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Abstract

We propose that the hemispheric asymmetry (Fig. 1) of mare basalts may be explained as a result of hydrodynamic
instabilities associated with a layer of mixed ilmenite-rich cumulates (IC) and olivine^orthopyroxene (OPx) overlying a
metallic core. This mixed layer (MIC) should form shortly after the solidification of the magma ocean (P.C. Hess and
E.M. Parmentier, Earth Planet. Sci. Lett. 134 (1995) 501^514) because of gravitational differentiation of chemically
dense IC material that is expected to form below the anorthositic crust in the final stages of magma ocean crystallization
(A.E. Ringwood and S.E. Kesson, Proc. Lunar Planet. Sci. Conf. 7 (1976) 1697^1722). IC material is rich in heat
producing elements, and thermal expansion due to radiogenic heating causes the MIC layer to become less dense than
overlying mantle. The time required for the MIC layer to become thermally buoyant may explain a delay of mare
volcanism until about 500 Ma after solidification of the magma ocean. Our analyses of the resulting Rayleigh^Taylor
instability and numerical modeling of thermo-chemical convection show that the instabilities produce spherical
harmonic degree 1 thermal and compositional structure if a lunar metallic core is sufficiently small, less than 250 km in
radius. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The hemispheric asymmetry of mare basalts
(Fig. 1; [1]) is fundamental to understanding the
evolution of the Moon. The apparent correlation
between mare and surface elevation had prompted
the idea that mare basalt £ooded topographically
low areas. However, Clementine topographic data

[4] indicate that while mare basalts clearly ¢ll low
areas, large areas of low elevation do not contain
mare basalt. The nearside^farside crustal thick-
ness asymmetry has been considered responsible
for the center of ¢gure-center of mass o¡set of the
Moon. The crustal asymmetry approximately co-
incides, but only approximately, with the hemi-
spheric asymmetry of mare basalts. This has led
to the suggestion that endogenic processes that
produce the crustal thickness asymmetry might
also subsequently control the mare distribution
[5]. A previous study [6] suggested that the crustal
asymmetry may be related to the formation of a
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metallic core at the very early stage of lunar evo-
lution. However, this study did not address the
timing and distinct geochemical signatures of
mare basalts. On the other hand, a particularly
simple explanation of the crustal thickness asym-
metry is that it may be a consequence of the re-
distribution of crustal material excavated from the
SP-Aitken basin [4] and therefore unrelated to the
endogenic processes that created the mare basalts.

Rare earth element (REE) distributions in the
mare basalts are complementary to those in anor-
thositic crust [7]. This has generally been inter-
preted as showing that mare basalts were derived
by remelting materials that crystallized contempo-
raneously with the anorthositic crust [7], presum-
ably near its base at depths shallower than 100
km. The anorthositic crust is thought to have
formed by fractional crystallization of a magma
ocean [7]. Ilmenite-rich pyroxene cumulates (IC)
with a greater density than underlying olivine^
orthopyroxene (OPx) mantle are expected to have

crystallized from residual liquid beneath the anor-
thositic crust after about 90% of magma ocean
has solidi¢ed [2,8]. This IC material should con-
tain a high concentration of incompatible ele-
ments including heat producing U and Th as
well as REE with distributions complementary
to the anorthositic crust [7]. But mare basalts
are thought to originate from source regions at
depths greater than 400^600 km [9] so that at
least some di¡erentiation of late-stage magma
ocean cumulates to the deeper interior is required.

Previous studies [2,3,10,11] have suggested that
solid state creep £ow would allow dense IC ma-
terials to sink into the deep interior. However,
this di¡erentiation is likely to be complex. Solid
IC crystallizing from the residual magma ocean
liquid will settle through the underlying OPx man-
tle at a rate determined by its creep viscosity and
by the size of the dense diapirs or plumes. Small,
slowly settling dense bodies forming from a thin
IC layer will create a mixed layer that itself be-

