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Abstract A new method of determining the thickness of mare basalts on the Moon is introduced
that is made possible by high-resolution gravity data acquired from NASA’s Gravity Recovery and Interior
Laboratory (GRAIL) mission. Using a localized multitaper spherical-harmonic analysis, an effective density
spectrum is calculated that provides an estimate of the average crustal density as a function of spherical
harmonic degree. By comparing the observed effective density spectrum with one generated from a
theoretical model, the thickness of mare basalts can be constrained. We assume that the grain density of the
basalts is known from remote sensing data and petrologic considerations, we assign a constant porosity to
the basalts, and we let both the thickness of the basalts and the density of the underlying crust vary. Using
this method, the total thickness of basalts was estimated on the nearside hemisphere, yielding an average
of 0.74 km with 1𝜎 upper and lower bounds of 1.62 km and 100 m, respectively. The region of Marius Hills,
which is a long-lived volcanic complex, is found to have the thickest basalts, with an average of 2.86 km and
1𝜎 limits of 3.65 and 1.02 km, respectively. The crust beneath the Mare Imbrium basalts is found to have an
atypically high density of about 3000 kg m−3 that we interpret as representing a mafic, unfractured, impact
melt sheet.

1. Introduction

Mare basalts are extrusive igneous rocks that are derived from partial melting of the mantle of the Moon.
Though the majority of dated basalts are about 3 to 3.5 Ga, some fragments have ages as old as 4.2 Ga [Papike
et al., 1998], and crater counting techniques suggest that some may be as young as 50 Myr [Braden et al., 2014].
Covering about 17% of the Moon’s surface [Head, 1976], mare basalts are preferentially located on the nearside
of the Moon in regions of low elevation. This remarkable nearside-farside asymmetry was initially attributed
to differences in crustal thickness but now is thought to be a result of an asymmetric distribution of heat
producing elements in the crust and mantle [Wieczorek and Phillips, 2000; Wieczorek et al., 2001; Laneuville et al.,
2013]. The iron-rich composition of mare basalts not only gives rise to their low albedo but also causes their
density to be considerably higher than the anorthositic highlands (approximately 3300 kg m−3 in comparison
to about 2550 kg m−3) [Huang and Wieczorek, 2012; Kiefer et al., 2012; Wieczorek et al., 2013].

The thickness and total volume of the mare basalts are fundamental parameters that constrain a large range
of geological and geophysical investigations. The total volume of basalts reflects the time-integrated volcanic
history of the Moon, which any thermal evolution model of the Moon must reproduce [Hess and Parmentier,
1995, 2001; Konrad and Spohn, 1997; Spohn et al., 2001; Shearer et al., 2006; Laneuville et al., 2013]. The thick-
ness of mare basalts also provides crucial information on lunar volcanic processes [Head and Wilson, 1992;
Antonenko and Head, 1995; Hess and Parmentier, 1995; Yingst and Head, 1997]. Unfortunately, the thicknesses
of the mare are only poorly constrained.

Based on statistical studies of crater morphology, an empirical relationship between rim height and crater
diameter was found by Baldwin [1949, 1963] and later developed by Pike [1967, 1972]. By using this rela-
tionship it is possible to estimate the thickness of basalts that have partially flooded the exterior of a crater.
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The thickness of mare basalts is simply the difference between the predicted rim height for an unflooded
crater and the observed rim height with respect to the surroundings [e.g., Eggleton et al., 1974; De Hon, 1974,
1977, 1979; De Hon and Waskom, 1976]. Using this technique, it was found that the average basalt thicknesses
were about 0.3 km in Oceanus Procellarum and larger in impact basins like Imbrium and Humorum (> 1.5 km).
There are some deficiencies, however, when using this morphological method. First, only mare basalts that
erupted after the formation of the crater can be constrained. If there were mare basalts emplaced prior to
crater formation, the actual total basalt thickness at the impact site could be considerably greater. Second,
the flooded craters could be more degraded than those used to define the morphometric relationships of the
unflooded craters, and this would result in an overestimation of the thickness [Hörz, 1978]. Third, as a result
of the reduction in cratering flux over time, there are few flooded craters in the lunar maria, which makes it
difficult to map mare thickness based on the sparse data set [Head, 1982].

