / 
, / 
_ / Dry Pyroxene 
/ Ave' Lallemant (1978) 

I I I I 
600 800 I000 1200 1400 400 600 800 I000 1200 

T, øC T, øC 
Fig. 3a Fig. 3b 

Fig. 3. Effective viscosity t/and strain rate g (both 1og•o) versus temperature T and stress difference A•r for 
polycrystalline olivine (Figure 3a) and polycrystalline pyroxene (Figure 3b) at low pressures and at 'dry' conditions. 
The curves for olivine are from the flow law for dislocation creep given in equation (7) of Goetze [1978] and are 
appropriate to olivine of approximate composition (Mgo.9Feo. 02SiOn at stress differences of 2 kbar and less and at 
confining pressures of 15 kbar and less. The possible effect of Coble creep [Goetze, 1978] at stress differences greater 
than a few hundred bars has not been considered in constructing these curves. The curves for pyroxene are based on the 
flow law parameters obtained by A vd Lallemant [1978] from creep measurements on 'dry' websterite (68% diopside, 
32% bronzite) at stress differences less than 7 kbar and at confining pressures of 10 kbar. 
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processes can be important but occur on long time scales 
(e.g., millions of years), in contrast to the underlying as- 
thenosphere in which, by analogy to the earth, viscous 
processes have much shorter characteristic times (10 3 to 10 4 
years). We ignore, for this model, any possible density 
contrast between the layer and the underlying half space and 
therefore any isostatic compensation of topography. In 
general, both ti and H are free parameters. A somewhat 
similar model, also without isostatic compensation, was 
treated by Parmentier and Head [1981]. 

The viscous relaxation of axisymmetric topography with 
this model (see the appendix) is again given by equations (4) 
and (5) except that •(k) is given by 

2tik [e2kH + e-21•- 4(kH)2- 2.] ß (k) = e 2kH e -2iat + 4kH (6) pg - 

Thus the relaxation time differs from the half-space solution 
ß 0(k), given in (3), by the factor in brackets; that factor is 
plotted as a function of 2kH in Figure 4. From the figure it 
may be seen that ,r(k) is indistinguishable from the half-space 
solution for 2kH >• 10; i.e., for wavelengths 2½r/k less than 
the layer thickness H. For 2kH < 10, viscous relaxation is 
faster than for the haft-space solution because motion of the 
underlying inviscid fluid is an important component of the 
response. For 2kH << 1, the factor in brackets in (6) behaves 
as (kH)3/6, so that the longest wavelength topography decays 
at a rate substantially faster than for the half-space model. 
The viscosity of a planetary asthenosphere is not negligible, 
of course, at sufficiently short time scales (104 years and 

less). For a rheological model with a layer of viscosity ti and 
thickness H overlying a half space of viscosity tim << ti, the 
time constant ,r(k) is well approximated by (3) for wave- 
lengths less than H and approaches 2timk/pg in the long- 
wavelength limit. 

The viscous relaxation of Orientale topography is shown 
for the model of a viscous layer over an inviscid half space in 
Figures 5 and 6 for two values of H, 50 and 100 km, 
respectively. These two values are similar to the effective 
thicknesses of the elastic lithosphere of the moon derived 
from the tectonic response to mare basalt loading of mascon 
mare basins in the approximate time period 3.6 to 3.8 b.y. 
ago [Solomon and Head, 1980], times probably more recent 
than those over which viscous effects were important in the 
lunar lithosphere at spatial scales corresponding to impact 
basin dimensions. It is clear from Figures 5 and 6 that 
relaxation of long-wavelength topographic relief is consider- 
ably faster for the layer model than for the half-space model 
(Figure 2) and is faster for the 50-km-thick layer than for the 
100-km thick layer for wavelengths of 50 km and greater. 

As discussed at length in the appendix, several approxima- 
tions are necessary in the derivation of (4), (5), and (6) for 
this model. From equations (A15) and (A22), for a harmonic 
load, 

klFI << • for all k 

klFI << (kH)3/3 for (kH)<< 1 
(7) 

For our problem of circularly symmetric loads in which the 
integral in (4) is replaced by a discrete sum over a finite 
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Fig. 4. Relaxation time ß versus wave number k for a viscous 
layer of thickness H over an inviscid half space. The relaxation time 
has been normalized by the relaxation time to for a uniform half 
space. 

number of wave numbers, the quantity IF<k>l in (7) is 
replaced by the coefficient of Jo(kr) in the summation. For 
the Orientale profile in Figure lb, the first inequality in (7) is 
easily satisfied for all k and all time t; i.e., topographic slopes 
are gentle. The second inequality is satisfied for all time t and 
for small k when H = 100 km; for H = 50 km and 
wavelengths 2½r/k >- 700 km, however, the expressions on 
the two sides of the second inequality in (7) are comparable 
in magnitude at t = 0. For these long wavelengths also, as 
noted above, the neglect of the spherical geometry of the 
lunar lithosphere introduces further errors in the relaxation 
problem. The longest wavelength components of the relax- 
ation displayed for these models, particularly in Figure 5, 
may require some modification once these additional aspects 
of the problem are incorporated in the analysis. 

While the model of a viscous layer over a half space of 
much lower viscosity provides a simplified representation of 
a decreasing viscosity with ttmperature and therefore with 
depth, this model and the earlier half-space model ignore any 
isostatic compensation of the initial basin topography. Grav- 
ity anomalies over young basins indicate that the crustal 
thickness beneath basins is substantially less than beneath 
surrounding terrain [Bowin et al., 1975; Sjogren and Smith, 
1976; Thurber and Solomon, 1978]. Crustal thinning is 
presumably accomplished during basin formation by the 
combined effects of transient cavity excavation and mantle 
upwelling during inward collapse of the cavity and develop- 
ment of the outer ring scarp [Head, 1977; Melosh and 
McKinnon, 1978; Phillips and Dvorak, 1981]. Mantle uplift 
beneath the basin interior provides partial to complete 
compensation of the mass' deficiency of the basin depression 
[Bowin et al., 1975; Sjogren and Smith, 1976; Phillips and 
Dvorak, 1981]; this compensation can affect the viscous 
relaxation process substantially and should be included in 
any discussion of relaxation of impact basin topography. 

Layer With Isostatic Compensation 

The final analytical model we consider for lunar rheology 
is that of a layer of uniform viscosity ,/, density p, and 
thickness H overlying an inviscid half space Of greater 
density Pm = P + Ap. For this model, the topographies at the 
surface and at the depth of the density contrast are coupled 
through the equations of motion and the boundary condi- 
tions; see the appendix. The topography at t = 0 at the mean 
depth H must be given as an initial condition; we assume a 
specified fraction c (0 < c < 1) of local Airy isostatic 
compensation in order to relate the initial depth of the 
density contrast to the initial surface topography. We are 
restricted with this model to have the depth of isostatic 
compensation coincide with the base of the high viscosity 
layer, but with this restriction we can obtain an analytical 
solution that permits a full exploration of the effects of both a 
decrease in viscosity with depth and initial isostatic compen- 
sation of topography on the viscous relaxation problem. 

