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Abstract

It has long been recognized that mare basalts on the Moon are preferentially located both on the Earth-facing
hemisphere and within large impact basins. A popular model that accounts for this observation assumes that these
magmas were denser than the lunar crust, that they accumulated at the crust^mantle interface, and that eruptions
occurred only when this magma chamber became overpressurized. In this paper, we re-evaluate this model and argue
that it is not consistent with the available data nor with models of dike propagation. As an alternative hypothesis, we
propose that magma buoyancy is the predominant factor that determines whether mare basalts erupt at the surface or
form crustal intrusions instead. We have computed the densities of mare basaltic magmas and find that some are, in
fact, less dense than the Moon's upper anorthositic crust. Based on the widely accepted view that the lunar crust
becomes more mafic with depth, we also show that all mare basaltic magmas should be less dense than the lower portion
of the crust. Thus, if the upper anorthositic crust was regionally removed by an impact event, then any mare basaltic
magma could have risen to the surface there based on buoyancy considerations alone. In support of this model, we note
that mare basalts are indeed found wherever geophysical crustal thickness models predict the upper crust to be absent.
Furthermore, many of the basalts that erupted within the anorthositic highlands are predicted to be less dense than the
underlying crust based on remote sensing data. The high titanium flows within Oceanus Procellarum are somewhat
problematical to our model in that an anorthositic crust is predicted to be present beneath them. Using results from
recent lunar thermal models, we suggest that these magmas may have overcome their negative buoyancy in the crust by
possessing superliquidus temperatures. If magma buoyancy does indeed control whether or not a basaltic eruption will
occur, then this implies that the quantity of magma produced beneath the South Pole-Aitken basin was about 10 times
less than that of the nearside. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Two geologic processes that have modi¢ed the

lunar surface are impact cratering and mare vol-
canism. Whereas impact cratering is a spatially
random process, the maria are far from being
uniformly distributed. Images of the Moon's far-
side clearly show that more than 90% of the lunar
lava £ows by area are located on the Earth-facing
hemisphere. With the exception of the large re-
gion spanned by Oceanus Procellarum, most of
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these basaltic £ows are associated with large im-
pact basins. A major question concerning lunar
evolution is whether this distribution of basaltic
volcanism is a result of spatial variations in par-
tial melting of the lunar interior, or is simply the
result of some magma transport process that has
inhibited the eruption of basalts on the farside.

During the Apollo missions the topography of
the Moon was measured from orbit along two
roughly equatorial swaths. These data showed
that the elevation of the nearside was on average
about 2 km lower than that of the farside with
respect to the Moon's center of mass [1]. If this
topography was compensated by an Airy mecha-
nism, then this observation would imply that the
nearside crust is at least 10 km thinner than that
of the farside. Furthermore, as a result of the low
elevations associated with the nearside impact ba-
sins, the thickness of the crust in these regions
should be less than the nearside average. The co-
incidence in regions that were inferred to have a
thinned crust and the distribution of basaltic
eruptions suggested to many that these two phe-
nomena were genetically related.

Kaula et al. [1], Runcorn [2], and Solomon [3]
were the ¢rst to argue that the apparent correla-
tion between crustal thickness and mare volcan-
ism could be explained using the concept of `hy-
drostatic head'. In these models, a force balance
between the weight of a column of magma and
the lithostatic pressure at the mare source deter-
mines whether a basaltic dike will extend to the
surface or not. Assuming that lunar basaltic mag-
mas were in general denser than the crust, and
that a single dike could extend from the surface
to the mare source, these models predicted that
basaltic eruptions should only have occurred at
low elevations where the crust is presumably
thinned.

As magmatic processes on Earth became better
understood with time, it became increasingly ap-
parent that magma buoyancy plays a major role
in the dynamics of magma transport and storage.
Many have argued that the Earth's crust acts as a
density ¢lter allowing only those magmas that are
less dense than the crust to erupt (e.g., [4,5]). The
role of magma buoyancy was further shown by
Ryan [6] and Walker [7] to control the depth at

which magma chambers form within the Earth's
crust. They argued that magma is stored at a level
in which it is neutrally buoyant (the `neutral
buoyancy horizon'), and that as a result of a
highly fractured near surface layer this level is
usually located at only a few kilometers depth.
Bladed dikes on the £anks of Kilauea and Kra£a
have been shown to propagate along the neutral
buoyancy horizon (e.g., [6,8]), and theoretical and
experimental models [8^10] have con¢rmed this
general behavior of magma transport and storage.
The neutral buoyancy concept has also been suc-
cessfully applied to the Martian volcano Olympus
Mons [11].