Using multispectral data, a different technique was developed by Budney and Lucey [1998] to determine the
total thickness of the mare basalts that made use of the composition of a crater’s ejecta deposit. In the mare,
if a crater were sufficiently large, it would be able to penetrate through the basaltic surface layer and excavate
underlying highland materials. Initial studies that made use of Clementine multispectral data made it possible
to detect those craters that penetrated the mare by the detection of feldspathic materials in the crater’s proxi-
mal ejecta. By the use of a model that provides the maximum depth of crater excavation, an estimation of the
total basalt thickness could be made. In contrast, if there was no highland material detected in crater ejecta,
this would provide a minimum bound on the total mare thickness. Based on this crater excavation method,
the basalt thicknesses in portions of Mare Humorum, Mare Smythii, Oceanus Procellarum, and Mare Imbrium
were estimated by Budney and Lucey [1998], Gillis and Spudis [2000], Heather and Dunkin [2002], and Thomson
et al. [2009], respectively. In general, these results are larger than the estimates derived from partially flooded
craters.

Another method to map the thickness of mare basalt is made possible by using radar data collected from
orbit. The Apollo Lunar Sounder Experiment (with wavelengths between 2 and 60 m) flew on the Apollo
17 mission. It transmitted radar pulses to the Moon and received reflected signals not only from the sur-
face but also from structures beneath the surface. In Mare Serenitatis, two subsurface radar reflectors were
found with mean apparent depths of 0.9 km and 1.6 km, but only one reflector of 1.4 km depth was found
within Mare Crisium [Peeples et al., 1978]. Within central Oceanus Procellarum, a deep subsurface horizon was
also found whose depth decreased from west to east with 1 km near the crater Grimaldi to 0.5 km near the
crater Kepler [Cooper et al., 1994]. The deepest subsurface interfaces detected by the Apollo radar sounder
likely correspond to the interface between the mare and underlying highlands. The Lunar Radar Sounder
(with 60 m wavelength) onboard the Kaguya mission also detected subsurface interfaces in Mare Serenitatis,
Mare Crisium, Mare Smythii, Mare Nectaris, Mare Humorum, Mare Imbrium, and Oceanus Procellarum, which
might represent the interface between the basalt flows and underlying crust. However, the thicknesses from
Kaguya appear to be thinner than from the Apollo experiment, and it is uncertain if the Kaguya radar sounder
detected the mare-highland interface or just a shallower interface between two lava flows of differing ages
[Ono et al., 2009; Pommerol et al., 2010; Oshigami et al., 2014].

Lastly, another way that the thickness of the mare basalts can be constrained is by the mapping of completely
buried impact craters. There are several circular gravity anomalies in the mare that lack any topographic
expression, and these have been interpreted as ancient craters that were completely flooded by mare basalts
[Evans et al., 2016]. By using an estimate of the crater’s initial rim height, a lower bound of the mare thickness of
∼1.5 km has been obtained for the nearside mare. Forward modeling of the gravity signature of large craters
that might have excavated through the mare and into the underlying highlands provides an upper bound of
about 7 km for the preimpact mare thickness.

In this study, we make use of high-resolution gravity data obtained by NASA’s Gravity Recovery and Interior
Laboratory mission (GRAIL) [Zuber et al., 2013]. Previous studies using these data have shown that the rela-
tionship between gravity and topography can be used to determine the bulk density of the crust [Wieczorek
et al., 2013] as well as the density gradient below the surface [Besserer et al., 2014]. Here we follow an approach
similar to Besserer et al. [2014] and compute an effective density spectrum using a localized multitaper spec-
tral analysis [Wieczorek and Simons, 2005, 2007]. By assuming a subsurface density profile that reflects dense
mare basalts overlying fracture highland materials, we invert for the thickness of the basalts within Oceanus
Procellarum and Mare Imbrium (Figure 1).
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Figure 1. Topographic map centered on the lunar nearside [Smith et al., 2010]. Red box indicates the region plotted in
the following images, which covers Oceanus Procellarum, Mare Nubium, Mare Cognitum, and most of Mare Imbrium.
Two triangles show the locations of the craters Grimaldi and Kepler, and Marius Hills is marked by a star.