The solution for topography h(r, t) at t > 0 is given, 
following the appendix, by 

h(r, t) = [Fl(k)e -t/•(k) + F2(k)e -':•] Jo(kr) k dk (8) 

In this relation Fi(k) and F2(k) are given by equations (A27), 
(A2), (A24), and (A26), and satisfy 

F•(k) + F2(k) = F(k) (9) 

where F(k) by (5) is the Hankel transform of the initial 
topographic profile f(r). The relaxation of a viscous layer 
overlying a half space of different density and viscosity has 
been treated in somewhat different form by Ramberg [ 1968] 
and by Dvorak and Phillips [1975]; the relaxation with time 
of a large lunar crater according to the Dvorak-Phillips 
treatment was displayed by Phillips and Lainbeck [1980]. 

Two distinct time constants in (8), •(k) and •2(k), govern 
the relaxation of topographic relief [cf. Ramberg, 1968]. The 
time constants are each proportional to •/g and are distinct 
functions of p, Ap, H, and k; see equations (A26) and (A24). 
The two time constants are plotted as functions of k in Figure 
7 for the case p = 2.9 g/cm 3 and H = 50 km [Tokstz et al., 
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Fig. 5. Viscous relaxation of Orientale basin topography for a 
50-km-thick layer of viscosity •t = 1025 P over an inviscid half space. 
Profiles are shown at t = 0, 1013 $ (0.3 m.y.) and 10 TM $ (3 m.y.); these 
times scale linearly with the assumed layer viscosity. 
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Fig. 6. Viscous relaxation of Orientale basin topography for a 
100-km-thick layer of viscosity • -- 1025 P over an inviscid half 
space. Profile times and their scaling with • are as in Figure 5. 

1974; Koyama and Nakamura, 1979]. The time constant r2 
behaves similarly to the time constant (equation (6)) for the 
case of the viscous layer overlying an inviscid half space of 
the same density: r2 '- k 4 for small k and is equal to the time 
constant r0 '- k for the half-space case at large k. The time 
constant •, however, is considerably larger than •0 at all 
wave numbers, particularly at small k. As k • 0, r• ap- 
proaches a constant (equation (A33)), a function of p, Ap and 
H but not of k. At large k, rl is proportional to k and exceeds 
the half-space time constant by the factor p/Ap. 

Thus partial to complete isostatic compensation of initial 
basin topography results in a considerable deceleration of 
viscous relaxation of relief, compared to models without 
isostatic effects, for a fraction of the initial relief that 
depends on the degree of compensation. As shown in 
equation (A35), the fraction F1 of F that decays with the time 
constant rl approaches unity in the long-wavelength limit for 
complete initial compensation (c = t). Further, for any value 
of c, the topographic relief decaying with time constant •l is 
always completely compensated for small k; i.e., the long- 
wavelength basin topography is isostatic for t >> r2 no matter 
what the initial degree of compensation. 

These conclusions are illustrated in Figures 8 and 9. The 
case with complete initial compensation (c = t) is shown in 
Figure 8. Relaxation of relief is much slower than in Figures 
2, 5, or 6, with substantial long-wavelength relief (4 km) 
remaining after 3 b.y. (t017 s) for a layer viscosity of t02s P. 
Note that in comparison to Figures 2 or 5, the topography in 
the relaxed profiles is 'smoother.' This is because of the 
comparatively weak dependence of rl on k (see Figure 7) 
over the wave numbers of interest; i.e., the rate of relaxation 
at long wavelengths is greater, compared to the short wave- 
lengths, than for the simple half-space model or for the 
model with no density contrast at the base of the viscous 
layer. 

The case with initial topography only half compensated by 
Airy isostasy (c = 0.5) is shown in Figure 9. There is a rapid 
partial relaxation of initial relief (governed by time constant 
r2), followed by a much slower relaxation of the remainder. 
The total relief at 3 b.y. (for • = 102s P) is about 2 km, or half 
that in Figure 8 at the same time. The case with initially 

uncompensated topography, but with a density contrast at 
the base of the layer, behaves similarly to that in Figure 5 
except for a small fraction (Ap/pm) of the long-wavelength 
topographic relief that relaxes at the longer time constant El. 

The assumptions necessary to derive (8) and (9) and the 
models shown in Figures 8 and 9 include, from equations 
(At5) and (A22) and by analogy to relations (7), 

kiel << 1 

klGI << 1 (t0) 

Ap 
kF + • kG 

P 
<< (kH)3/3 

where G(k) is the Hankel transform of the profile of topo- 
graphic relief at the base of the layer (see the appendix). 
Strictly, F and G are the coefficients of Jo(kr) in the 
summation representation of (8) and in the analogous expres- 
sion for relief at the bottom of the viscous layer. The first 
two inequalities hold for the Orientale profile for all k and all 
t. The third inequality in (t0) holds for a greater range of 
cases than does the analogous inequality in (7) because G 
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Fig. 7. Time constants rl and •'2 versus horizontal wave number 
k for the problem of relaxation of topography on a viscous layer 
overlying an inviscid half space of greater density, both in a uniform 
gravitational field. The layer has viscosity ,/-- 10 25 P, density p = 
2.9 g/cm 3, and thickness H = 50 km; the half space has density p + 
Ap = 3.4 g/cm3; the gravitational acceleration is 162 cm/s 2. Also 
shown is the time constant •'0(k) for the case of a half space of 
uniform viscosity • and density p. All time constants are proportion- 
al to • and inversely proportional to g; the long-wavelength limit of 
q'l is inversely proportional to H. 
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Fig. 8. Viscous relaxation of Orientale basin topography for a 
viscous layer over an inviscid half space and for complete Airy 
isostatic compensation of topography as an initial condition. The 
layer has viscosity •/= 102s P, density p = 2.9 g/cm 3, and thickness 
H = 50 km; the half space has density p + Ap = 3.4 g/cm 3. Profiles 
are shown at t = 0, 10 •6 s (300 m.y.), 3 x 10 •6 s (1 b.y.), and 10 •7 s (3 
b.y.); these times scale linearly with the assumed layer viscosity. 

and F are of opposite sign in the presence of partial to 
complete isostatic compensation. In particular, the left-hand 
side of the third inequality is identically zero at all times for c 
= 1 and at t >> •2 for any c. 

