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Introduction: The viscoelastic state of the farside
of the Moon is very important for understanding pre-
mare thermal history of the Moon. Because of the
strong dependence of the dynamic viscosity of silicate
on temperature, the relaxation state of large-scale to-
pographic relieves may retain the record of the ancient
lunar thermal history. In order to extract such record,
we developed a new viscoelastic numerical calculation
code and compare its results and Kaguya data in this
study.

Impact basins are among the most prevailing large-
scale topographic features on the Moon and have two
modification stages: isostatic compensation and crustal
lateral flow. The former process induces rise in topo-
graphy at Moho and reduces surface topography. In
contrast, the latter process reduces both surface and
Moho topographies. Since the degrees of progress and
the timescales of these processes strongly depend on
the viscosity, measured surface topography and esti-
mated Moho topography should provide fundamental
information for estimating the temperature of the lunar
crust and mantle [1]. However, lunar farside gravity
field, which is necessary to estimate farside Moho to-
pography, was not directly measured before Kaguya
because of synchronous rotation of the Moon. Conse-
quently, estimations of the lunar viscosity are mostly
focused on the nearside. Furthermore, few previous
studies take into account elasticity and viscosity simul-
taneously, although both control the relaxation of to-
pography and internal structure. Also, heat flux, which
is proportional to thermal gradient and is one of the
most important parameter to constrain the thermal his-
tory, has not been explicitly incorporated with viscoe-
lastic models since realistically stratified viscosity pro-
files require long calculation time.

A lunar observation satellite Kaguya revealed a
striking contrast in tectonic state between the nearside
and the farside of the Moon. While nearside basins
show positive free-air anomaly, farside basins show
negative circular free-air anomaly [2]. The latter ob-
servation indicates that isostatic compensation has not
occurred for these basins and that the farside Moho
temperature is relatively low [2]. However, the model
used in this temperature estimation is a uniform visc-
ous fluid one. In this study, we investigate the depen-

dences of (1) basin size, (2) heat flux, and (3) crustal
thickness on basin relaxation in a Maxwell viscoelastic
model and give several constraints on the lunar farside
thermal history.

Numerical calculation: In order to take heat flux
into account, we applied multilayered Moon models,
with 1740 layers with different densities and viscosi-
ties. We used a new viscoelastic calculation scheme
we developed recently [3]. This method is similar to
the initial-value (IV) method [4], which involves both
spherical harmonic expansion and time integration.
The advantage of our scheme is that the cost of calcu-
lation for a multilayered sphere is greatly reduced by
using a second-order approximation of the constitutive
equation, which allows us to use long time steps with-
out losing the accuracy or stability of the scheme.

Moon model: We assumed 1740 km for the lunar
radius, and two-layer Moon (i.e., crust and mantle).
The surface density is 2800 kg/m’ and interior density
structure is determined by the Adams-Williamson
condition. The thicknesses of the crust we consider are
10, 30, 50, 70, and 90 km. The density jump at Moho
is determined by the constraint that the surface gravita-
tional acceleration is 1.62 m/s>. The bulk (175 GPa)
and shear modulus (65 GPa) are assumed to be uni-
form. Six different values, 10, 20, 30, 40, 50, and 60
mW/m?, of surface heat flux are used for our calcula-
tions. Here, we consider uniform and time-independent
heat flux. The values of thermal conductivity of mega-
regolith (surface layer with 2km thickness), crust, and
mantle are 0.2, 1.5, and 3.0 W/m/K. The temperature
at the lunar surface is fixed at 250 K. Based on these
values and rheological parameters determined by expe-
riments, temperature and viscosity profiles for each
crustal thickness and each heat flux are calculated. In
this work, we used dry anorthosite rheology [5] for the
crust and dry olivine [6] for the mantle.