Head and Wilson [12] modi¢ed the previous
lunar hydrostatic head models to take into ac-
count the concept of neutral buoyancy. Assuming
that mare basaltic magmas were denser than the
lunar crust, they postulated that mantle-derived
partial melts would buoyantly rise through mantle
and accumulate at the crust^mantle interface. On
the Moon, this interface has been seismically de-
termined to be at a depth of about 60 km beneath
the Apollo 12 and 14 sites [13]. They showed that
if the crust were isostatically compensated, these
magmas would only be able to erupt at the sur-
face if their associated magma chamber became
overpressurized. The magnitude of this requisite
excess pressure was shown to increase with in-
creasing crustal thickness, thus making it more
likely for volcanic eruptions to occur where the
crust is thin.

Though these early models could explain the
apparent correlation between the distribution of
mare volcanism and the then available elevation
and crustal thickness constraints, data obtained
from the Clementine and Lunar Prospector space-
craft have shed considerable doubt upon these
models. Altimetry data from the Clementine mis-
sion have shown that the lowest lunar elevations
occur within the farside South Pole-Aitken basin
[14], and geophysical crustal thickness modeling
[15,16] has shown that the crust there is thinner
than over much of the nearside. Though there are
a few mare ponds sparsely distributed throughout
this basin (e.g., [17,18]), if crustal thickness and
elevation were the only factors controlling the
eruption of mare basalts, then this basin should
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have been expected to have been completely re-
surfaced by lava £ows [19].

Gamma-ray data from the Lunar Prospector
mission have alternatively suggested to some
that the distribution of mare volcanism may
have more to do with spatial variations in magma
production than with magma transport processes.
Data from this spacecraft show that the surface
abundances of heat-producing and incompatible
elements (i.e., KREEP) are highly concentrated
in the Oceanus Procellarum and Mare Imbrium
regions of the Moon [20]. Based on this and other
observations, it has been argued (e.g., [21^24])
that this region of the Moon is a unique
KREEP-rich geochemical province (i.e., the `Pro-
cellarum KREEP Terrane'). Wieczorek and Phil-
lips [24] noted that the distribution of mare ba-
salts and the con¢nes of this province are highly
correlated, and by utilizing a simple conductive
thermal model they showed that the enhanced
heat production of this region was more than
su¤cient to partially melt the underlying man-
tle.

Thermal models that take into consideration
the convection of distinct chemical layers that
may have existed within the Moon also highlight
the possible importance of spatial variations in
magma production rates within the lunar interior.
Zhong et al. [25] showed that a degree-1 upwelling
of KREEP- and ilmenite-rich magma ocean cu-
mulates could have caused the deep mantle to
melt in only one hemisphere. Conversely, Par-
mentier et al. [26] showed that a degree-1 down-
welling of KREEP- and ilmenite-rich magma
ocean cumulates could have concentrated heat-
producing elements on one hemisphere of the
Moon, giving rise to a hemispheric asymmetry
in partial melting of the mantle.

Though these recent thermal models all propose
that spatial variations in magma production may
be important for explaining the distribution of
mare volcanism, none of these models have ad-
dressed how magma is transported from the mare
source to the surface. At present it is unknown
whether magma transport processes or magma
production is the dominant factor in controlling
the eruption of mare basalts on the Moon. Since
magma buoyancy is known to play a dominant

role in controlling the eruption of lava on Earth,
we suspect that this factor will play an important
role in lunar magmatic processes as well. In this
paper we test the hypothesis that magma buoy-
ancy is the predominant factor that controls
whether basaltic magmas will erupt on the
Moon or form crustal intrusions instead.

In Section 2 of this paper we ¢rst argue that the
traditional hydrostatic head hypothesis for con-
trolling the eruption of mare basalts is inconsis-
tent with the available lunar data and current
models of dike formation and propagation. In
Section 3 we compute the liquidus densities of
mare basaltic magmas and discuss the structure
and composition of the lunar crust. We then
show that the lunar volcanic record is consistent
with the hypothesis that magma buoyancy is the
predominant factor in determining whether a ba-
saltic magma will erupt at the surface. In Section
4 we discuss some of the implications of this mod-
el.

2. Evidence against the hydrostatic head
hypothesis

2.1. Crustal thickness and elevation

The main prediction for all variations of the
hydrostatic head hypothesis is that volcanic erup-
tions should preferentially occur either at low el-
evations or where the crust is thin. (If the crust is
compensated by an Airy mechanism then eleva-
tion and crustal thickness are linearly related to
each other.) We test this prediction using the dis-
tribution of mare basalts as mapped by Wilhelms
[17].

