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[1] Using a suite of numerical models, we show that impact-induced convection in the
Moon can explain the formation of lunar mare basalts, the depth range of their source
region, the observed delay between impact basin formation and starting time of mare
flows, and the long duration of the basaltic flows. The effects of an impact on the
thermal evolution of the Moon and melt production in the mantle are investigated
using convection calculations in an axisymmetric cylindrical coordinate system. An
ascending mantle plume is allowed to melt as it crosses the depth of the solidus
temperature. We consider two different models: permeable and impermeable. Five
different viscosity models and three different impact basin sizes are examined. The total
amount of melt produced by the permeable model with 1000 times viscosity contrast
across the computation domain is comparable to the observed mare flows in Imbrium and
Orientale basins. Moreover, the starting time of major melting in the mantle and its
duration are also compatible with the observations. The model also allows a rigid
lithosphere to develop beneath the basins that is capable of supporting the mascons
largely created during the peak mare flow period. The model for South Pole Aitken basin
results in a substantial amount of melting in the mantle, which does not seem to
be compatible with the observations. A potassium, rare earth elements, and phosphorus
(KREEP) layer with high concentration of radioactive elements incorporated directly
beneath the crust has minor effects on the melt production in the mantle.
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1. Introduction

[2] Lunar mare basalts cover most of the nearside impact
basins, about 17% of the lunar surface. The basaltic flows
occurred during 4–3.2 Gyr ago, within about 800 Myr after
the formation of impact basins [e.g., Boyce, 1976; Geiss et
al., 1977], and major volcanic eruptions peaked in the
Imbrian period (3.85–3.2 Gyr ago) [Nyquist and Shih,
1992; Head, 1976]. The volume of the volcanic flows in
the basins ranges from 104 to 107 km3 [Solomon and Head,
1980]. The petrological evidence suggests source regions
for mare basalts in the upper about 300 km of the lunar
interior, on the basis of the assumption that mare basalts
were saturated in pyroxene and olivine in the source regions
[e.g., Heiken et al., 1991; Longi, 1992]. A much deeper
source region, about 500 km depth, is anticipated if the
picritic glasses were genetically related to mare basalts
[Delano and Livi, 1981]. Lunar mare basalts range in
composition, space, and time with smaller and earlier

eruptions of high-Ti basalt, and larger and later eruptions
of low-Ti basalt that were then followed by eruptions of
high-Ti basalt [Cattermole, 1996].
[3] Two end-member mechanisms have been proposed

for the formation of lunar basalts. One mechanism suggests
that because of internal heating in the early history, deeper
parts of the Moon partially melted, resulting in basaltic
volcanism [e.g., Runcorn, 1974; Solomon, 1975]. The
impact basins simply provided favorable depressions for
basalt to pound. Because of no influence of the impacts on
the formation of mare basalts, we call this mechanism
passive. The absence of mare flows on the far side of the
Moon, observed at the time, was related to a thick and low-
density lunar crust [Solomon, 1975]. According to this
hypothesis, basalt ascending from a deep-seated source
pounded inside the thick crust of the far side when it
reached the neutral buoyancy level. No association is
expected between an intrusive and the surface morphology.
However, such intrusive bodies would give rise to mascons
when they are solidified, whereas all of the small mascons
recently discovered in the far side of the Moon [Konopliv et
al., 1998] are associated with large craters. Moreover, the
large crater Moscoviense in the far side is almost completely
flooded and has an appreciable mascon. The passive mech-
anism also fails to explain the lack of substantial flooding in
South Pole Aitken (SPA) basin, with a diameter of about
2500 km and a mean depth of about 8 km. The basin floor is

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 112, E03005, doi:10.1029/2006JE002709, 2007
Click
Here

for

Full
Article

1Institute for Advanced Studies in Basic Sciences, Zanjan, Iran.
2Department of Earth and Planetary Sciences, McGill University,

Montreal, Quebec, Canada.
3Department of Physics, University of Toronto, Toronto, Ontario,

Canada.