2. Method
2.1. Effective Density From Gravity and Topography
Wieczorek et al. [2013] and Besserer et al. [2014] developed a method to constrain the depth dependence of
density below the surface by use of an “effective density spectrum,” which relates the free-air gravity and the
gravity predicted from unit density topography as a function of spherical harmonic degree. This relation can
be written as

glm = 𝜌eff(l) blm + 𝜈lm , (1)

where glm is the spherical harmonic coefficient of degree l and order m of the free-air gravity, blm is the coef-
ficient of the gravity predicted by unit density topography, 𝜌eff is the effective density at spherical harmonic
degree l, and 𝜈lm is the remaining portion of the gravity not predicted by topography [Wieczorek et al., 2013]. By
assuming 𝜈lm is uncorrelated with the gravity predicted from topography, an unbiased estimate of the effec-
tive density spectrum can be obtained by multiplying equation (1) by blm, summing over all angular orders,
and then taking the statistical expectation which yields

𝜌eff(l) =
Sgb(l)
Sbb(l)

, (2)

where the cross-power spectrum S of two fields g and b is defined as

Sgb(l) =
l∑

m=−l

glm blm . (3)

The correlation between the free-air gravity and gravity predicted from topography is given by

𝛾(l) =
Sgb(l)√

Sgg(l) Sbb(l)
. (4)

Since gravity signals are attenuated with increasing height above their depth of origin, the highest degree
gravity signals will be relatively more sensitive to the near-surface structure than lower degree signals, and
the lowest degrees will be relatively more sensitive to deeper signals than the higher degrees. In our study, we
will assume that all density interfaces mimic the surface relief and that the density profile of the subsurface is
provided. In this scenario, the highest degree range examined in this study will therefore be sensitive primarily
to the shallowest crustal structure. If density increases with depth, as might be expected from the compaction
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Figure 2. Theoretical density model that contains a mare
basalt layer of thickness Tb and density 𝜌basalt overlying the
highlands crust. The highland crust is parameterized by its
density just below the basalt layer, 𝜌0, and a linear density
gradient, d𝜌∕dz.

of porosity, then the effective density would
decrease with increasing degree l. Though this is
what Besserer et al. [2014] observed for the high-
lands crust, they found the opposite behavior for
the maria, which they interpreted to represent
dense mare basalts overlying less dense high-
land rocks. In the following section, we provide a
model for this scenario and use it to invert for the
thickness of the dense basalt layer.

We expect the depth dependence of density to
vary regionally on the Moon, and we hence use
a localized multitaper spherical harmonic analysis
[Wieczorek and Simons, 2005, 2007] when calcu-
lating the effective density spectrum. The local-
ized spherical harmonic analyses were performed
using the SHTOOLS software package [Wieczorek
et al., 2015], and the localization windows were con-
structed to minimize the signal arising exterior to

an angular radius 𝜃0 for a given spectral bandwidth Lwin. To minimize the uncertainty of the effective density,
a large number K of orthogonal windowing functions are desired. At the same time, to limit the effects of
spectral leakage, the bandwidth Lwin should be chosen to be as small as possible.

A localized power spectrum estimate for a given taper k is obtained by multiplying the data by the
window and expanding the result in spherical harmonics. The localized effective density spectrum is then
calculated as

𝜌
(k)
eff
(l) =

S(k)GB(l)

S(k)BB (l)
, (5)

where G and B represent the localized versions of g and b. The multitaper power spectrum estimate of the
effective density is defined as the average of the individual spectral estimates obtained from each of the K
tapers, which is

𝜌
(mt)
eff

(l) = 1
K

K∑
k=1

𝜌
(k)
eff
(l) . (6)

The uncertainty of the observed effective density spectrum is taken as the standard deviation of the ensemble
of values for each degree. After obtaining a localized effective density spectrum, this can be compared with
a similarly localized theoretical spectrum that is derived from a given subsurface density model.

2.2. Subsurface Density Model
We make the assumption that density varies only as a function of depth below the surface. Thus, as in the
model of Besserer et al. [2014], density interfaces at depth will have exactly the same relief as the surface.
This is a reasonable assumption to make in the highlands, where density might be expected to increase as
a result of the compaction of porosity with depth, everywhere at the same rate. For the maria, this would
also be a reasonable assumption if the thickness of the basalt flows were everywhere the same within the
analysis region. This assumption will not be satisfied everywhere, given that lavas could fill in preexisting
impact craters. Nevertheless, if the crater were completely flooded, the gravity signal from the thicker basalts
in the crater center would not be correlated with the surface topography. In this case, as described in
deriving equation (2), the effective density spectrum would be statistically unbiased by the presence of such
buried craters.