A major question for the application of this viscous 
relaxation model to ancient lunar basins is the value of c, 
i.e., the degree of isostatic compensation of lunar basins 
prior to mare basalt fill. There are, unfortunately, only 
limited gravity and topographic data available to answer this 
question. Further, the estimation of the initial degree of 
compensation is sensitive to the depths of all mass excesses 
and deficiencies beneath present basins, quantities poorly 
resolved by gravity field measurements at spacecraft alti- 
tudes. For the Orientale basin, Sjogren and Smith [1976] 
considered a number of simple models that matched existing 
gravity data with varying degrees of success. For a model in 
which mass anomalies are at the lunar surface, the central 
basin region of Orientale (within 150 km radial distance) 
contributes 3 x 1020 g excess mass, the region between 150 
and 350 km radial distance contributes a mass deficiency of 
- 17 x 102o g, and the outer ring (350-620 km radial distance) 
contributes an excess mass of 7 x 10 20 g [Sjogren and Smith, 
1976, Table 1]; there is a net mass deficiency of-7 x 1020 g. 
This result may be compared to the mass deficiency calculat- 
ed from the topography. If we assume that Figure lb 
represents circularly symmetric topography of density 2.9 g/ 
cm 3, then there is a total mass deficiency of- 19 x 1020 g; 
the region r = 0 to 430 km contributes -38 x 1020 g, while 
the outer ring structure between r = 430 and 640 km 
contributes an excess 19 x 10 TM g. Thus in the surface mass 
model for Orientale gravity, the mass deficiency is presently 
38% of the topographic mass deficiency and would have 
been as high as 50% prior to mare basalt fill. 

Sjogren and Smith [1976] obtained an improved fit to the 
gravity data for models including a large fraction of the 
excess mass at the base of the lunar crust; i.e., including a 
thinned crust beneath the basin to provide partial compensa- 
tion of the topographic depression. For these models the net 

mass excluding mare fill is either negative (-8 x 1020 g for 
their model 5) or small (0.2 x 102o g for their model 2). Even 
though the compensation of Orientale basin topography is 
not local, we may concude from these results that the net 
prefill mass deficiency for Orientale was considerably small- 
er than the mass deficiency of the present topography 
because of partial compensation by crustal thickness varia- 
tions. 

In all, the cases c = 0.5 and c = 1 appear to bracket the 
most likely Airy isostatic model for the Orientale basin and 
therefore for unmodified lunar basins in general. Gravity 
analyses for other lunar basins Support this conclusion. The 
preferred model of Bowin et al. [1975] for the Serenitatis 
basin is in isostatic equilibrium prior to mare fill. Phillips and 
Dvorak [1981] give models for the Grimaldi basin in which 
the pre-mare topographic depression is 62 to 100% compen- 
sated. Thus the available gravity data over lunar basins 
indicate that early basin topography was at least partially 
compensated; this compensation must be included in the 
calculation of subsequent viscous relaxation of topographic 
relief. 

APPLICATION TO ANCIENT LUNAR BASINS 

We now apply the model of viscous relaxation to the 
topography of ancient (i.e., pre-Nectarian) lunar basins. 
Specifically, we assume that-the topographic profiles of 
ancient basins shortly after their formation were similar to 
the present profile of Orientale, and we test the hypothesis 
that the ancient basin topography was subsequently modi- 
fied by viscous relaxation during the time interval (between 
basin formation and perhaps 3.8 b.y. ago) when near-surface 
temperatures were high and the effective viscosity of the 
lunar lithosphere was low enough for creep to be important 
at geological time scales. 

Tranquillitatis basin. We first consider the Tranquillita- 
tis basin (Figure 10), one of the oldest identifiable basins on 
the lunar nearside [Stuart-Alexander and Howard, 1970; 
Hartmann and Wood, 1971; Wilhelms, 1981]. Stuart-Alexan- 
der and Howard [1970] have suggested that the irregular 
Mare Tranquillitatis fills two old basins, with the western 
basin the younger of the two. Wilhelms and McCauley 
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Fig. 9. Viscous relaxation of Orientale basin topo•aphy for a 
viscous layer over an inviscid haE space and for 50% (c = 0.5) 
isostatic compensation of topo•aphy as an initi• condition. Other 
physic• parameters and profile times and thek scaring with layer 
viscosity • are as in Fibre 8. 
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[1971], in contrast, show only one ancient Tranquillitatis 
basin, marked by a major ring structure of about 340 km 
radius centered approximately at 7.5øN, 29øE, and a remnant 
of an outer ring of about 460 km radius in the northeast 
quadrant. There is also a prominent system of linear and 
arcuate rilles peripheral to the western half of the mare 
[Scott et al., 1975]; many of these rilles are concentric to a 
similar point (8øN, 29øE). In younger lunar mascon basins, 
such rilles are concentric with the inner depression and the 
tings forming the major basin topography [Solomon and 
Head, 1980]. We therefore follow the basin identification of 
Wilhelms and McCauley [1971]. On the basis of present 
topography we identify the ring of major massifs at r -- 340 
km with the outer Rook Mountains of Oftentale and the 

outer ring trace at r -- 460 km with the Cordillera Mountains. 
By this assignment the ancient Tranquillitatis basin has very 
nearly the same horizontal dimensions as Oftentale. 

The present topography of the Tranquillitatis basin region 
is known to an accuracy of a few hundred meters or better 
from Apollo photogrammetric measurements. A repre- 
sentative profile is shown in Figure 10b. The elevations are 
taken from the 1:1,000,000 scale Lunar Map 60 [Schimer- 
man, 1973]. Dvorak and Phillips [1979] also show an earth- 
based radar topographic map for a portion of the Tranquilli- 
tatis basin; the radar data have not been used because they 
are referenced to a floating datum and contain the effects of 
an uncertain regional slope (S. H. Zisk, personal communi- 
cation, 1981). 

Several processes have acted to modify this topography 
since basin formation in addition to viscous relaxation. The 

basin has been modified by the eraplacement of ejecta from 
younger basins in the immediate vicinity, including Nectaris, 
Crisium, Serenitatis, and Imbrium, among others. The pro- 
file in Figure 10b is in a radial direction that should have 
been least affected by younger basin deposits; on the basis of 
estimates for ejecta thickness versus range, the total thick- 
ness in this portion of Tranquillitatis of ejecta from other 
basins is not likely to exceed several hundred meters 
[McGetchin et al., 1973]. Pre-mare volcanism may also have 
modified this region [Morris and Wilhelms, 1967], but its 
presence and significance cannot readily be established. 