Fig. 1. The surface distribution of TiO2 on the (A) nearside and (B) farside of the Moon [1]. High concentration of TiO2 is indi-
cative of mare basalts.
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comes unstable at larger scales allowing di¡eren-
tiation to proceed more rapidly [2,12]. If the
Moon was formed by the accretion of cold plane-
tesimals, an initially cold, high viscosity deep in-
terior might inhibit the sinking of the dense mixed
layer. However, if the Moon formed by an early
giant impact with the Earth [13], it is expected to
be initially hot throughout. Even if the viscosity
of the deep mantle is relatively low, a reduced
creep rate due to cooling could strand a signi¢-
cant fraction of the IC material near the base of
the anorthositic crust, thus creating the KREEP
layer thought to be present in the Moon. But it is
reasonable to suppose [2,12] that some fraction of
the IC material di¡erentiated into the deep interi-
or as required to generate Ti-rich mare basalts by
deep melting. Finally, the concentration of incom-
patible heat producing elements in the IC will be
determined by the amount of intragranular liquid
retained in the cumulate and will increase with the
degree of fractionation of the residual liquid [12].

After its gravitational di¡erentiation, this mixed
material will very likely form a layer of mixed IC
and OPx (MIC) overlying a metallic core. The
evolution of this MIC layer may hold the key to

understanding the genesis of mare basalts. The
layer is initially stable, because MIC materials
are chemically denser than the overlying olivine^
pyroxene mantle. However, the MIC layer, as it
heats up due to its relatively high content of U
and Th, will become unstable when thermal ex-
pansion o¡sets its negative compositional buoy-
ancy. Buoyant MIC materials will ascend and
undergo decompression melting, potentially giv-
ing rise to mare basalt volcanism that originates
from deep melting. Our objective is to examine
the conditions for instability and the resulting
wavelengths at which it would occur.

2. Model description

Because of the complexity of the di¡erentiation,
we examine a range of models with three adjust-
able parameters. We will identify the regions of
this parameter space in which a hydrodynamic
instability produces hemispheric asymmetric (i.e.
degree 1) structure and the time that it would take
for this to occur. The ¢rst parameter is the rate of
heat production HIC. We consider IC cumulates

Table 1
Model parameters

Radii of the Moon Ro 1.74U106 m
Density of peridotitic mantle bM 3400 kg m33

Density of ilmenite cumulate bIC 3700 kg m33

Heat production rate for bulk Moon HB(t)a

Concentration of uranium 25.7 PPB
Thermal expansivity for

solids 3U1035 K31

liquids 1U1034 K31

Thermal di¡usivity 1036 m2 s31

Thermal conductivity 4.0 W K31 m31

Surface gravitational acceleration 1.63 m s32

Adiabatic temperature gradient 0.03 K MPa31

Melting temperature gradient 0.1 K MPa31

Rheologyb

R=R0exp [E+PV/RT]
Activation energy E 1.5U105 J mol31

Activation volume V 6U1036 m3 mol31

Reference viscosity R0 1019 Pa s
aHB(t) is the bulk mantle heat production rate and is determined with Th/U = 4 and K/U = 2000, and appropriate decay times
and concentration for each radioactive element [15].
bThe rheology for silicate rocks is predominantly temperature-dependent [16]. The activation energy used in this study is about
half of that measured for dry olivine, but the reduced value may be consistent with that inferred from £exural rigidity near sea-
mounts and oceanic islands [17].
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that represent 5% of the volume of the Moon,
probably a reasonable upper bound if the Moon
was initially fully molten [2,7]. Heat producing
elements, predominantly U and Th, are highly
incompatible and become concentrated in the re-
sidual liquid of the magma ocean. The amount of
these elements incorporated into the IC must de-
pend on the amount of trapped intragranular liq-
uid in the cumulates [12]. Given the variable and
uncertain amount of incompatible elements in the
IC, we examine rates of heat production HIC in
the range of 10^20 times that of the bulk Moon
HB (see Table 1), the larger value corresponding
to all of the heat production in the Moon con-
centrated in the last 5% residual liquid. Since the
Moon is depleted in K, HB is assumed to be the
same as that which would be generated by U and
Th in the Earth's mantle (Table 1), as seems rea-
sonable for a giant impact origin. A smaller value
of HIC is certainly conceivable but probably
would not allow mare volcanism to occur early
enough in the evolution of the Moon.