We construct a subsurface density model for the maria that will be used in calculating a theoretical effective
density spectrum. As shown in Figure 2, the model contains a constant thickness layer of dense mare basalts
overlying less dense highland materials. For the upper mare layer, we assume that the density of the basalts
does not vary with depth, and the bulk density is calculated using an assumed constant porosity along with
the grain density derived from remote sensing and petrological considerations [Huang and Wieczorek, 2012].
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Figure 3. Theoretical effective density spectra for (a) various
basalt thicknesses and (b) various upper crustal densities
beneath the basalt layer. In the first case, the upper crustal
density and density gradient were set to 2390 kg m−3 and
21 kg m−3 km−1, respectively, and in the second case the
mare basalt thickness was set to 300 m. For both cases, bulk
densities of mare basalts were set to 2963 kg m−3. Both the
theoretical model and data were localized using 27 windows
of angular radius 14∘ (420 km), each with a spherical
harmonic bandwidth of 58. The localized spectrum of the
data corresponds to 40∘N 39∘W, with the gray lines
denoting the 1𝜎 uncertainty obtained from the multitaper
spectrum analysis.

For the highland layer, we assume that the den-
sity increases linearly with depth due to the reduc-
tion of porosity with depth [Besserer et al., 2014],
reaching a maximum value where the porosity is
zero. We use a maximum highland crustal den-
sity of 2925 kg m−3, which is representative of the
grain density of the anorthositic crust. We discretize
the resulting density profile, from which we deter-
mine the gravity signal from each layer using the
finite-amplitude technique of Wieczorek and Phillips
[1998]. We then calculate the theoretical effective
density spectrum in the same way as we calculate
the observed effective density spectrum. This local-
ized spectrum depends upon four parameters: the
basalt thickness Tb, the bulk density of the basalts
𝜌basalt, the bulk density of the uppermost highlands
crust 𝜌0, and the density gradient in the highlands
crust d𝜌∕dz.

Example effective density spectra are shown in
Figure 3 for a representative region of the maria,
along with the observed spectrum (these will both
be discussed further in section 3). In the upper
figure, we fix all parameters and plot the effective
density spectra for several values of the mare basalt
thickness. In the lower image, we fix all values and
plot spectra for several values of the upper crustal
density. The theoretical spectra are seen to be sen-
sitive to both of these model parameters, which will
allow us to place bounds on their acceptable values.

2.3. Best Fit and Parameter Uncertainties
By comparing the effective density spectrum from
observations with that predicted from a theoreti-
cal model, the best fitting model parameters can
be estimated by minimizing the misfit between
the two. We quantify the misfit using the reduced
chi-square function, which is given by

𝜒2
r =

𝜒2

𝜈
= 1

𝜈

lmax∑
l=lmin

[
𝜌obs

eff
(l) − 𝜌th

eff
(l)

𝜎(l)

]2

, (7)

where 𝜌obs
eff

and 𝜌th
eff

are the observed and theoretical density spectra, respectively, and 𝜎(l) is the standard
deviation of the observed effective density spectrum obtained from the multitaper analysis. The number of
degrees of freedom 𝜈 is given by lmax − lmin − 2 where lmax and lmin are the maximum and minimum spherical
harmonic degrees used when calculating the misfit, and 2 is the number of free model parameters. Using a
grid search of the parameter space, each model is compared with the observed effective density spectra to
calculate the reduced 𝜒2 misfit.

When comparing the observed and theoretical effective density spectra in equation (7), both should be local-
ized in the same manner. As emphasized by Wieczorek and Simons [2005, 2007], multiplying the data by a
window causes the localized power spectrum to differ from that of the global spectrum, even when the power
spectrum is stationary [see also Pérez-Gussinyé et al., 2004]. The bias that is caused by windowing can be par-
ticularly important when the global power spectrum varies greatly in magnitude within the range l−Lwin and
l + Lwin. When the global spectrum is “red,” this occurs at the lowest degrees. In contrast, when the power
spectrum varies slowly as a function of spherical harmonic degree, the bias can be negligible. Our analysis