The Tranquillitatis basin has been partially filled by basalt 
to produce Mare Tranquillitatis. The thickness of mare 
basalt in the Tranquillitatis region has been estimated and 
mapped by DeHon [1974] from the rim heights of partially 
flooded craters. While it is di•cult to demonstrate that such 

craters were produced on the pre-mare basin surface, these 
estimates of basalt thickness are similar to those derived 

from gravity data and the assumption of complete isostatic 
compensation of pre-mare topography [Thurber and Solo- 
mon, 1978], so we accept the basalt thickness maps of 
DeHon [ 1974] for the purposes of estimating pre-mare topog- 
raphy. The profile in Figure 10b shown as a dashed line 
corresponds to the topography at the base of the mare fill 
according to these estimates. The topography is complicated 
in the Lamont region, which may be part of a structural 
trough in the western part of the basin and may locally have 
subsided by at least 1.5 km in response to a small mascon 
[Dvorak and Phillips, 1979]. Except for the Lamont area, the 
topography at the base of the mare fill shown in Figure 10b 
represents our best estimate of a representative topographic 
profile for an ancient lunar nearside basin of dimensions 
originally similar to those of Oftentale. 

In Figure 11 we show a comparison of the topographic 
profile of Tranquillitatis with a profile calculated from the 
viscous relaxation of Orientale topography, using the model 
depicted in Figure 8 (complete initial isostatic compensa- 
tion). The calculated profile is shown for a value of t/,1 (! .5 x 
10 -8 s/P) that matches the depth to the base of the mare at the 
center of the ancient basin; this model profile underestimates 
by as much as 2 km the depth to the base of the mare basalt 
within the region of subsidence in the vicinity of Lainont. A 
somewhat smaller value of t/,1 would be obtained if we 
attempted to provide a best fit to the Tranquillitatis profile at 
the base of the mare basalt without regard to the post-mare 
subsidence of the Lamont region. 

We conclude that the topographic profile of the Tranquilli- 
tatis basin is consistent with substantial viscous relaxation of 

relief between the time of basin formation and the eraplace- 
ment time of the oldest surface mare basalt units. Because 

the long-wavelength topography remains in isostatic equilib- 
rium during relaxation, a prediction of the relaxation model 
is that the crustal thickness beneath Tranquillitatis should be 
significantly greater than beneath the central portions of the 
youngest basins. An appropriate difference in crustal thick- 
ness, in fact, is present on the basis of an inversion of gravity 
and topographic data for the lunar nearside [Thurber and 
Solomon, 1978]. 

The quantity t/,1 should be regarded as follows. Because 
the effective viscosity of the lunar crust almost certainly 
increased, perhaps rapidly, with time following the period of 
high near-surface temperatures associated with impact heat- 
ing and mare volcanism, substantial viscous relaxation was 
restricted in time to that period when the viscosity was 
sufficiently low for viscous creep to have been geologically 
important in the upper crust. Thus •/is approximately the 
effective viscosity of the crust during the time of highest 
near-surface temperatures, and t is the time interval over 
which th e viscosity was near to this value. The preserved 
large relief of Orientale (Figure 1), the lack of isostatic 
compensation of the Apennine mountains forming part of a 
ring structure of the Imbrium basin [Ferrari et al., 1978], and 
the support by finite strength of the mascon loads in young 
nearside impact basins [Solomon and Head, 1980] indicate 
that the time interval over which viscous relaxation was 

important for nearside basins was probably at most a few 
hundred million years. For Tranquillitatis, in particular, 
important viscous relaxation of topography was completed 
prior to emplacement of Apollo 11 basalts, 3.7 to 3.8 b.y. in 
age [e.g., Wasserburg et al., 1977], which appear to be 
typical of the oldest mare basalt deposits preserved at the 
surface of Mare Tranquillitatis [Boyce, 1976]. 

The derived value for t/,1 is within the range of values 
estimated for this quantity (0.4 to 5.1 x 10 -8 s/P) from the 
topographic profiles for lunar floor-fractured craters of diam- 
eter 16 to 40 km [Hall et al., 1981]. This agreement is 
somewhat surprising because these craters are younger than 
the Tranquillitatis basin and the viscous relaxation of their 
topography is sensitive primarily to the viscosity only in the 
upper third to half of the lunar crust. On both of these 
grounds, the value of •/ controlling viscous relaxation of 
these floor-fractured craters might be expected to be larger 
than the effective crustal viscosity governing relaxation of a 
larger and older impact basin. The agreement may, however, 
be only coincidental. Many of the craters considered by Hall 
et al. [1981] are in regions distant from Tranquillitatis, 
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Fig. 10a. The lunar Tranquillitatis basin. Earth-based photograph; plate C2571D8 from Kuiper et al. [1967]. 

although two (Ritter and Sabine) are located at the edge of 
the Tranquillitatis mare deposits. It is also worth recalling 
that only the quotient t/,l can be estimated for the viscous 
relaxation process; neither ,/ nor the time interval t of 
important relaxation can be estimated separately. Probably 
the explanation for the apparently similar values of t/,l for an 
ancient large basin and for younger; smaller craters lies in 
the observation [Schultz, 1976; Hall et al., 1981] that the 
extent of modification of contemporaneous and neighboring 
craters on the moon can be quite variable. The high near- 
surface temperatures leading to topographic modification of 
many floor-fractured craters apparently were localized to 
regions and scales smaller than the dimensions of large 
impact basins. By this reasoning, the relaxation of a basin 
would be governed by a weighted average of the heteroge- 
neous viscosity of the underlying crust, an average that may 
be considerably larger than the viscosity of local regions of 
higher than average temperature associated with volcanism, 
igneous intrusions, or impact heating. Note that the derived 
value of t/,l for Tranquillitatis would not have been obtained 
had we applied a model for viscous relaxation of basin 
topography that neglected the effect of initial isostatic com- 
pensation; for such a model the best fitting value for 
would have been smaller by 3 to 4 orders of magnitude. 

The extent of modification of topographic relief in the 
Tranquillitatis basin appears to be representative of other 
pre-Nectarian basins on the lunar nearside. The Fecunditatis 
basin, for instance, of similar size, age, and state of preser- 
vation as Tranquillitatis [Wilhelrns, 1981], has similar topo- 
graphic relief both on the present surface and on the basin 
surface with mare basalt removed [DeHon and Waskorn, 
1976]. The largest and oldest proposed nearside basin of pre- 
Nectarian age is the 'Gargantuan' or Procellarum basin 
[Cadogan, 1974; Whitaker, 1981; Wilhelms, 1981], which has 
a postulated outer ring of diameter 3200 km [Whitaker, 
1981 ]. Though the area encompassed by this ancient ring saw 
the subsequent formation of several major basins (Tranquilli- 
tatis, Serenitatis, Imbrium), the barely discernible present 
topography associated with the Procellarum basin and its 
ring structures is consistent with the large size and age of this 
basin and with a mean crustal viscosity similar to that in the 
Tranquillitatis region for the time period during which signif- 
icant relaxation occurred. 