In Fig. 1 the elevation of the lunar surface [27]
referenced to the lunar geoid [28] is plotted for
those regions of the Moon where volcanic £ows
are present. (When referenced to the geoid, basalt
£ow directions accurately track elevation
changes.) This image emphasizes the ubiquity of
£ows within the nearside basins and Oceanus Pro-
cellarum, and the scarcity of £ows within the Aus-
trale and South Pole-Aitken basins. Using the
data from Fig. 1, the fraction of lunar area that
is covered by lava £ows is plotted as a function of
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elevation in Fig. 2. Though no basaltic £ows are
found at the highest elevations (between 2 and
8 km), the paucity of basaltic eruptions at the
lowest lunar elevations (primarily within the
South Pole-Aitken basin) is clearly an inconsis-
tency with the hydrostatic head hypothesis.

To test the putative connection between basal-
tic volcanism and crustal thickness, we plot the
fraction of area covered by lava £ows as a func-

tion of crustal thickness in Fig. 3. Here we have
used the single-layer crustal thickness model of
Wieczorek and Phillips [16] updated using the
100-degree Lunar Prospector gravity ¢eld [28].
This plot shows that lava £ows are highly preva-
lent where the crust is thinnest (less than 30 km).
However, this plot also illustrates that there is a
paucity of lava £ows within the South Pole-Ait-

Fig. 3. The fraction of lunar area covered by mare basalts as
a function of crustal thickness. The thickness of mare £ows
has been subtracted from the crustal thickness determina-
tions. The crustal thickness of the Moon in this model
ranges from about 6 to 156 km.

Fig. 2. The fraction of lunar area covered by mare basalts as
a function of elevation. Elevations on the Moon range from
about 36 to 8 km.

Fig. 1. Elevation of the maria referenced to the lunar geoid. The volcanic provinces of Wilhelms [17] (e.g., the Aristarchus Pla-
teau, Marius Hills, Ru«mker Hills, and a region just west of Copernicus) are outlined in white, and the approximate con¢nes of
the South Pole-Aitken and Australe basins are delineated by dashed lines. Center meridian is 0³ longitude and the map is an
equal-area Mollweide projection.
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ken basin where the crust is about 40 km thick,
and a relative abundance of £ows within Oceanus
Procellarum where the crust is comparatively
thicker (V50^60 km). Though this observation
suggests that crustal thickness may somehow in-
£uence the conditions necessary for basaltic erup-
tions to occur on the Moon, crustal thickness by
itself cannot solely explain the global distribution
of mare basalts.

2.2. The depth of the mare source

Assuming that the mare basaltic magmas were
generally denser than the Moon's crust, it has
been suggested that the lithostatic pressure at
the mare source could have forced these magmas
to the surface [1^3,29]. Assuming this hypothesis
to be correct, Solomon [3] showed that the max-
imum height at which mare basalts erupted could
be used to constrain the maximum depth of the
mare source. This was accomplished by perform-
ing a simple force balance between the Moon's
reference hydrostatic pressure at the depth of
the mare source and the pressure due to the
weight of a magma column extending from the
source to the surface.

Assuming that this version of the hydrostatic
head hypothesis is correct, we have performed a
similar calculation using extreme values for all
parameters in order to maximize our computed
depth of the mare source. The reference lunar
hydrostatic pressure as a function of depth was
computed assuming that the Moon possesses a
67 km thick crust of density 2900 kg/m3, a
430 km radius iron core of density 7300 kg/m3,
and an average mantle density of 3335 kg/m3

(constrained by the known lunar mass). In com-
puting the pressure dependence upon the density
of the mare basaltic magma column, a second-
order Birch^Murnaghan equation of state was
used with a reference liquidus density of 3028 kg/
m3 and an isothermal bulk modulus of 17.4 GPa
(the evaluation of these parameters is discussed
separately in Section 3.1). Using 1.8 km as the
maximum elevation at which mare basaltic mag-
mas have erupted, this procedure implies that the
mare source is no more than 143 km below the
surface.

Experimental petrologic studies of the mare ba-
salts give an independent estimate of their source
depth. Using the assumption that these magmas
were multiply saturated in olivine and pyroxene in
their source and that their compositions represent
primary melts, the depths of origin of these ba-
salts have been found to lie in the range of V100
and 250 km (see the data compiled in [30]). How-
ever, if these magmas di¡erentiated on their way
to the surface, or if they are genetically related to
the picritic glasses, then the mare source could be
much deeper than this range (e.g., [30]). If the
mare source was as deep as 250 km, then this
version of the hydrostatic head hypothesis pre-
dicts that basaltic eruptions could have occurred
at elevations in excess of 6 km. If slightly less
restrictive parameters were used in our calcula-
tions, then we ¢nd that an eruption could have
occurred at any elevation. This is in direct con£ict
with the observation that all mare basaltic erup-
tions are found at elevations below 2 km.