GONG ET AL. THICKNESSES OF MARE BASALTS 858



Journal of Geophysical Research: Planets 10.1002/2016JE005008

Figure 4. Cumulative energy of the localization windows as a function
of angular radius for window sizes 𝜃0 from 8∘ to 20∘ . Each window
possesses a spectral bandwidth of Lwin = 58, and all tapers where the
concentration factor 𝜆 was greater than 0.99 were used in calculating
the cumulative energy.

focuses on the high-degree gravity and
topography of the Moon, where the
power spectra vary slowly as a function
of degree. For the wavelength range we
analyzed, we have confirmed, by exam-
ining seven different locations (using a
single set of model parameters), that the
difference between the global theoreti-
cal spectra and the localized theoretical
spectra is less than 0.28%. Thus, in order
to speed up computationally our inver-
sions (which would require us to perform
a localized multitaper spectrum analysis
of the theoretical gravity model for each
set of model parameters), we have sim-
ply chosen to use the global theoretical
spectrum in its place, as the two are nearly
identical.

Having calculated the best fitting model
parameters, we next compute the 1 and
2𝜎 confidence intervals using a Monte
Carlo technique that is very similar to
that employed by Besserer et al. [2014].
By assuming that density only varies as
a function of depth, all density interfaces
have the same relief as the surface of
the Moon, and the theoretical correlation
function should thus be identically unity.

We assume that the observed nonunity correlation is solely a result of the term 𝜈lm in equation (1) and that this
term is uncorrelated with the gravity predicted from topography [see also Wieczorek, 2015, equation (46)]. As
shown by Besserer et al. [2014], the power of the unmodeled gravity signal is given by

S𝜈𝜈(l) = 𝜌th
eff(l)

2 Sbb(l)

[
1

𝛾2
obs(l)

− 1

]
. (8)

We treat the coefficients 𝜈lm as Gaussian random variables, which allows us to write the standard deviation of
the coefficients for each degree l as

𝜎𝜈(l) =
√

S𝜈𝜈(l)
2l + 1

. (9)

With knowledge of the above standard deviation of the spherical harmonic coefficients, 1000 random realiza-
tions of 𝜈 were generated, with each being added to the theoretical free-air gravity that was calculated using
the best fitting model parameters. Each of these gravity models was then used to compute the localized effec-
tive density spectrum, from which the reduced 𝜒2 misfit was calculated with respect to the noise-free model.
From the 1000 values of the reduced𝜒2, the cumulative probability distribution of this variable was computed
and the value that corresponded to the lower 68% of the distribution was determined. This value, which is
shown as a contour line in Figure 6, was used to delineate the 1𝜎 limits of the theoretical model parameters
in our inversions.

We performed Monte Carlo simulations for eight different regions and found that they all gave approximately
the same probability distributions. The values of the reduced 𝜒2 that encompasses the lower 68% of the
cumulative distribution all lie in the range [0.1773, 0.2199], and we thus used the average value 0.1947 for all
further analyses. We note at this point that it is irrelevant as to whether the standard deviation or standard
error is used for 𝜎 in equation (7). As long as 𝜎 is calculated in a consistent manner with the observations and
Monte Carlo simulations, the inversion parameter uncertainties will not be affected.
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Figure 5. Effective density spectra for representative regions in (a and b) Oceanus Procellarum, (c) Marius Hills,
and (d) Mare Imbrium. The black line is the observed effective density spectrum, gray lines represent the standard
deviation, and the blue line is the correlation between the free-air gravity and the gravity predicted from the
topography. The best fitting model, plotted over the degree range where the misfit was calculated, is shown in red.

3. Results

In this analysis we made use of the gravity model GRGM900C, expanded to degree and order 900, that
was derived from the tracking data of the Gravity Recovery and Interior Laboratory (GRAIL) primary and
extended missions [Lemoine et al., 2014]. In addition, we made use of a principal axis referenced topographic
model, also expanded in spherical harmonics, from data obtained by the Lunar Orbiter Laser Altimeter [Smith
et al., 2010] on board NASA’s Lunar Reconnaissance Orbiter mission. Using the finite-amplitude method of
Wieczorek and Phillips [1998], the topography data were used to compute the gravitational contribution
predicted from unit density topography, which when multiplied by a constant crustal density provides
the Bouguer correction. Subtracting the Bouguer correction from the free-air gravity provides the Bouguer
anomaly. Using the average crustal density of 2550 kg m−3 from Wieczorek et al. [2013], we find that the power
spectrum of the Bouguer anomaly begins to increase beyond degree 650, which we interpret as the maximum
spherical harmonic degree that is not affected in a global sense by both noise and ground track sampling
issues with the GRAIL tracking data. Localized versions of the free-air gravity and Bouguer correction were
obtained by a multitaper spectral estimation procedure, which was then used to calculate the effective density
spectra as in equations (5) and (6).