Copyright 2007 by the American Geophysical Union.
0148-0227/07/2006JE002709$09.00

E03005 1 of 17



well below the equipotential surface that fits mare surfaces
of the near side basins [Smith et al., 1997; Arkani-Hamed et
al., 1999]. The basalt originated deep in the Moon is
expected to fill the SPA basin before filling the nearside
basins. The mechanism also cannot account for the longev-
ity of the mare basalt volcanism, and the observed time lag
of a few hundred million years between the formation of an
impact basin and its flooding by mare basalts. In addition,
the passive mechanism cannot explain the observed geo-
chemical diversity of lunar basalts. In a partially molten
zone deep in the mantle the melt accumulates at the top and
creates chemically homogeneous basalt.
[4] The other mechanism, first proposed by Arkani-

Hamed [1973, 1974] and further developed by Manga
and Arkani-Hamed [1991], relates the basaltic volcanism
to the effects of giant impacts on the thermal evolution of
the Moon, hence the mechanism is called active. It is
proposed that the impact related high-porosity ejecta blanket
hampers heat loss from the upper mantle, and the intense
heat generating a potassium, rare earth elements, and
phosphorus (KREEP) layer directly beneath the crust causes
partial melting in the upper about 200 km of the Moon
beneath the low-conductivity ejecta blanket. The melt
laterally migrates to the basin. The KREEP layer, rich in
potassium, rare earth elements and phosphorus, is the
product of the late-stage magma ocean solidification [e.g.,
Warren and Wasson, 1979]. The active mechanism success-
fully explains the observed amount of mare basalt and the
time lag between the impact basin formation and the basaltic
flow. The success of the mechanism relies on the assump-
tion that heat transfer is by conduction alone, which allows
the heat generated by the KREEP layer produce substantial
melting. Despite its success the mechanism is not adequate,
because at such a thermal state convection is not formidable
in the lunar mantle. Any possible convection disperses heat
from beneath the low-conductivity ejecta blanket and makes
unlikely for the partial melting to occur. In addition, the
mechanism does not explain the observation that some of
the lunar basalts have come from much deeper interior. The
mechanism also fails to explain the lack of significant mare
flows in SPA basin.
[5] Wieczorek and Phillips [2000] argued that the KREEP

layer was not global, but mostly limited within the so-called
Procellarum KREEP Terrane. Using a pure conduction
model generally similar to Manga and Arkani-Hamed’s
[1991] model, the authors showed that prolonged melting
may occur in depths as great as 500 km. This is mostly
because the authors used low thermal conductivity in their
model, and assumed a high present bulk Uranium concen-
tration of 24 ppb. However, the model suffers from serious
internal inconsistencies, some of which has been pointed
out by Elkins-Tanton et al. [2004]. For example, the model
assumes a KREEP solidus temperature which allows total
melting of the KREEP layer throughout the period of
thermal evolution. However, because of static thermal
conduction assumption, the model does not allow the
molten KREEP layer to extrude as part of volcanism and
thus eliminate the effects of the KREEP layer in heating the
deep interior. In addition, the model does not consider
impact effects, such as the removal of part of the KREEP
layer, if not all, by excavation, and impact-induced thermal
perturbations which create substantial lateral variations of

temperature in the upper parts of the mantle. Moreover, the
model is not mechanically stable. Perturbations such as the
impact shock wave and the lateral variations of temperature
due to impact heating are sufficient to induce convection in
the low-viscosity partially, or totally, molten mantle. We
also note that it is highly unlikely that the relatively hot
lithosphere and the partially to totally molten mantle
beneath can support the mascon associated with Mare
Imbrium for the last about 3 Gyr. Last but not least,
although a thick KREEP layer can explain pervasive flood-
ing in Imbrium basin and immediate surroundings, as
demonstrated by Wieczorek and Phillips’ [2000] model,
there must be another mechanism independent of the
KREEP layer to explain the mare flooding and appreciable
mascons associated with other large impact basins, such as
Crisium, Smytii, Nectaris, Orientale, and Moscoviense
which are well outside the KREEP region. Mare Serenitatis,
which is comparable in size to mare Imbrium, only partially
overlies the KREEP region and yet it is totally flooded and
has a mascon comparable to that of mare Imbrium.
[6] In support of the active mechanism and to explain the