2.3. Dike formation and propagation

Head and Wilson [12] modi¢ed the above hy-
drostatic head hypothesis by recognizing that ba-
saltic magmas would buoyantly rise through the
mantle until they encountered a neutral buoyancy
horizon. Since these magmas were assumed to be
denser than the crust, they would accumulate at
the crust^mantle interface about 60 km below the
surface. A basaltic eruption in this model would
only occur if the magma chamber became su¤-
ciently overpressurized.

This explanation, however, overlooks the obser-
vation that once magma is stored at the neutral
buoyancy horizon it will preferentially propagate
along this interface (e.g., [6^8]). This occurs sim-
ply because a magma must work against gravity
when it propagates vertically, whereas little grav-
itational work is done when it propagates later-
ally. Lister [9] and Lister and Kerr [10] demon-
strated this phenomenon by theoretical and
experimental modeling of a growing bladed dike
under a given magma production rate. They
showed that a dike at the neutral buoyancy hori-
zon does indeed primarily propagate horizontally,
but that the dike also grows vertically at a much
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slower rate. Since the neutral buoyancy horizon is
typically only a few kilometers below the surface
on Earth, they argued that this overshoot could
easily lead to the eruption of lava at the sur-
face.

Is it possible that a surface eruption of lunar
basalts could occur by a 60-km overshoot of the
neutral buoyancy horizon? Using the theoretical
formalism outlined in Lister [9] we have chosen
extreme parameters that would maximize the like-
lihood for such an eruption to occur. We have
used the maximum e¡usion rate from Hulme
[31] of 6U105 m3/s as typifying a constant magma
production rate within the bladed dike. The max-
imum viscosity of mare basaltic magmas was used
(28.3 Pa s; see Section 3.1), a density of 3400 kg/
m3 was used for the mantle, and an extremely
small density contrast of only 50 kg/m3 was
used between the crust (2900 kg/m3) and magma
(2950 kg/m3). In this model we ¢nd that in order
for a dike to overshoot the neutral buoyancy ho-
rizon by 60 km the length of the dike must exceed
1000 km. Using slightly more reasonable param-
eters yields dike lengths that exceed the circum-
ference of the Moon. Though this dike propaga-
tion model does incorporate some simplifying
assumptions that may turn out to be incorrect, a
60-km vertical overshoot of the neutral buoyancy
horizon, nonetheless, seems improbable.

3. The role of magma buoyancy

In this section we test the hypothesis that mag-
ma buoyancy is the predominant factor that de-
termines whether mare basaltic magmas will erupt
at the surface or form dikes and plutons in the
crust instead. We ¢rst describe our method for
computing the density of mare basaltic magmas.
Next, we discuss our current understanding of the
density and structure of the lunar crust and show
that most basaltic eruptions are consistent with
this hypothesis. The basalts of Oceanus Procella-
rum are somewhat problematical to our model,
but we show that these eruptions may be recon-
ciled within the buoyancy hypothesis by taking
into account the unique thermal history of this
region of the Moon.

3.1. The density of mare basalts

In computing the densities of mare basaltic
magmas we have used the chemical compositions
of the mare basaltic reference suite as tabulated in
the BVSP [32]. Liquidus temperatures for these
compositions were determined using the technique
of Delano [33] and the liquidus densities of these
magmas were computed using the partial molar
volume data of Lange and Carmichael [34]. The
partial molar volumes of MnO and Cr2O3 were
approximated by their solid oxide molar volumes
[34,35]. In addition, the isothermal bulk moduli
and viscosities of these magmas were determined
using the data of Kress and Carmichael [36] and
Bottinga and Weill [37], respectively. (Our com-
puted liquidus densities, temperatures, bulk mod-
uli, and viscosities for the mare basaltic reference
suite and picritic glasses can be found in the
EPSL Online Background Dataset1, Tables 1 and
2.)

We plot our computed liquidus densities as a
function of titanium and aluminum content in
Fig. 4. Though there is not a clear linear relation-
ship between TiO2 content and density, this plot
does illustrate that the highest titanium composi-
tions have the highest densities and that those
compositions highest in aluminum have the lowest
densities. The liquidus densities of the picritic
glasses (compositions from [38]) are shown for
comparison and they are seen not to di¡er signi¢-
cantly from their mare basalt counterparts.

Remote sensing data obtained from both Earth
and lunar orbiting spacecraft demonstrate that
the mare basalts are more compositionally diverse
than those present in the Apollo sample collection
(e.g., [39]). Near-global concentrations of FeO
and TiO2 have been determined at a relatively
high resolution on the Moon's surface [40] and
we use this information to constrain the liquidus
densities of these basalts. We have performed a
linear least-squares ¢t between the weight percent
of FeO and TiO2 and our computed liquidus den-
sities, and plot the result in Fig. 5. As is seen,

1 http://www.elsevier.nl/locate/epsl; mirror site: http://www.
elsevier.com/locate.epsl
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there is a very good linear relationship between
liquidus density and the weighted combination of
FeO and TiO2. Thus, if the concentration of these
two elements can be remotely determined for a
lunar lava £ow, then its liquidus density can be
determined to a good approximation as well.