South Pole-Aitken basin. On the southern farside of the 

moon is one of the largest identified lunar basins [Howard et 
al., 1974], and one of the oldest [Wilhelms, 1981], named the 
South Pole-Aitken basin by Stuart-Alexander [1978]. The 
basin is outlined by isolated and subdued mountain remnants 
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Fig. 10b. Topographic profile of the Tranquillitatis basin. The 
profile (solid line) extends southwest from 8øN, 29øE (r = 0) to 0øN, 
10øE; topographic data are from Lunar Map 60. The datum h = 0 is 
taken as the characteristic elevation (1738.0 km lunar radius) of 
nearside highlands in the vicinity of the terminus of the profile. Also 
shown (dashed line) is the inferred base of the mare basalt fill along 
the same profile, from the basalt isopach map of DeHon [ 1974]. The 
Lamont region is an area of anomalously thick mare fill, positive 
free air gravity, and a concentration of tectonic features, particularly 
mare ridges; this region has probably subsided relative to the rest of 
the basin [Dvorak and Phillips, 1979]. 

that define a ring 2000 km in diameter (Figure 12a) centered 
approximately at 50øS, 180øW [Stuart-Alexander, 1978]. 
Limited topographic data were obtained for this basin by the 
laser altimetry experiment on the Apollo 15 subsatellite 
[Kaula et al., 1973], which made several nearly east-west 
traverses of the basin near latitude 25øS, considerably north 
of the basin center. 

The laser altimetry data indicate that the South Pole- 
Aitken basin is a huge depression with the deepest regions as 
much as 8 km below the level of the surrounding farside 
highland terrain [Kaula et •l., 1973]. A representative topo- 
graphic profile, for the portion of the basin for which 
altimetric information is available, i•s sho wn in Figure 12b. 
The large dimensions and relief of*"this basin, in stdking 
contrast to the Procellarum and smaller pre-Nectaria n basins 
on the frontside of the moon, suggest that the extent of 
viscous relaxation has been less on th e lunar farside than for 
nearside basins of comparable age. To quantify this result, 
we need to obtain an estimate of the original topographic 
profile of the South Pole-Aitken basin by analogy with 
Orientale. For this purpose we identify the 2000-km ring 
structure for the South Pole-Aitken basin with the Cordillera 

Mountain ring of Oftentale, although somewhat larger esti- 
mates (2500-2600 km) for the outer ting'diameter have also 
been proposed [Wood and Gifford, 1980; Wilhelrns, 1981]. 
To estimate the topographic relief of South Pole-Aitken 
prior to any modification, we use the Oftentale profile in 
Figure l a with all horizontal dimensions scaled by 20/9 or 2.2 
and all vertical dimensions scaled aCCording to the depth- 
diameter relation of Pike [ 1980] for large craters; i.e. vertical 

0 301 dimensions scale as (20/9)' or 1.27. Such a scaling for 
vertical relief is only an approximation. For instance, Pike 
[ 1980] has shown that rim height scales somewhat differently 
with diameter than crater depth. Further, the initial topogra- 
phy of backside basins may have differed from those on the 

frontside because of different lithospheric or crustal thick- 
nesses. Considering the large uncertainties inherent in ex- 
trapolating existing crater dimensions to 2000-km-diameter 
basins, the scaling relations adopted here should be regarded 
only as a reasonable working model. 

The Orientale topography, so scaled to the dimensions of 
the South Pole-Aitken basin, is shown in Figure 13. This 
profile is compared to the present topography, taken from 
Figure 12b but plotted as a function of radial distance from 
the assumed basin center at 50øS, 180øW. There is an 
uncertainty of at least 1 km in the zero elevation datum used 
to plot the present topographic profile for the South Pole- 
Aitken basin. Further, there are no topographic data at radial 
distances from basin center of less than 700 km. Nonethe- 

less, it is clear that the scaled Orientale profile. does not 
provide a good starting topographic model for the South 
Pole-Aitken basin, which has greater relief than does the 
scaled Orientale profile at similar radial distanc'e ranges. At 
fault may be the chosen ring assignment for the South Pole- 
Aitken basin, or the assumption that the initial topography of 
this large ancient basin can be simply scaled from that of 
Orientale. 

Also shown in Figure 13 are topographic profiles calculat- 
ed under the assumptions of an initial profile as shown and a 
thickness H = 100 km for the low-density, high-viscosity 
layer to account for the generally greater crustal thickness 
thought to occur on the lunar farside compm'ed to the 
nearside [Kaula et al., 1973, 1974]. A significant amount of 
viscous relaxation, which would follow from t/rl -> 10 -9 s/P, 
yields a predicted topographic profile even less like the 
present profile than the profile scaled from Orientale geøme - 
try with no relaxation. A significant amount of relaxation is 
also p{ecluded by the present topography if the 2000-km- 
diameter ring of the South Pole-Aitken basin is the analog of 
one of the inner rings of Orientale, i.e., if the South Pole- 
Aitken basin was originally larger and deeper than assumed 
here. 

Thus while viscous relaxation appears to have been an 
important modification process for impact basins (and large 
craters) on the lunar nearside, its importance was substan- 
tially less for topographic relief onethe lunar farside. In 
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Fig. 11. Comparison of the Tranquillitatis topographic profile 
from Figure 10 with the profile predicted from viscous relaxation of 
Orientale, using the model in Figure 8. The predicted profile is 
shown for t/,I = 1.5 x 10 -8 s/P. 
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Fig. 12a. Location of the ancient South Pole-Aitken basin on the lunar farside. The ring location is after Stuart- 
Alexander [1978]. The orbital track labeled AA' is that for which laser altimetry data are shown in Figure 12b. 

particular, the topographic relief preserved for the farside 
South Pole-Aitken basin is considerably greater than for the 
nearside Tranquillitatis basin, despite the greater age and 
size of the former feature [Wilhelms, 1981]. The most 
straightforward explanation of the quantitative comparison 
of viscous relaxation for the two basins is that crustal 

viscosities were at least a factor of 10 higher on the farside 
than on the nearside over the time interval during which 
viscous processes were regionally important for the lunar 
crust and lithosphere. 