lack of mare flows in the SPA basin, Arkani-Hamed and
Pentecost [2001] demonstrated that the convection intro-
duced in the mantle by heating due to the giant impact was
vigorous enough to strip away the KREEP layer from
beneath the ejecta blanket and mix it with the entire interior
of the Moon, thus preventing partial melting of the upper
mantle beneath the blanket and formation of the mare basalt.
The impact-induced mantle convection by smaller impacts
that created Imbrium-size basins was weak and could not
strip away the KREEP layer, rather it pushed the layer aside
and created a thicker KREEP layer but farther than the
ejecta blanket. The authors were concerned with the dis-
placement of the KREEP layer by the mantle convection
and did not investigate the effects of a thickened KREEP
layer on the thermal state of the mantle. We show in this
paper that impact-induced convection does not allow ap-
preciable heating and partial melting beneath the ejecta
blanket.
[7] A rather new version of the active mechanism is

recently investigated by Elkins-Tanton et al. [2004], show-
ing that an appreciable amount of basaltic melt is generated
in the upper mantle by a large impact. The authors consider
the in situ partial melting due to impact excavation which
decreases the pressure in the mantle directly beneath the
basin and thus suppresses the solidus temperature to deeper
parts of the mantle causing partial melting in the uppermost
mantle. Moreover, the subsequent isostatic uplift of the
mantle creates localized convection and allows further
partial melting. The impact heating in the upper mantle is
not taken into consideration. About 98% of the total melt is
produced by the in situ partial melting immediately after the
impact, and only about 2% of the total melt is due to
subsequent localized convection. This version of the active
mechanism fails to explain the appreciable delay between
the basin formation and the major basaltic volcanism [e.g.,
Boyce, 1976; Head, 1976; Geiss et al., 1977], and also
cannot explain the lack of volcanism for giant SPA impact
basin.
[8] A successful mechanism for the formation of mare

basalts should explain the observed volume of mare flows
and the starting time and duration of the major volcanism.
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Such a mechanism should also account for the effects of the
impacts that created the large basins, namely excavation of
large portion of the crust, subsequent isostatic uplift of the
mantle, the low-thermal-conductivity ejecta blanket, impact-
induced thermal perturbations, and possible whole mantle
convection triggered by the impact-induced perturbations in
the upper mantle.
[9] In this paper we examine the possibility that the

whole mantle convection triggered by the impact perturba-
tions [Ghods and Arkani-Hamed, 2004] is capable of
producing large amounts of melt while explaining the time
lag between the impact and the major basaltic flows as well
as the long period of volcanism. The impact-induced
convection in the mantle has also been proposed to explain
the huge amount of volcanism required for the volcanic
structure of Tharsis bulge of Mars [Reese et al., 2002,
2004]. We determine the temperature in the lunar mantle at
the impact time, assumed 4 Gyr ago, through the thermal
evolution of the Moon starting at 4.6 Gyr ago, i.e., imme-
diately after the accretion and crystallization of lunar
magma ocean. The initial temperature at 4.6 Gyr ago is
set at the solidus temperature of dry peridotite [McKenzie
and Bickle, 1988]. We take into account the increase in the
solidus temperature of the solid residue depending on the
amount of partial melting. We then add the impact-induced
temperature perturbations to the laterally averaged temper-
ature immediately before the impact to obtain the initial
temperature for the postimpact thermal evolution calcula-
tions. We also set the mantle velocity to zero at this time.
This allows us to investigate the effects of an impact on the
subsequent mantle convection. Different sets of models are
considered in order to explore the effects of different
physical parameters on the volume and time evolution of
melt production, such as temperature-dependent thermal
conductivity and viscosity, increase of the viscosity of the
solid residue, distribution of radioactive heat generating
elements, melt migration inside partially molten zones in
the mantle, and the impact size.

2. Impact-Induced Thermal Convection

[10] The impact of a large projectile causes thinning of
the crust, immense ejecta production, heating of the crust
and upper mantle, in situ melting in the mantle, and
formation of an impact basin. Such an impact may induce
four stages of melting at different depths and times. The first
occurs near the surface, by strong heating of the projectile
and target that results in melting and vaporization of a major
part of the projectile and the near-surface part of the target.
This rapid melting does not create mare basalt. The second
is the almost immediate in situ melting that occurs because
of (1) the depressurization of the upper mantle by impact
excavation of the curst which displaces the solidus to deeper
parts of the mantle and (2) the impact heating. The third
melting may occur by localized convection initiated by the
subsequent isostatic uplift of the mantle directly beneath the
basin. The materials from deeper parts of the upper mantle
move upward and melt as they cross the depth of mantle
solidus. The melting may occur in rather shallow depths.
This localized convection together with the impact-induced
thermal perturbations in the upper mantle beneath the basin
may develop whole mantle convection, resulting in the