3.2. The density and structure of the lunar crust

The primary reason that hydrostatic head mod-
els were advocated as a magma transport process
on the Moon is that it was thought that the mare
basalts were on average denser than the lunar
crust. If the lunar crust were predominantly anor-
thositic in composition throughout, then this as-
sumption would generally be true. We compute
the average feldspathic upper crust to have an
unfractured density of 2890 kg/m3 (using the com-
positional data of [23]), and as is seen in Fig. 4
many of the mare basaltic magmas are indeed
denser than this value. We do note, though, that
about a quarter of these basaltic magmas are less
dense than the upper crust and that these compo-
sitions generally have low titanium or high alumi-
num concentrations. Thus, some of the mare ba-
salts could have risen to the surface based solely
on buoyancy considerations. (The consequences
of a low density, brecciated near surface layer
will be discussed separately in Section 4.2. We

note at present, though, that a bladed dike on
the Moon should be able to overshoot such a
shallow neutral buoyancy horizon just as it does
on the Earth.)

Since the Apollo era it has become increasingly
evident that the lunar crust becomes more ma¢c
(and hence denser) with depth (see the summary
in [41]). Brie£y, the evidence includes the follow-
ing. (1) A 20-km seismic discontinuity appears to
exist within the crust beneath the Apollo 12 and
14 sites (e.g., [13]). (2) The noritic impact melt
breccias sampled at the Apollo stations most
likely have a deep crustal origin (e.g., [42]). (3)
The ejecta blankets of large basins have been
shown to be more ma¢c than average crustal ma-
terials (e.g., [43]). (4) The compositions of some
central peaks in complex craters are highly noritic
or troctolitic (e.g., [44]). (5) Geoid to topography
ratios for the lunar highlands suggest some form
of density strati¢cation within the crust [41]. And
(6) the geophysically derived crustal structure of
the South Pole-Aitken basin [16] as well as the
composition of this basin's £oor (e.g., [45]) sug-
gest that this basin may have excavated into a
noritic lower crust.

The above evidence does not unambiguously
distinguish between whether the lunar crust is
strati¢ed into an upper anorthositic and lower
noritic crust, or rather if the crust is vertically
zoned between these two compositions. As an
end-member scenario, though, Wieczorek and

Fig. 4. Plot of the liquidus density of mare basaltic and pic-
ritic magmas as a function of composition. The basalts have
been grouped into very low titanium (VLT), low titanium,
high titanium, low aluminum, and high aluminum subsets,
and the titanium content in each group increases to the right.
Horizontal lines denote the approximate density of the
Moon's upper anorthositic and lower noritic crust.

Fig. 5. Plot of the liquidus temperature of mare basaltic
magmas as a function of combined weighted concentrations
of FeO and TiO2. A least-squares ¢t is given by b= a
FeO+b TiO2+c, where a = 18.42, b = 13.06, and c = 2490.
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Phillips [16] have modeled the thickness of the
crust for the case in which the Moon possesses
two distinct crustal layers. The thickness of the
two layers in this model was constrained by the
depth of the Moho and the intracrustal seismic
discontinuity at the Apollo 12 and 14 sites. This
type of modeling is inherently non-unique, and
this study assumed that variations in the Bouguer
gravity ¢eld are predominantly due to relief along
the intracrustal interface. Where variations in the
thickness of the upper crust could not fully ac-
count for the observed gravity ¢eld, the crust^
mantle interface was allowed to vary as well.
The most interesting result of this model is that
the upper anorthositic crust is predicted to be
absent beneath many of the large impact basins.

Though the exact composition of the lower por-
tion of the Moon's crust is not known, a typical
value quoted for its density is about 3100 kg/m3

(e.g., [41]). As shown in Fig. 4, all mare basaltic
magmas (and almost all of the picritic glasses) are
less dense than this value. Thus, if the upper anor-
thositic crust was completely exhumed in an im-
pact event, then any compositional variety of ba-
salt could have risen to the surface there from
buoyancy considerations alone. In Fig. 6 we plot
those regions of the Moon where the upper anor-
thositic crust is predicted to be nearly absent (less

than 5 km thick) from the above dual-layered
crustal model (updated here using the 100-degree
Lunar Prospector gravity ¢eld [28]). These areas
include the South Pole-Aitken, Orientale, Humo-
rum, Imbrium, Serenitatis, Humboldtianum, Nec-
taris, Crisium, Smythii, and Moscoviense basins.
Isolated regions also occur within Mare Tranquil-
litatis, Nubium, Frigoris, Fecunditatis, and
Oceanus Procellarum. Based on the buoyancy hy-
pothesis, any type of mare basaltic magma could
have erupted within these regions, and indeed,
some basalt £ows are found within each of
them. Furthermore, eruptions from within any
of the above regions could conceivably have
£owed onto adjacent terrain where the upper
anorthositic crust is predicted to be present. Care-
ful mapping of lunar lava £ows via remote sens-
ing data and crater count ages will be needed to
con¢rm this latter suggestion.