Results: Fig. 1 shows typical time evolution of
surface and Moho topographies. The initial values are
-1 for surface and 0 for Moho topography since both
topographies are normalized with initial basin depth.
Calculation conditions for this particular case are as
follows: the harmonic degree is 4 (the corresponding
wavelength is about 2500 km, SP-A diameter), the
heat flux is 40 mW/m?, and the crustal thickness is 50
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km. In this configuration, isostatic compensation oc-
curs within 10° yr, and subsequently crustal lateral
flow occurs around 10°-10° yr. In order to quantify
these timescales and the degrees of progress of these
processes, we focused on Moho topography and de-
fined a few characteristic variables. The maximum
Moho topography during the time evolution is hyy,
and the time when the maximum occurs iS 7. We
found the models in which the temperature at Moho is
higher than ~1400 K exhibit a subsequent decrease in
Moho topography. In these cases, hy;, and 7y, are de-
fined; the Moho topography reaches its minimum val-
ue hy,;, at the time 7y,;,. The quantities hy,,, and 7, can
serve as measures of the degrees of isostatic compen-
sation and the timescale for switching of basin modifi-
cation stages from isostatic compensation to crustal
lateral flow, respectively. In addition, hcip = (hpax -
Pmin )/Nmax S€TVes as a measure of the degree of crustal
lateral flow. Halflife 7, of decay in Moho topography
was also calculated using data between 7., and zyin.

Fig. 2 illustrates dependence of h,,, on heat flux
and crustal thickness for harmonic degree of (a) 4 and
(b) 19 (the corresponding wavelength is about 560 km,
Hertzsprung diameter). It is clear that h,,x strongly
depends on heat flux regardless of harmonic degree.
Although crustal thickness dependence is very differ-
ent for different harmonic degrees, it is weaker than
that on heat flux.

We also found that higher harmonic degree, larger
heat flux, thicker crust leads to smaller 7. In contrast,
hcer and 7 strongly depends on harmonic degree and
crustal thickness but only weakly on heat flux; higher
harmonic degree or thinner (thicker) crust gives small-
er heer (712). In other words, both isostatic compensa-
tion and crustal lateral flow occur with shorter time-
scales for smaller basins. This result is remarkable
because uniform viscous layer models predict opposite
result. One explanation for this rather puzzling result is
that the shear stress for a smaller basin is more concen-
trated in a shallow, high viscosity, and elastic layer.
Consequently, both isostatic compensation and crustal
lateral flow is not achieved for smaller basins, results
in smaller .y, Nerr and 7).

Implications for the lunar farside thermal histo-
ry: Our calculation results lead to a number of impor-
tant implications of the lunar thermal history when
they are compared with Kaguya’s selenodetic data.
The very small free-air anomaly in SP-A indicates
almost complete isostatic compensation [7]. This ob-
servation indicates that the heat flux was large enough
to induce a large amount of mantle uplift soon after the
ancient formation of SP-A. This places an important
constraint on the heat flux of the Moon, for example,
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> 60 mW/m® is required for 80% compensation (Fig.
2a). Another observation that smaller farside basins,
such as Hertzsprung, show little isostatic compensation
[2], suggesting that the heat flux was significantly de-
creased to ~10 mW/m?” at least at formation ages of
these basins (Fig. 2b). In addition, some basins with
little Bouguer anomaly and small topographic relief,
such as Tranquillitatis on the nearside and Keeler-
Heaviside on the farside, may have experienced prom-
inent crustal lateral flow [1]. Enrichment in radioactive
element on the nearside and thick crust on the farside
may keep the temperature at Moho higher than 1400 K
until crustal lateral flow had occurred. Moreover,
thicker crust gives smaller 7,,,,; rapid onset of crustal
lateral flow. Consequently, crustal thinning by gigantic
impact of SP-A may played an important role in sup-
porting uplifted mantle until Moho have cooled (~10’
yr for 30 km crust).
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Figure 1. The time evolution of surface and Moho topo-
graphy normalized with initial basin depth. The solid line
and the dashed line represent surface and Moho topogra-
phy, respectively. The circle and the cross represent the

maximum and minimum Moho topography, respectively.
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Figure 2. The dependence of maximum Moho topography
hnax on heat flux and crustal thickness, for harmonic de-
gree of (a) 4 and (b) 19. The black, blue, green, orange,
and red line represent crustal thicknesses of 10, 30, 50, 70,
and 90 km, respectively. The shaded zones represent es-
timated Moho topography using topography and gravity
data.