fourth stage of melting. The development of the whole
convection and its associated partial melting may take a
considerable amount of time, resulting in the observed delay
of 100–800 Myr of mare flows relative to the time of the
basin formation [e.g., Boyce, 1976; Geiss et al., 1977].
The volume of the melt produced by the partial melting of
the lunar mantle depends on many physical parameters such
as the impact size and the initial temperature and compo-
sition of the mantle.
[11] We calculate several thermal evolution models of the

Moon with different values of the physical parameters to
investigate the timing and melt volume of the delayed fourth
stage of melting of the mantle. Each model has a preimpact
and a postimpact history. A preimpact model starts at
4.6 Gyr ago, immediately after the Moon chemically
differentiated and the magma ocean solidified, and ends at
4 Gyr ago. It provides a reasonable starting temperature,
composition, and melt depletion region (the region that has
previously been partially melted and basaltic melt has been
extracted) in the mantle prior to the climax time of impact
event at 4 Gyr ago [e.g., Boyce, 1976; Geiss et al., 1977].
The dry peridotite solidus [McKenzie and Bickle, 1988] is
adopted as the initial temperature of the preimpact models.
The initial temperature of a postimpact model consists of
the laterally averaged (analogous to spherically symmetric
in the spherical coordinate) part of the temperature distri-
bution of the corresponding preimpact model immediately
before the impact, and the impact-induced thermal pertur-
bations plus the thermal perturbations due to the subsequent
isostatic rebound of the mantle. Similarly, the initial deple-
tion field of the postimpact model is the laterally averaged
part of the depletion field of the corresponding preimpact
model immediately before the impact, plus the depletion
fields produced by the second and the third stages of
melting mentioned above. Also, a postimpact model inherits
all of the physical parameter values and boundary condi-
tions from the corresponding preimpact model. The initial
velocity field of the postimpact model is set to zero in order
to investigate the mantle convection that is solely induced
by the impact.
[12] The thermal evolution and melt production of the

preimpact and postimpact models are calculated in an
axisymmetric cylindrical coordinate system with a height
of 1288 km and an aspect ratio (diameter/height) of 4. An
aspect ratio of 8 is used for modeling the effects of a SPA-
size impact. The equations of conservation of mass, mo-
mentum and energy are solved for a two-phase flow model
with internal heating by radioactive elements, while allow-
ing partial melting of the mantle in both preimpact and
postimpact models. The equations are based on McKenzie’s
[1984] and Bercovici et al.’s [2001] derivations, but are
modified to take into account the effect of melt extraction.
The nondimensionalized governing equations are [Ghods
and Arkani-Hamed, 2000],

�@f
@t

þr: 1� fð Þ~Vs
� �

¼ 0; ð1Þ

@f
@t

þr: f~V l

� �
¼ Ge; ð2Þ
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where t is time, ~Vs is solid matrix velocity, ~V l is melt
velocity, P is perturbations to the hydrostatic pressure, rs is
density of the solid matrix, rl is density of the melt, and K is
thermal conductivity of solid matrix and melt. The
hydrodynamic pressure is defined as P = P + rs

ogdcdi3
where g is the gravitational acceleration at the surface of the
Moon, rs

o is reference density of the solid matrix, dc is the
characteristic length over which compaction occurs, and di3
is Kronecker delta function. In the momentum equation for
the solid matrix, equation (3), it is assumed that pressure
difference between the solid residue matrix and melt leads
to an instantaneous volumetric deformation. For example,
compaction occurs if the solid matrix pressure is larger than
the melt pressure. The difference between the solid matrix
and melt pressures, DP, is approximated by a linear
volumetric deformation of the solid matrix as DP =
zr.~Vs. The bulk viscosity of the two-phase flow media,
z, is assumed to be equal to the viscosity of the solid matrix,
hs. The stress tensor for the solid matrix s is defined as

s ¼ hs r~Vs þ r~Vs
� �Th i

þ z � 2=3hsð Þ r: ~Vs
� �

I ð6Þ

where I is the unit matrix. Equations (1) and (2) express the
conservation of mass of the solid matrix and melt, their
densities are assumed to be constant. The density of the
solid matrix (rs) is not, however, constant in the momentum
equation for the solid matrix, equation (3). Permeability, Kf,
is assumed to be a function of melt fraction, f,