The second parameter is the concentration c of
IC cumulates in the MIC. A value c = 0.2 is sug-
gested by a simple analysis of di¡erentiation [12].
The rate of heat production in the MIC is cHIC.
The compositional density di¡erence between IC
and OPx mantle vbIC is about 8.8% [2] and that
for the MIC material is reduced by a factor of c.
The value of bIC which we have used (Table 1) is
based on estimates that the ilmenite/pyroxene ra-
tio in the IC is about 1/3 [2,7]. More ilmenite-rich
compositions would result in an even higher den-
sity. We also introduce a parameter f that repre-
sents the fraction of IC cumulates that are di¡er-
entiated into deeper interior, the fraction (13f)
forming a KREEP layer that remains near the
base of the crust. The ratio of the volume of the
mixed layer to the volume of IC is thus f/c. This
ratio determines the radius of the mixed layer
RMIC = (0.05R3

of/c+R3
i ), where Ri and Ro are the

radii of the metallic core and the Moon, respec-
tively. With f = 0.5 and c = 0.2, the radius of the
mixed layer would be about half of the radius of
the Moon if no metallic core or one with a negli-
gible volume was present.

We will use two di¡erent techniques to examine
the conditions for instability and the resulting

wavelengths: a Rayleigh^Taylor (R^T) instability
analysis and ¢nite element modelling of thermo-
chemical convection. With the R^T instability
analysis, we will determine the wavelengths at
which the mixed layer goes unstable. For this pur-
pose, we assume that the MIC layer is already
unstable with a density that is smaller than the
overlying mantle, and then we calculate growth
rates for di¡erent wavelengths or spherical har-
monics. The growth rates of small amplitude per-
turbations are determined with an analytical ap-
proach that was originally developed for studying
stress relaxation associated with impact basins
[14]. Like previous R^T instability analyses [15],
thermal e¡ects are excluded and the displacement
at density interfaces is assumed to be small which
enables us to linearize the boundary condition.
While previous analyses are often done for isovis-
cous £ow in a Cartesian geometry [15], our R^T
instability analysis works for both isoviscous and
layered viscosity structure for a spherical geome-
try.

To understand the relative roles of thermal and
chemical buoyancy, we will use ¢nite element
models of thermo-chemical convection in a
spherically axisymmetric geometry [16]. Our ther-
mo-chemical convection models are based on the
following assumptions:

1. The models treat two initially compositionally
distinct layers: a layer of OPx mantle and an
underlying MIC layer. The crust and the
KREEP layer are not explicitly included, be-
cause the viscosity is relatively large due to the
low temperature at these shallow depths. How-
ever, the thermal blanketing e¡ect of the
KREEP layer is considered.

2. Heat production rates are cHIC, 0 and HIC for
the mixed layer, the mantle and KREEP layer,
respectively. Various model parameters are
presented in Table 1.

3. The initial temperature pro¢le follows an adia-
bat with a potential temperature equal to the
solidus temperature at the crust^mantle bound-
ary (Table 1). For boundary conditions, the
surface is free-slip and isothermal; the core^
mantle boundary is free-slip and thermally in-
sulating. A free-slip condition at the core^man-
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tle boundary assumes that the metallic core is
liquid. As the MIC layer heats up, we neglect
heating of the core.

4. Temperatures in our models may become high
enough to cause partial melting. IC inclusions
will melt at a V100 K lower temperature than
the host, generating melts that are denser than
the host [17]. If no reaction occurred between
IC and host, the volume increase of the melted
IC would result in a reduced bulk density of
MIC. However, reactions between the IC melt
and host that occur by in¢ltration or di¡usion
will increase the Fe and Ti content of minerals
in the host [3], thus increasing its density and
largely o¡setting the loss of dense mineral
phases in the IC. The small density decrease
that may occur is di¤cult to calculate based
on available mineral physics data. Here, we
make the simple assumption that IC melts
are consumed by reaction with the host with
no overall change in the density contrast be-
tween the MIC materials and the mantle. If
temperatures exceed the host solidus, volume
expansion due to melting will reduce the over-
all density by an amount that depends on the
degree of melting. We represent this as an in-
creased e¡ective thermal expansion coe¤cient
of 1034 K31, corresponding to a 5% volume
increase distributed linearly over the 500 K
interval between the peridotite solidus and
liquidus.