At this point we would like to emphasize that
our magma buoyancy hypothesis makes no pre-
dictions as to the volume of basalts that could
have erupted wherever the upper crust is predicted
to be absent 9 this hypothesis can only predict
whether an eruption could have occurred. Thus,
while the areally scant lava £ows that are found
within the South Pole^Aitken basin are consistent
with our hypothesis, the buoyancy hypothesis by

Fig. 6. Map showing the distribution of mare basalts (light gray) and regions of the Moon where the upper anorthositic crust is
predicted to be less than 5 km thick (intermediate gray). Dark gray corresponds to an overlap of the two distributions.
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itself could not have predicted that volcanic £ows
would be comparatively more abundant within
basins on the Moon's nearside. The volume of
lava that ultimately reaches the surface is likely
to be dependent upon local magma production
rates and will be discussed further in Section 4.1.

Though the buoyancy hypothesis can account
for the eruption of mare basalts wherever the
upper crust is absent, what about those that
erupted where a thick anorthositic crust is pre-
dicted to be present? The volcanic deposits that
make up Oceanus Procellarum will be considered
separately in Section 3.3, and here we consider
those basalts that erupted within or near the
Moon's farside like those of Mare Australe, Mar-
ginis and Tsiolkovsky. Gillis and Spudis [46] have
determined the abundance of FeO and TiO2 in
these and other farside lava £ows using Clemen-
tine spectral re£ectance data and the method of
Lucey et al. [40]. While these lava £ows were
shown to possess moderate concentrations of
TiO2, their abundances of FeO were found to be
much lower than the nearside basalts. Using the
highest mapped FeO and TiO2 concentrations of
these lava £ows (16 and 5.5 wt%, respectively)
and the empirical correlation of Fig. 5, we predict
these basalts to have liquidus densities less than
2860 kg/m3. This value is just lower than the ex-
pected density of the upper crust, so even though
the crust in these regions of the Moon is very
anorthositic in composition, all of these basalts
could in principle have erupted as a result of their
buoyancy alone.

3.3. Oceanus Procellarum

The dual-layered crustal thickness model of
Wieczorek and Phillips [16] predicts that an upper
anorthositic crust should be present beneath the
lava £ows that make up Oceanus Procellarum.
Thus, based solely on a buoyancy-driven model
of magma transport we might have expected
that only low density basaltic magmas (those
low in iron and titanium or high in aluminum)
could have been able to erupt there. Unlike the
mare basalts that erupted in the highlands,
though, at least some of the basalts in this region
have extremely high concentrations of titanium

[40] and should be relatively dense. In order to
reconcile our magma buoyancy hypothesis with
the dense titanium-rich basalts that are found
within Oceanus Procellarum, we need to show
that these magmas erupted with densities less
than the underlying crust.

One possible explanation is that the crust be-
neath Oceanus Procellarum may be denser than
that used in the dual-layered crust thickness mod-
el of Wieczorek and Phillips [16]. While acknowl-
edging that this is a plausible hypothesis, we will
not pursue this possibility in this paper. Instead,
we note that if a magma were heated above its
liquidus temperature, its density would decrease
as a result of thermal expansion. This e¡ect is
illustrated in Fig. 7 where we have plotted the
densities of the mare basaltic magmas as a func-
tion of temperature. This plot demonstrates that
if these magmas were superheated to just over
1700³C all of them would have been less dense
than the upper anorthositic crust. Furthermore,
most of the basaltic magmas become buoyant in
the crust at temperatures considerably less than
this value.