The higher crustal viscosities on the lunar farside in pre- 
Neetarian time were most likely a result of lower near- 
surface temperatures. From Figure 3, a difference in mean 
crustal temperatures of as little as 50ø-100øC would be 
sufficient to account for the required nearside-farside differ- 
ence in effective viscosities. There is alternatively the possi- 
bility that the great relief of the South Pole-Aitken basin may 
be due to incomplete collapse of the transient cavity because 

of a thicker lithosphere on the farside than on the nearside 
[Melosh and McKinnon, 1978; Head and Solomon, 1980]; 
such a possibility still implies lesser average crustal tempera- 
tures on the farside at the time of formation of the oldest 

preserved basins. On the basis of the response of the lunar 
lithosphere to mascon loads in the time interval 3.6 to 3.8 
b.y. ago, Solomon and Head [1980] estimated that the 
effective elastic lithosphere and thus the near-surface ther- 
mal gradient varied by at least a factor of 3 over the lunar 
nearside hemisphere. The results of the present work extend 
to the lunar farside the regions for which we now have 
evidence for lateral heterogeneity in lithospheric tempera- 
tures early in the history of the moon. 

There are a variety of processes that may have contributed 
to a difference in the mean temperature of the crustal portion 
of the lithosphere between the nearside and farside of the 
moon at about 4 b.y. ago. The observed offset between the 
lunar centers of mass and figure indicates that the process of 

South Pole- Aitken Bosin 

- Gagarln - 

_ _ 

Van de 
_ _ 

, I I I i Graoff I I I I I I , 
120 140 160 180 200 220 240 
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Fig. 12b. Apollo 15 laser altimeter profile (revolution 15) across the South Pole-Aitken basin and surrounding 
highlands [Kaula et al., 1973]. The location of the craters Gagarin and Van de Graaff are also indicated. The edge of the 
South Pole-Aitken basin is taken as the ring structure shown in Figure 12a. 
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Fig. 13. Viscous relaxation of a topographic profile of Orientale 
scaled to the 2000-km diameter of the South Pole-Aitken basin (see 
text). Relaxed profiles are shown for several values (in s/P) of 
for •/= 1025 P these correspond to 1016 s (300 m.y.), 3 x 1016 s (1 
b.y.), and 10 •? s (3 b.y.). A layer thickness H = 100 km has been 
assumed. Also shown is the present topography of the South Pole- 
Aitken basin, taken from the laser altimetry data in Figure 12b 
between longitudes 180 ø and 240øE and ploted versus radial distance 
r from basin center. The datum h = 0 is taken as the average 
elevation (lunar radius 1741.6 km) along this profile between radial 
distances of 1500 and 1800 km. 

differentiation of the outer portions of the moon led to a 
nearside-farside asymmetry in crustal thickness [Kaula et 
al., 1973, 1974], crustal density [Solomon, 1978], mantle 
density [Wasson and Warren, 1980], or some combination of 
all three [e.g., Stevenson, 1980]. This asymmetry in differen- 
tiation may also have been responsible for the greater 
surface concentrations of radioactive elements on the lunar 

nearside [Trombka et al., 1977]. As a direct result either of 
the differentiation process itself or of the consequent distri- 
bution of radioactive elements in the near-surface regions of 
the moon, a nearside-farside asymmetry in crustal tempera- 
tures early in lunar history would be an expected result. 

A number of additional processes may have served to 
maintain higher crustal temperatures and thinner lithosphere 
on the lunar nearside for an extended period of time. The 
great majority of the youngest large lunar basins, for reasons 
unknown, are on the nearside [Hartmann and Wood, 1971; 
Wilhelms, 1979], so both the impact heating associated with 
basin formation [O'Keefe and Ahrens, 1977] and the heating 
by uplift of mantle isotherms during transient cavity collapse 
and ring formation [Bratt et al., 1981] would also have been 
concentrated on the nearside during this time interval. The 
impact event that produced the 3200-km-diameter Procel- 
larum basin [Whitaker, 1981] may alone have contributed 
substantially to maintaining the hemispherical asymmetry. 
The vast majority of mare basalt eruptions and of floor- 
fractured craters, many of which are associated with mare- 
type volcanism, also occurred on the lunar nearside. Mare 
volcanism is both a manifestation of high temperatures at 
depth and a mechanism for heating the shallow crustal 
regions surrounding volcanic units, eruptive centers, and 
igneous intrusions. Thus some nearside-farside difference in 
shallow crustal temperatures may have persisted throughout 
the time interval between crustal formation and cessation of 
mare volcanism. 

CONCLUSIONS 

We have considered a number of simple analytical repre- 
sentations of the rheological response of a planet to the 
surface load associated with the topography of a large impact 
basin. For features with horizontal dimensions in excess of 

the thickness of a lithosphere of high viscosity, both the 
decrease of effective viscosity with depth and the partial to 
complete isostatic compensation of topographic relief have a 
pronounced signature in the characteristic times for viscous 
relaxation. The effect of a decreasing viscosity with depth is 
to enhance the rate of viscous relaxation at long wave- 
lengths. The effect of isostatic compensation of topographic 
relief is to decrease substantially the rate of relaxation of a 
fraction of long-wavelength topography, with that fraction 
dependent on the degree of initial compensation. The avail- 
able gravity data indicate that the topographic relief of young 
lunar basins was at least 50 to 60% compensated by crustal 
thickness variations prior to any mare basalt fill, so that this 
compensation must be taken into account in modeling vis- 
cous relaxation of basin-scale features. 

The topographic relief of the pre-Nectarian Tranquillitatis 
basin on the central nearside of the moon, after removing the 
effect of mare basalt fill on present topography, is consistent 
with significant viscous relaxation of relief prior to the oldest 
episode of mare volcanism preserved as a surface unit in the 
Tranquillitatis region. The derived value of the quantity t/,1, 
where t is the time interval over which significant viscous 
relaxation occurred and ,/is the effective viscosity of the 
lunar crust during that time, is within the range of values 
determined by Hall et al. [1981] from topographic profiles of 
large (16- to 40-km diameter) floor-fractured craters on the 
lunar nearside. 

The large topographic relief indicated by laser altimeter 
data for the 2000-km-diameter South Pole-Aitken basin on 

the lunar farside is inconsistent with significant viscous 
relaxation of that basin. Since that farside basin is both older 

and larger than nearside basins such as Tranquillitatis which 
have substantially modified topographic profiles, the effec- 
tive viscosity of the farside crust must have been at least an 
order of magnitude larger than that of the nearside crust 
between about 3.8 and perhaps 4 b.y. ago. The most likely 
cause of this difference is a lower mean crustal temperature 
on the farside during that time. Lower crustal temperatures 
on the lunar farside than the nearside may have dated from 
the processes of crust-mantle differentiation that led to the 
offset of lunar centers and to the asymmetry in surface 
concentrations of radioactive elements. The duration of such 

a temperature difference would have been substantially 
augmented by the larger amount of nearside heating associ- 
ated with impact basin formation during the terminal phases 
of heavy bombardment as well as by the greater amount of 
heating on the nearside associated with mare volcanism. 