3. Results

In this section, we will ¢rst demonstrate the
conditions under which degree 1 structure may
develop by using a R^T instability analysis. We
will then present ¢nite element thermo-chemical
convection models to show how radioactive heat-
ing within the MIC layer can lead to the instabil-
ities that produce degree 1 distribution in both
thermal and compositional structures.

3.1. Degree 1 instability from a R^T instability
analysis

For a two layer system in a Cartesian geometry

in which the top layer has a greater density, in-
stabilities will occur at a wavelength that depends
on the layer thickness [15]. In a spherical geome-
try, we will demonstrate that the preferred wave-
lengths for instabilities depend on not only the
layer thickness but also the inner radius Ri of

Fig. 2. (A) Dependence of normalized growth rate on har-
monic degrees for models with a di¡erent inner radius Ri.
(B) Dependence of normalized growth rate at degree 1 on Ri

and the radius of mantle^MIC boundary RMIC. (C) Depen-
dence of normalized growth rate on harmonic degrees for
models with a di¡erent ratio of mantle viscosity to MIC vis-
cosity, r.
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the bottom layer (i.e. MIC layer) [18^20]. For a
given viscosity structure, density di¡erence across
the boundary between MIC and mantle, Ri and
RMIC, a growth rate for instabilities, can be calcu-
lated for each wavelength or spherical harmonic
with an analytic approach that is developed in
[14]. The dominant wavelength will be the one
with the fastest growth rate.

Our analyses have shown that the dominant
wavelengths depend on Ri, RMIC and the viscosity
structures of the mantle and MIC layer. When
Ri = 300 km, RMIC = 444 km and the MIC layer
and the mantle have the same viscosity, the
fastest growth rate occurs at degree 2 (Fig. 2A).
However, as Ri is reduced with other param-
eters ¢xed, degree 1 becomes the fastest growing
mode (Fig. 2A). If Ri is ¢xed at 300 km, degree 1
cannot be the fastest mode no matter how thick
the MIC layer is (Fig. 2B). This is because as
the layer thickness or RMIC increases, the longest
wavelength will be limited by the resisting stress
on the surface boundary at R0. Our analysis
shows that for isoviscous mantle and MIC layer,
the fastest growth rate occurs at degree 1 for
a range of MIC layer thicknesses (Fig. 2B) but
only for a su¤ciently small metallic core
(Ri 6 250 km). If the MIC layer is less viscous
than the overlying mantle, the growth rate for
l = 1 mode remains the fastest over a large param-
eter space. However, the di¡erence in growth rate
between the l = 1 mode and modes at higher l is
reduced (Fig. 2C). A MIC layer more viscous
than the overlying mantle enhances the l = 1
mode (Fig. 2C).

3.2. Generation of degree 1 structure from thermo-
chemical convection

We now demonstrate how the MIC layer be-
comes unstable due to radioactive heating and
how the instabilities may lead to degree 1 distri-
bution in both thermal and compositional struc-
tures. The minimum thermal buoyancy and time
scale for the instability to occur can be simply
estimated. For a mixed layer with IC concentra-
tion c, the relative density di¡erence between MIC
materials and the mantle is cvbIC, and the temper-
ature di¡erence for the MIC layer to o¡set its
compositional buoyancy is cvbIC/K, where K is
the thermal expansivity. For the heat production
rate HB (Table 1), the temperature increase is
about 0.5 K Ma31. With the heat production
rate cHIC, the time needed for the MIC layer to
reach neutral buoyancy is independent of c. For
vbIC = 8.8%, HIC = 20HB and K= 3U1035 K31,
neutral buoyancy is attained after 293 Ma and,
for c = 0.2, with a minimum temperature increase
of 587 K. Thermal di¡usion will act to damp in-
stability so that additional thermal buoyancy, de-
pending on the mantle viscosity, is needed before
the MIC layer becomes unstable.