Is it plausible to expect such high temperatures
in the mantle directly beneath Oceanus Procella-
rum? Gamma-ray data obtained from the Lunar
Prospector mission have shown that the surface
abundance of KREEP is highly concentrated in
the Oceanus Procellarum and Mare Imbrium re-

Fig. 7. Plot showing the density of mare basaltic magmas as
a function of temperature. The dot at the beginning of each
line corresponds to the magma's density at its liquidus tem-
perature, and the horizontal dashed line corresponds to the
density of the upper anorthositic crust.
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gions, and this has likely in£uenced the thermal
evolution of this region. Wieczorek and Phillips
[24] have in fact shown that the enhanced heat
production of this province should have been suf-
¢cient to melt the underlying mantle, giving rise
to the volcanic £ows that are found in this region
of the Moon. Up until about 3.5 Ga, their model
predicts that the top of the mantle should have
had temperatures in excess of 1700³C. This model
used a conservative estimate of the quantity of
heat-producing elements in this province, so these
high temperatures may have existed for a longer
period of time. Thus, as basaltic melts from depth
buoyantly rose through the mantle they could
have become heated above their liquidus temper-
ature, decreasing their density in the process.

It has alternatively been suggested by Zhong et
al. [25] that the asymmetric distribution of mare
basalts on the Moon could be the result of a de-
gree-1 upwelling of KREEP- and ilmenite-rich
magma ocean cumulates. In this model, ilmenite
crystallizes from a lunar magma ocean and sinks
to the center of the Moon carrying with it a sig-
ni¢cant amount of heat-producing elements in the
process. Because of the high density of these cu-
mulates, they stay at the center of the Moon until
they become heated enough to buoyantly rise in a
large-scale degree-1 upwelling. Melting in this
model occurs deep in the mantle where liquidus
temperatures are about 1700³C. Thus if these ba-
saltic melts could rise through the overlying man-
tle without exchanging a signi¢cant amount of
heat with their surroundings, then the superliqui-
dus temperatures of these magmas could have o¡-
set their negative compositional buoyancy in the
crust. Whether a magma can become, or remain,
superheated in either of these models deserves fur-
ther study and will depend upon factors such as
the size of the magma diapirs and their associated
ascent rate. We do note, though, that the depths
and geomorphology of lunar sinuous rilles may
require these features to have formed from super-
heated lava [47].

Even though we need to invoke special (though
arguably reasonable) thermal conditions to ex-
plain the eruption of mare basalts within Oceanus
Procellarum, we note that this condition may
need only to have occurred at isolated locales

within this province. Mapping of Eratosthenian-
aged lava £ows within Mare Imbrium by Schaber
[48] shows that one of these £ows extends for
about 1200 km in length. Comparing Clemen-
tine-derived topography with his mapping sug-
gests that this £ow was ultimately arrested by a
topographic barrier. Thus, many of the basalts
found within Oceanus Procellarum could have
erupted from within a few isolated topographi-
cally high volcanic centers (e.g., the Aristarchus
plateau, just west of Copernicus, Marius Hills, or
Ru«mker Hills, see [17] and Fig. 1) and £owed
downhill into what is now Oceanus Procellarum.
An inspection of the elevation data in Fig. 1
shows that these volcanic provinces are indeed
located at regionally high elevations. Since these
volcanic provinces are likely to have been the sites
of intense and sustained magmatic activity, it is
conceivable that a large portion of the basalts
within Oceanus Procellarum may have originated
from within them.

4. Discussion

4.1. Lateral variations in magma production

If a certain region of the Moon were volcani-
cally active, the magma buoyancy hypothesis
could be used to predict whether a basaltic mag-
ma would erupt at the surface or form a crustal
intrusion instead. However, even if this hypothesis
predicts that a basaltic eruption could occur, local
magma production rates will signi¢cantly in£u-
ence the total volume of lava that ultimately
makes it to the surface.

If our buoyancy hypothesis is correct, the
South Pole-Aitken basin suggests to us that large
lateral variations in magma production did indeed
exist beneath the Moon's crust. Geophysical [16]
and remote sensing studies [45] both suggest that
a lower noritic crust is exposed in this basin, and
the buoyancy hypothesis predicts that any type of
mare basalt could have erupted there. Though
basaltic £ows are present in this basin, Fig. 1
clearly shows that they are areally scant when
compared to that of the nearside. In fact if these
basaltic £ows were evenly spread across the £oor

EPSL 5706 18-1-01 Cyaan Magenta Geel Zwart

M.A. Wieczorek et al. / Earth and Planetary Science Letters 185 (2001) 71^8380



of this basin (V1000 km radius) the average
thickness of this veneer (using the data of [18])
would only be about 50 m. In contrast, the aver-
age thickness of mare basalts in Oceanus Procel-
larum is probably more than 400 m [49] and their
thickness within the large impact basins is prob-
ably much greater. Thus, this di¡erence seems to
suggest that the quantity of magma produced
within the nearside mantle was about 10 times
greater than that produced within the mantle of
the farside. A hemispheric dichotomy in magma
production is consistent with recent lunar thermal
models [24^26].