Kf ¼ 10�3a2f3 ð7Þ

where a is the grain size [Von Bargen and Waff, 1986;
Cheadle, 1993]. Equation (7) implicitly assumes that
porosity network is interconnected at all melt fractions
which is in good agreement with experimental results
[Kohlstedt, 1992].
[13] Melting is a chemical reaction which depletes iron

content and reduces the density of the solid residue.
Therefore the density of the solid matrix, rs, is a function
of temperature, T, and volumetric fractional depletion in-
duced by melting, M,

rs ¼ ros 1� a T� Toð Þ � bMð Þ ð8Þ

where a and b are the coefficients of thermal expansion and
melt depletion, respectively. To is the reference temperature,
assumed to be the average of the temperatures at the top and
bottom of the computational domain. Equation (6) is stress-

strain constitutive law for compressible media where hs is
shear viscosity of solid matrix. Equation (4) is the
momentum equation for the melt which is equivalent to
Darcy’s law. In the momentum equations the nondimen-
sional number Ra = (rs

ogdc
2)/(hs

oWo) corresponds to the
conventional Rayleigh number in that it describes
the strength of the thermal buoyancy force, rs

ogdc
2 versus

the viscous force hs
oWo, where rs

o, hs
o and Wo are the

reference density of the solid matrix, the reference viscosity
of the solid residue and the characteristic velocity of the
melt, respectively. Equation (3) is the momentum equation
for the solid matrix. The first term on the right-hand side is
the resistive force due to a compressible two-phase flow
media and the second term is related to the thermal,
chemical and melt retention buoyancy forces. The non-
dimensional number D = (hs

oKf
o)/(hldc

2) in equation (4)
denotes efficiency of melt migration where Kf

o and hl are the
reference permeability of the solid matrix and the viscosity
of the melt (assumed 1 Pa s), respectively. Equation (5) is
the conservation of energy where T represents temperature.
In writing the energy equation, it is implicitly assumed that
thermal equilibrium exists between the melt and solid
matrix that are in immediate contact. We also assume that
rlCP

l = rsCP
s where CP

s and CP
l are the specific heat of the

solid matrix and the melt. The nondimensional Peclet
number Pe = (Wodc)/(ks

o ) describes the ratio of the rate of
thermal advection to the rate of thermal diffusion, where ks

o

is the thermal diffusivity of the melt and solid matrix. The
nondimensional number Di = (gadc)/(CP

s) is the dissipation
number, quantifying importance of the adiabatic cooling/
heating due to vertical velocity of the solid matrix, Vz

s, and
melt, Vz

l.
[14] In the above formulation, a lunar mantle model

consists of two incompressible continuous media, a solid
residue matrix and melt contained in the matrix. However,
the entire mantle is compressible because a given partially
molten region compacts if melt migrates out and expands if
melt migrates in from elsewhere. We consider adiabatic
cooling/heating in our energy equation. At the end of
each time step the temperature field is corrected to take
into account the latent heat of melting. The thermal
expansion, melt depletion (equation (8)) and melt retention
(equation (3)) buoyancies are the three sources of buoyancy
considered in our momentum equation.
[15] An iterative control volume method [Patankar,

1980] is adopted to solve the equations of mass, momentum
and energy conservation for a two phase flow media,
namely solid residue matrix and melt. The equations are
solved over a grid of 441 and 241 in radial and vertical
directions, respectively. Grid spacing in the vertical direc-
tion is fine and variable, varies between 1 and 5 km in the
top 300 km of the model, but it is constant (i.e., about
7.7 km) in the lower part. A constant grid spacing of about
5.8 km is used along the radial direction. Details of
numerical and mathematical formulations are given by
Ghods and Arkani-Hamed [2000, 2002].
[16] Figure 1 shows the dimensions of the computational

domain, and the boundary conditions used in the models.
An initial crustal thickness of 30 km, and a temperature-
dependent viscosity model are adopted. The adopted rheol-
ogy allows for the growth of a cold stagnant layer at the top
of the domain, more than 60 km at 4 Gyr ago. Accordingly,
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