APPENDIX: RELAXATION OF A HARMONIC TOPOGRAPHIC 
LOAD ON A VISCOUS LAYER OVERLYING 

AN INVISCID HALF SPACE 

Consider a viscous, incompressible layer of thickness H 
overlying an inviscid fluid half space. Let ,/be the viscosity 
of the layer and let p and Pm be the density of the layer and of 
the half space, respectively. Let the topography at the 
surface and at the base of the layer be two dimensional: z = 
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[(x, t) and z = H + e(x, t), respectively, where x is the 
horizontal coordinate, z is the vertical coordinate (positive 
downwards), and t is time (see Figure A1). Let [ and e be 
harmonic in x at time t = 0: 

½x, 0) = •0 cos kx 
(A1) 

•(x, 0) = •0 cos kx 

where k is the horizontal wave number. 

We seek solutions for [ and e of the form 

[(x, t) - F(t) cos kx F(0) = [0 
(A2) 

e(x, t) = G(t) cos kx G(0) = e0 

The quantities e0 and [0 may be directly related by isostatic 
compensation prior to viscous relaxation. For local isostasy, 
the degree of isostatic compensation c (0 -< c <- 1) is given by 

c = -Ap eo/P•o (A3) 

where/xp =Pm - P. 
We assume that the viscous layer at t > 0 is always in a 

state of quasi-static equilibrium, so that the statement of 
momentum conservation is 

•roj + fi = 0 i,j = 1, 2, 3 (A4) 

where •r 0 is a component of the stress tensor (positive in 
tension), fi is a component of the body force, (1, 2, 3) = (x, 
y, z), the comma before the subscript denotes differentiation 
with respect to the subscripted coordinate, and repeated 
indices imply summation. In this problem, fx = fy = 0 and fz 
= pg. The stress tensor is given by [e.g., Fung, 1977] 

o'0 = --P•ij + 2•Vo (A5) 

where p is the pressure, 15 0 is the Kronecker delta, and 

l(Ovi OVj) = -- + (A6) vo. oxi 
where vi is a component of fluid velocity. Because the 
problem is two-dimensional, vy = 0 and O/Oy = 0. Then the 
condition of incompressibility, Vkk = 0, is satisfied by 

Vx = - O ½10z 
(A7) 

Vz = O½/Ox 

where ½ is a scalar stream function. From (A4)-(A7) we have 
the field equations 

0p ( 03½ n t- 031p• -- 0 OX • OX20Z OZ 3/] 
(A8) 

03½ ) Op + ,/(003_• + + pg= O OZ OXOZ 2 

There are six boundary conditions that must be specified 
to determine a solution to (A8). Two kinematic boundary 
conditions on Vz(X, z, t) are 

Vz(X, •, t) = •(x, t) 

V z(X, H + e, t) = k(x, t) 
(A9) 

where the dot denotes O/Ot. In addition there are four stress 

boundary conditions' the tangential component of stress 
must vanish at both the top and bottom of the viscous layer, 

Viscosity 
Density 

Inviscid 

Density Pm 

Fig. A1. Schematic view of viscous relaxation problem for a 
viscous layer over an inviscid half space of higher density. Parame- 
ters are defined in the text. 

and the normal component of stress must be zero at the 
surface and -pgH - pmg e(x, t) at the interface, where g is 
gravitational acceleration. The condition at the interface 
reflects the hydrostatic state of the inviscid substratum. 
Note that these boundary conditions differ from those as- 
sumed by Ramberg [1968] in his treatment of this problem. 

We assume that the solutions to (A8) are of the form 

p(x, z, t) = pgz + P(z, t) cos kx 

•x, z, t) - •(z, t) sin kx 

Substitution of (A10) into (A8) gives 

0• ,/ 03• 
P = -k,/ + 

Oz k Oz 3 

04•ff 2k 2 OZ 4 0'•-- nt- k4xIl' --- 0 

(A10) 

(All) 

Equations (A11) have the solutions 

•(z, t) = 2--• [A(t)e-kZ + B(t)kze-kZ + C(t)e•Z + D(t)kzekZ] 

P(z, t)= -•-[B(t)e -•z + D(t)e •z] 
(A12) 

where A, B, C, and D are dimensionless functions of time. 
Substitution of (A12) into (A10) gives 

p(x, z, t)- pgz + -•-[B(t)e -nz + D(t)e kz] cos kx 

•x, z, t) = 

(A13) 

Pg 

2rlk 3 [A(t) e-kz + B(t)kze -kz + C(t)e kz 
+ D(t)kze kz] sin kx 

and the vertical velocity and stress components are given by 

UZ -- Pg [Ae -kz + Bkze -kz + Ce kz + Dkze kz] cos kx 
2 rlk 2 

ffXZ --- [(A - B)e -kz + Bkze -kz + (C + D)e nz 

+ Dkze nz] sin kx (A14) 
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Pg -kz CckZ o'zz - '• [-kz + (-Ae - Bkze -•'z + 
+ Dkze nz) cos •] 

Application of the bound•y conditions, which allows us 
to solve for A, B, C, and D, requires some care. Strictly, the 
six bound•y conditions must be applied at z: [(x, t) and z 
: H ß e(x, t), and the tangential and normal components of 
stress on these surfaces are each line• combinations of •z 
and •zz. Using the exact boundary conditions yields a system 
of nonline• equations in A, B, C, D, F, and G. To lineafize 
the equations for F and G, we make two simplifying assump- 
tions: 

1. We assume that 

kiel << klGI << 1 (A15) 

This is equiv•ent to assuming that the topography at the top 
•d bottom of the layer is gentle. 

2. We fu•her assume that the magnitudes of A, B, C, and 
D are small in comp•son to unity; the implications of this 
assumption are discussed fu•her below after solutions are 
obtained for these quantities. 