4.2. The existence of shallow mare basaltic
plutonic rocks

In our discussion of the magma buoyancy hy-
pothesis we have thus far assumed that the lunar
crust was unfractured. However, the seismic pro-
¢les obtained beneath the Apollo 12 and 14 land-
ing sites show that the seismic velocity there grad-
ually increases in the crust from the surface to a
depth of 20 km, and this has been interpreted as a
result of impact-induced fractures closing with in-
creasing lithostatic pressure (e.g., [13]). Though
the reduction in density of the crust due to this
fracturing has not been quantitatively assessed
from the seismic data, investigations of the terres-
trial Ries impact crater o¡er some insight into the
magnitude of this e¡ect. From modeling this cra-
ter's negative Bouguer gravity anomaly, the in
situ density reduction of the upper 0.25 km of
the crust has been inferred to be about 400 kg/
m3 [50] At about 2 km depth the density is in-
ferred to have been reduced by only 100 kg/m3,
and below 6 km depth fractures within the bed-
rock are inferred to be nearly closed or absent.

If the magnitude of fracturing beneath the Ries
crater is applicable to the Moon, then the density
of the top 1.5 km of the crust could have densities
as low as 2500 and 2700 kg/m3 for anorthositic
and noritic crustal materials, respectively. (Since
the increase of lunar lithostatic pressure with
depth is about six times less than that of the
Earth, closure of fractures within the lunar crust
will occur at comparatively greater depths.) All of
the mare basaltic magmas in Fig. 4 are denser

than these values, so one might naively think
that this would invalidate our premise that a mag-
ma must be less dense than the surrounding crust
in order to erupt. Once magma stalls at a shallow
neutral buoyancy horizon, however, an eruption
may eventually occur because of two processes.
First, as discussed in Section 2.3, a growing
bladed dike progressively overshoots the neutral
buoyancy horizon with time, and a few kilometers
overshoot to reach the surface is to be expected
[9]. Secondly, gas exsolution from a magma as it
approaches the surface could also help in driving
a basaltic eruption. If carbon monoxide is the
main exsolved phase, then this process should be
important for depths less than 4 km below the
surface [29].

Though a low density impact-brecciated surface
layer on the Moon would not likely completely
inhibit a basaltic eruption from occurring, this
low density layer would, nonetheless, promote
the formation of near surface basaltic intrusions
(most likely in the form of bladed dikes). In fact,
it is quite possible that the volume of intruded
magma may be much greater than that which ul-
timately makes it to the surface. Thus, in regions
of the Moon where volcanic £ows are prevalent,
the near surface crust (less than about 10 km)
may contain a signi¢cant quantity of mare basal-
tic plutonic rocks. It is possible that the central
peaks of complex craters that formed in volcani-
cally active regions may sample these putative
plutonic rocks.

5. Conclusions

Lunar basalts generally have higher concentra-
tions of both FeO and TiO2 when compared to
common terrestrial basalts. If the crust of the
Moon were anorthositic in composition, then
most of these dense magmas would not have
been able to rise through it and erupt at the sur-
face based on buoyancy considerations alone. The
lunar crust, however, is widely acknowledged to
become increasingly noritic (and hence denser)
with depth, and our calculated liquidus densities
of mare basaltic magmas show that they should
be less dense than the lower portion of the crust.
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Thus, if impact processes regionally removed the
upper anorthositic crust, then any type of mare
basalt could have erupted there by considering
only buoyancy e¡ects.

The dual-layered crustal thickness model of
Wieczorek and Phillips [16] predicts that the lower
noritic crust should be exposed at the surface be-
neath almost all of the nearside multiring basins
and the farside South Pole-Aitken basin. The ba-
saltic eruptions that occurred in these regions are
thus consistent with our hypothesis that magma
buoyancy is the predominant factor controlling
the eruption of basalts on the Moon. Those ba-
salts that erupted on or close to the Moon's far-
side, where an upper anorthositic crust is present,
have been shown to possess a low abundance of
FeO [46] and are predicted to be less dense than
the crust there. The only lunar basalts that do not
neatly ¢t into this scenario are those that erupted
within and adjacent to Oceanus Procellarum.
These eruptions can be reconciled within the mag-
ma buoyancy hypothesis if these magmas erupted
at superliquidus temperatures. Because of the
unique thermal evolution of the Procellarum re-
gion of the Moon, this condition could have been
satis¢ed.

If magma buoyancy is the dominant factor in
controlling whether a basaltic eruption will or will
not occur on the Moon, then this hypothesis has
several implications. First, the paucity of lava
£ows in the South Pole-Aitken basin re£ects a
total farside magma production that is about 10
times lower than that of the nearside. And sec-
ondly, since the near surface crust of the Moon
is highly fractured as a result of impact cratering,
near surface mare basaltic intrusive rocks should
be common within the crust wherever extrusive
lava £ows are found.
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