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Introduction.  Density is a fundamental parameter 

in any geophysical modeling that uses gravity. As ex-
amples, crustal thickness modeling requires knowledge 
of the crustal density, and lithosphere flexure calcula-
tions require not only the density of the load, but also 
the density of the crust. The bulk density of crustal 
materials depends upon composition and porosity. If 
rock densities could be estimated by geochemical 
means, and if bulk densities could be calculated from 
gravity and topography data, then the porosity of the 
upper crust could be estimated, providing important 
constraints for impact cratering models and seismic 
velocity models. 

Density constraints from geochemistry.  Con-
straints on crustal density can be obtained from geo-
chemical and remote sensing data. Based on the known 
compositions of lunar rocks and estimated mineralogi-
cal norms, the pore-free densities of lunar rocks are 
found to be highly correlated with the abundances of 
both FeO and TiO2. Using Lunar Prospector iron and 
titanium abundances [1], the pore-free density of the 
lunar surface is estimated to vary from 2861 kg m-3 in 
the highlands to 3508 kg m-3 in the maria. The density 
of the lunar highland crust is relatively constant with 
an average value of 2900 kg m-3 but can vary by about 
100 kg/m3. In comparison to the farside highlands, the 
density of surface materials in the South Pole-Aitken 
basin is predicted to be higher by about 150 kg m-3.  

Density constraints from gravity and topogra-
phy.  Crustal density can be determined using gravita-
tional and topographic data obtained from orbit. The 
linear transfer function (admittance) between the 
spherical harmonic coefficients of the gravity field and 
topography are predicted to depend primarily on 
crustal density and elastic thickness [2]. For our analy-
ses, we have used recently acquired topographic data 
from the Lunar Reconnaissance Orbiter and global 
gravity data from the Japanese mission Kaguya. The 
Kaguya gravity models include the first direct tracking 
data over the lunar farside from 4-way Doppler meas-
urements, and the gravity coefficients are valid glob-
ally to degree and order 70. Nevertheless, shorter 
wavelengths can still be analyzed locally in regions 
where the gravity coverage is good and the signal is 
strong.  

Localized spectral admittances for various crustal 
regions were calculated by windowing the free-air 
gravity and surface topography with the band-limited 
localization windows of Wieczorek and Simons (2005) 

[4]. The localization windows are constructed to 
minimize the signal arising exterior to the region of 
interest (a spherical cap of angular radius θ0) for a 
given spectral bandwidth. We chose a single localiza-
tion window with bandwidth Lwin such that 99% of its 
power was concentrated in the region of interest. In 
order to neglect possible low-degree rotational and 
tidal contributions, localized admittances were ana-
lyzed between degrees Lwin+3 and Ldata-Lwin, where 
Ldata=100 corresponds to the maximum degree of the 
utilized SGM100i gravity model. 

In modeling the relation between gravity and to-
pography, we considered the case where both surface 
and subsurface loads were emplaced on a thin elastic 
spherical shell [e.g., 5]. Using the known topography, 
theoretical free-air gravity fields were calculated as a 
function of crustal density  ρc , crustal thickness  Tc , 

elastic thickness  Te , and a parameter L that defines the 
importance of surface and subsurface loading. Young’s 
modulus E was set to 1011 Pa, Poisson’s ratio ν  was 
set to 0.25, the mantle density was assumed to be 3360 
kg m-3, and was set to the average thickness ob-
tained from the updated crustal thickness model of [6]. 
The loading parameter L is defined as the ratio of the 
magnitude of material added as a subsurface load, to 
the combined magnitudes of the surface and subsurface 
loads. Surface and subsurface loads were assumed to 
be either in phase (with L being defined as positive) or 
180 degrees out of phase (with L being defined as 
negative). The assumption of surface and subsurface 
loads being either perfectly correlated or anticorrelated 
implies that the localized spectral correlation function 
should be either close to 1 or -1. By varying the pa-
rameters  ρc , , and L, the best fitting model to the 
observed admittance was obtained.  

Analyses were mainly concentrated on the ancient 
fledspathic highlands terrane [7]. Figure 1 shows the 
global gravity and topography datasets that were used, 
and outlines of two representative localized analysis 
regions, with one being located on the nearside and the 
other on the farside. The localization windows for 
these analyses were chosen to have an angular radius 
of 20° on farside and 12° on the nearside, with corre-
sponding spectral bandwidths of 13 and 21, respec-
tively. 

 Figures 2 and 3 show the observed localized and 
modeled admittance and correlation functions for these 
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two regions. Since our surface and subsurface loading 
model predicts the correlation to be nearly unity, we 
only model those degrees where this is satisfied (as 
shown by the grey vertical lines). We estimated the 
best-fitting model by minimizing the reduced chi-
square misfit function 
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where Zl
obs and Zl

cal are observed and modeled admit-
tances, σ l

obs  is uncertainty associated with each ob-
served admittance (calculated by assuming the gravity 
and topography coefficients should be perfectly line-
arly correlated), andυ is the number of degrees of free-
dom, which is equal to the number of utilized spherical 
harmonic degrees less the number of modeled pa-
rameters. 

The bulk density for the region over northern far-
side highland crust was estimated to be 2840 kg m-3 
with 1-σ  limits from 2770 to 2970 kg m-3 , whereas  
the southern highlands region was estimated to have a 
bulk density of 2810 kg m-3 with 1-σ  limits from 2640 
to 2930 kg m-3. Using our relationship between pore-
free density and iron and titanium abundance, the Lu-
nar Prospector γ-ray spectrometer data imply that the 
pore-free densities of both investigated regions is 2900 
kg m-3. By comparing these mineralogically based val-
ues with those from the localized gravity and topogra-
phy analyses, the porosity of the upper few kilometrs 
of crust is estimated to be 2.04% (which could change 
from 0% to 4.45%) and 2.97% (which could change 
from 0% to 8.84%) for the far- and near-side regions, 
respectively. These values are comparable consistent 
with the ~7% porosities of highly shock ordinary 
chondrites [8], and are also comparable to the inferred 
5% excess porosity beneath the Ries impact crater [9].  

Summary and Conclusions. By using newly ob-
tained global models of the Moon’s gravitational field 
and topography, we have applied a localized spectral 
analysis to several highland regions of the Moon in 
order to estimate the bulk density of the upper few 
kilometers of crust. In combination with independent 
pore-free density estimates derived from surface com-
postion, a porosity of 2-3% is implied, with uncertain-
ties ranging from ~0 to 9%. The estimation of bulk 
density and porosity is hindered by the low resolution 
of the current global gravity models. High resolution 
gravity data that will be collected by the upcoming 
Gravity Recovery and Interior Laboratory (GRAIL) 
mission will allow for the global determination of 
crustal density to high precision. 
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Figure 1.  Topography (left) and free-air gravity (right) of the Moon 
plotted in a Mollweide projection centered on 90° W. The two cir-
cles on each image denote the regions analyzed in Figures 2 and 3. 

 

Figure 2.  Localized admittance and correlation for the lunar farside 
highland region (210° E, 70° N), Black data points and the blue 
curve represent the observed admittance and correlation, respectively, 
whereas the magenta and green curves are for the model that best fits 
the admittance in the degree range denoted by the vertical gray lines. 

Figure 3.  Localized admittance and correlation for the lunar near-
side highland region (340° E, -70° N). 
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