Our thermo-chemical convection models use a
¢eld method for advecting the composition [16].
In order to achieve accurate solutions for the ¢eld
method, a high resolution is necessary [21]. We
use 120 and 180 elements in the radial and azimu-
thal directions, respectively, with ¢ner grids with-
in the MIC layer and in the mantle near the com-
positional boundary. Our numerical tests show

Table 2
Onset time and temperature and dominant structure

HIC/HB c Onset time Onset temperature Structure l
(Ma) (³C)

20 0.1 438 (294)a 1643 (1529) 1
0.2 348 (274) 1911 (1777) 1
0.3 270 (221) 2040 (1904) 1

10 0.1 651 (695) 1515 (1530) 2
0.2 629 (638) 1798 (1802) 2
0.3 562 (497) 2010 (1937) 1

aThe numbers in parentheses are the time and temperature for the MIC layer to reach a neutral buoyancy with respect to the
overlying mantle in the model.
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that this resolution is su¤cient and that our re-
sults are robust, particularly for the relatively
short integration time (i.e. half overturn time)
that we are interested. We have considered models
with both constant viscosity and temperature-de-
pendent viscosity.

Our ¢rst example considers a constant 5U1020

Pa s viscosity; c = 0.2; HIC = 20HB ; Ri = 150 km;
and RMIC = 690 km (i.e. f = 25%). As the MIC
layer heats up, a conductive thermal boundary
layer forms near the MIC^mantle boundary, but
no thermal convection occurs (Figs. 3A and 4A).
After 270 Ma, the temperature in the bottom part
of the MIC layer exceeds the melting temperature.
At 274 Ma, the MIC layer becomes neutrally
buoyant (Table 2), but the layer remains stable.
At 348 Ma, with continued heating and thermal
expansion, the MIC layer becomes unstable (Fig.

Fig. 4. Temperature (T and the left panel) and compositional
(C and the right panel) ¢elds at di¡erent times for (A, B, C)
model 1 with constant viscosity.

Fig. 3. Dependence of azimuthally average temperature on
radius at di¡erent times for (A) model 1 with constant vis-
cosity and (B) model 2 with temperature-dependent viscosity.
The melting curve shows temperatures appropriate for the
generation of lunar volcanic glasses. IC inclusions would ini-
tially melt at temperatures that could be several hundred de-
grees lower.
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3A). As the instability grows, the MIC moves to
one hemisphere, forming l = 1 thermal and com-
positional structure (Fig. 4B,C). As in the simpler
R^T stability analysis (Fig. 2B), the numerical
models show that the dominant wavelength crit-
ically depends on Ri and RMIC. For example, for
Ri = 300 km, only degree 2 and 3 structures can be
generated.

We have explored the sensitivity of the onset
time and temperature (i.e. the maximum temper-
ature when MIC layer becomes unstable) and the
dominant structure to c and HIC for models with
the same Ri and RMIC as those in the ¢rst model.
For a given HIC, onset temperature increases with
c, but onset time decreases with c (Table 2). A
larger c corresponds to larger compositional
buoyancy which results in a larger onset temper-
ature. The decreasing onset time with increased c
is primarily caused by the increased expansion
coe¤cient after the MIC temperature exceeds
the melting temperature (Table 2). Smaller HIC

(e.g. HIC = 10HB) results in a longer onset time
because the MIC layer with smaller HIC heats
up more slowly. The onset temperature is smaller
for smaller HIC, particularly for c = 0.1 and 0.2
(Table 2). A smaller HIC takes longer to create
a given temperature di¡erence between the MIC
layer and mantle, giving more time to create a
thicker di¡usive thermal boundary layer. There-
fore, it requires less thermal buoyancy to destabi-
lize the MIC layer for smaller HIC. We also found
that while the dominant structure is always degree
1 for HIC = 20HB, degree 2 occurs only for c = 0.1
and 0.2 and HIC = 10HB (Table 2). For c = 0.1 and
0.2 and HIC = 10HB, the onset times and temper-
atures are smaller than those for reaching neutral
buoyancy (Table 2), suggesting that the instabil-
ities are mainly caused by the thermal boundary
layer rather than the MIC buoyancy. We have
also considered models with a higher 5U1021 Pa
s mantle viscosity. The higher mantle viscosity
increases both onset time and temperature, as ex-
pected. Although the thermal boundary layer is
thicker, the dominant structure of instabilities re-
mains the same as that from calculations with
smaller viscosity.