With assumption 1, the bound•y conditions on stress 
become 

a•z½, [, t) = 0 

a•(x, H + ,, t) = 0 
(A6) 

•zz(X, •, t) = 0 

azz(X, H + e, t) = - pgH - Pmg e(x, t) 

With assumptions 1 and 2 together, we may ignore variations 
of z at the top and bottom of the layer for all terns in the 
boundary conditions on vz, a•z, and azz except for the tern 
-pgz in azz, where the variations described by [ and e must 
be retained. The results that follow are then valid to first 

order in the small quantities A, B, C, D, kF, and kG. 
From the kinematic boundary condition (A9), with (A2) 

and (A14), we have 

i•(t ) = lag [A(t) + C(t)] 
2,/k 2 

(A17) 

(•(t) = 2-• [A(t)e-k" + B(t)kHe-k" + C(t)en" 
+ D(t)kHe nH] 

From the conditions on shear stress in (A16), together with 
(A14), we have 

A(t) - B(t) + C(t) + D(t) = 0 

A(t)e -• + B(t)[kH- 1]e -nn + C(t)e •at + D(t)[kH (A18) 
+ 1]e • = 0 

From the boundary conditions on normal stress in (A16), 
with (A14), we have 

-kF(t) - A(t) + C(t) = 0 

Ap 
kG(t) - A(t)e -• - B(t)kHe -• + C(t)e •at (A19) 

P 

+ D(t)kHe • = 0 

We may solve (A18) and (A19) for A, B, C, and D in terms 
of F and G. We then substitute these expressions into (A 17). 
After some algebra, we obtain 

iv(t ) pg [e -2kH- 4kH- e 2kH] = F(t) 
2•k E 

Apg [2(1 - kH)e -kH - 2(1 + kH)e •] 
+ • G(t) 

2,1k E 

_ pg [2(1 - kH)e -nn - 2(1 + kH)e nu] F(t) b(t) •-•k E 
(A20) 

where 

Apg [e -2t•H-- 4kH- e 2t•H] 
+ G(t) 

2,1k E 

E = e -2•n + e 2•H- 4(kH) 2 - 2 

As a necessary step in the solution (A20), we also obtain 
expressions for the quantities A, B, C, and D, which we had 
previously assumed to satisfy 

IAI, IBI, Icl, Iol << I (A21) 

These expressions are 

A(t)E = kF[2(kH) 2- 2kH + 1 - e 2t•u] 

Ap 
+ • kG[-(kH - 1)e -• - (kH + 1)e k•] 

P 

B(t)E = kF[1 - 2kH- e 2t'n] + 
Ap 

kG[e -nn 
P 

- (2kH + 1)e t'n] 

C(t) = A + kF 

D(t) = B - 2A - kF 

At short wavelengths (kH--• oo), A and B are of order kF and 
C and D vanish; thus (A15) is a sufficient condition for the 
assumption (A21). In the limit of long wavelengths (kH--• 0), 
the magnitudes of A, B, C, and D are all equal to 

(kH) 3 kF+•kG P 

The assumption (A21) is thus valid for small k only if 

Ap 
kF + • kG << (kH)3/3 (A22) 

P 

Note that the quantity on the left-hand side of the inequality 
is identically zero in the case of complete isostatic compen- 
sation. 

The solution to the coupled differential equations (A20) is 
of the form 

F(t) = F1 e-t/n + F2 e-t/•2 
(A23) 

G(t) = Gle -a • + G2e -an 

where *l and .2 are time constants related to the eigenvalues 
Xl and X2 of the matrix of coefficients of F(t) and G(t) in 
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(A20) •by rl = -l/hi, r2 = -l/X2, and where Fl, F2, G1, and 
G2 are found by eigenvector analysis. If we define 

g e-2kH-4kH-e 2kH 
2,/k E 

g 

/• = 2r/k 
2(1 - kH)e -• - 2(1 + kH)e • 

E 

(A24) 

then (A20) becomes 

•(t) = apF(t) + 13 apG(t) 
•(t) = 13pF(t) + a ApG(t) 

which has eigenvalues 

(A25) 

}kl, }k 2 = 2-•-(/9 + A/9) -+- «[O•2(/9 + A/9) 2 + 4(/•12- O•2)/9A/9] 1/2 

1 1 
(A26) 

'rl 'r2 

and the solution 

F(t) = [(ap- h2)F(0) + /3ApG(0)] • 
exit 

e Mt 

hi -- 3,2 

G(t) = [/3pF(0) + (}k I -- ap)G(O)] 
exit 

(A27) 

+ [- •pF(O) + (,p- k2)G(0)] e x2t 
ki- 

The combination of (A27), (A24), and (A2) completes the 
solution. 

Some special cases are of interest. Consider first the case 
Ap = 0; i.e., no density contrast at z = H. Then the two 
equations in (A25) decouple, and 

P(t) = apF(t) 
which has the solution 

F(t) = F(O)e -t/* 

where 

In the limiting case kH--> 

r--> 2rlk/pg 

or the half-space solution. In the limiting case kH--> 0, 

2rtk (kH) 3 
r --> (A29) 

pg 6 

With a nonzero density contrast at z = H, there are, in 
general, two time constants to the viscous relaxation prob- 

lem. In the limiting case kH--> o•, 

•'1 = --1/hi '--> 2rtk/Apg 

r2 = - l/X2 --> 2rlk/pg 

and 

(A30) 

FI = 0 F2 = F(0) 
(A31) 

G1 = G(0) G2 = 0 

Thus in this short-wavelength limit, following (A23), 

F(t) = F (O)e- t,ga2 

G(t) - G(O)e -apgt/2 '• (A32) 
so that relaxation on the two interfaces is decoupled, with 
surface topography relaxing according to the half-space 
solution and topography at the density interface relaxing at a 
slower rate corresponding to the solution for the decay of 
relief on the interface between two adjoining half spaces, a 
viscous one overlying an inviscid one, with a density con- 
stant AO in a uniform gravitational field. 

In the limiting case kH--> O, 

4r1 Pm 

H gpAp 

2•/k (kH) 3 
Ping 6 

(A33) 

so that rl is independent of k and r2 is silmilar to r in (A29) 
with Pm replacing p as the density of the half space. Assum- 
ing partial to complete compensation of initial topography, 

Ap + cp ) Ap El = ' F(0) = • [F(0) - G(0)] 

F2 = p-p-- (1 - c) F (O) 
Pm 

GI = -p (Ap + cp.) F(0) = p-p- [G(0) - F(0)] Pm[• Pm 

(A34) 

G2 = p---- (1 - c) F(0) 
Pm 

Thus in this long-wavelength limit we may write 

F(t) = a._.p_p [F(0) - G(O)]e-t/n+ P----(1 - c)F(O)e -t/•2 

G(t) = p-p- [G(0) - F(O)]e -an + p-p- (1 - c)F(O)e -t/•2 
(A35) 

The two second terms in the right-hand side of (A35) are 
identical, so that at short time scales governed by r2 '• k 4 
there is (for c < 1) a rapid partial relaxation of surface 
topography and a completely parallel movement of the 
density interface. The two first terms in the right-hand side 
of (A35) decay at the much longer time constant fl. The 
coefficients of the e -t/*• terms for F and G are in the ratio 
--Ap/p, so they correspond to complete Airy isostatic com- 
pensation. Thus in this long-wavelength limit, an initially 
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isostatic topography will remain isostatically compensated 
for all t > 0, and an initial topography only partially 
compensated (c < 1) will become completely compensated 
fort >> ';'2. 
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