Our second model with temperature-dependent
viscosity shows that degree 1 instability can occur

Fig. 5. Temperature (T and the left panel) and compositional
(C and the right panel) ¢elds at di¡erent times for (A, B, C)
model 2 with a temperature-dependent viscosity.
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at subsolidus temperature. In this case, c = 0.15;
HIC = 20HB ; Ri = 200 km; and RMIC = 560 km
(f = 10%). The viscosity at the melting tempera-
ture at core^mantle boundary pressure is 1019

Pa s, and the activation energy is 150 kJ mol31

(Table 1). As the temperature increases, the man-
tle and MIC viscosities decrease. At 352 Ma, ther-
mal convection develops within the MIC layer
(Fig. 5A). However, during this period, the MIC
layer is stable with respect to the overlying mantle
(Fig. 5A). After 390 Ma, the entire MIC layer
becomes buoyant and moves towards one hemi-
sphere while thermal convection is still occurring
within the MIC layer. This subsequently results in
a predominantly degree 1 structure (Fig. 5B,C),
but with smaller-scale features inherited from
the thermal convection. In this model, the temper-
ature within the MIC layer is below the melting
temperature when the degree 1 instability occurs
(Fig. 3B). However, as the MIC material rises,
decompression melting would occur.

4. Discussion

As discussed earlier, the lunar crustal thickness
asymmetry may result from redistribution of crus-
tal material excavated from the SP-Aitken impact
basin. However, it might be argued that the de-
gree 1 instability from our models may produce a
similar crustal thickness variation depending on
the thermal and mechanical structure of the crust
when the instability occurs. Creep £ow in the low-
er crust may occur at a much lower temperature
than it does in the mantle [22], and if the lower
crust can £ow when instability occurs, the degree
1 mantle £ow may lead to crustal thinning in the
hemisphere with upwelling and crustal thickening
in the other hemisphere. Although the thick lunar
crust (V55 km) would favor £ow in the lower
crust, studies of elastic lithosphere thickness
near lunar basins ¢lled with mare basalt suggest
an elastic layer at least 50 km at the time that
mare basalts were emplaced [23]. Crustal £ow
could be important only if the elastic lithosphere
was thinner than these earlier estimates indicate.

We have demonstrated that hydrodynamic in-
stabilities of a mixed layer of IC and OPx above

a metallic core may generate the hemispherical
asymmetry in thermal and compositional struc-
tures that may explain the temporal and spatial
distributions of mare basalts. The key parameters
include the radii of metallic core Ri and mantle^
MIC boundary RMIC. Moment of inertia from
Lunar Prospector constrains Ri to fall between
220 km and 450 km [24]. However, a smaller Ri

is also allowed by the moment of inertia [2]. The
historical record of lunar laser ranging data indi-
cates a maximum core radius in the range of 220^
350 km [25], with most recent results yielding a
one-sigma upper limit of 352 and 374 km for Fe
and FeS core compositions, respectively [26]. Re-
cent analysis of magnetometer data from Lunar
Prospector strongly excludes core radii greater
than 450 km with cores smaller than 300 km
less strongly excluded [27]. When all uncertainties
are considered, laser ranging and induced mag-
netic moment observations imply only an upper
bound on core radius (352^425 km) [28]. RMIC

depends on how the IC di¡erentiates. However,
the range of Ri and RMIC over which degree 1 can
be generated (Fig. 2B) is large enough to satisfy
the observational constraints and a variety of dif-
ferentiation models.
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