The spatial size and spectral bandwidth of the localization windows used in the multitaper analysis determine
the quality of the spatiospectral localization of the effective density spectrum. We considered many different
combinations for the angular size of the window, from 𝜃0 = 8∘ to 20∘ (240 to 600 km), and several differ-
ent values for the spectral bandwidth of the windows, from Lwin = 47 to 78. For each set of parameters, we
made use only of those windows whose concentration parameter 𝜆 was greater than 0.99. For the parameter
range investigated, the number of well-concentrated tapers K ranged from about 10 to 65. With increasing
number of windows, the effective density spectrum becomes smoother, and the uncertainty in the spectrum
decreases. With any localized spectral analysis, the localized spectrum at degree l contains contributions from
the global field from degrees l−Lwin to l+Lwin. Thus, we interpret the effective density spectrum below degree
650−Lwin. Wieczorek et al. [2013] show that lithospheric flexure is important for degrees below about 170 and
following Besserer et al. [2014], we only interpret degrees above 250.

After several trade-off tests, we chose 𝜃0 = 14∘(420 km) and Lwin = 58 for our baseline analyses, which
provides 27 well-localized windows. These localized windows are somewhat smaller than the 15∘windows
employed by Besserer et al. [2014]. Later in this study we will remark on analyses using even smaller windows
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Figure 6. Misfit maps for the four regions plotted in Figure 5: (a) Oceanus Procellarum, 14∘N, 45∘W; (b) Oceanus
Procellarum, 16∘N, 23∘W; (c) Marius Hills, 10∘N, 53∘W; and (d) Mare Imbrium, 34∘N, 21∘W. The black dot is the best fit,
and the black contours represent to 1𝜎 uncertainty obtained from Monte Carlo simulations.

with 𝜃0 = 8∘and Lwin = 69. Even though our localization windows are designed to contain more than 99% of
their power within angular radius 𝜃0, we note that this power is somewhat concentrated in the central portion
of the concentration region. In Figure 4, we plot the cumulative energy of all localizing windows as a func-
tion of angular radius for several different values of 𝜃0. As this plot shows, even though 99% of the energy
is concentrated within an angular radius of 14∘, about 95% is concentrated within an angular radius of 12∘.
This implies that the effective spatial resolution of our analysis is somewhat smaller than the value of 𝜃0.

Our density model has several parameters, which include (1) the bulk density of the mare basalts, (2) the thick-
ness of the basalts, (3) the density of the uppermost crust beneath the basalts, and (4) the density gradient
in the crust beneath the mare basalts. In order to make progress on inverting for the thickness of the mare,
it was found necessary to set one or more of these parameters to fixed values based on a priori information.
To start, we made use of a mare basalt grain density map, estimated from Lunar Prospector gamma-ray spec-
trometer iron and titanium abundances [Prettyman et al., 2006], along with an empirical density-composition
relation based on petrological considerations from Huang and Wieczorek [2012]. We assumed a bulk porosity
of 6% (which reduces the density by the same factor) and also considered a higher value of 12%, which is the
porosity of the upper highland crust derived from GRAIL gravity data [Wieczorek et al., 2013]. These assump-
tions are consistent with results from lab measurements of lunar samples which give a mean porosity of mare
basalts of 7% with extreme porosity values of 2% and 11% [Kiefer et al., 2012]. We found that it was not possi-
ble to invert for the density gradient of the underlying highland crust, as this value is strongly correlated with
the density of the uppermost crust beneath the basalts. Thus, for the majority of the results we present, we set
this value equal to the value obtained by Besserer et al. [2014] for the feldspathic highlands: 21.2 kg m−3 km−1.
We also tested the sensitivity of our inversions by setting this value equal to zero: For this test the thickness of
the basalts was found not to change substantially, but the upper crustal density was affected. The thickness
of the basalts Tb and the upper crustal density 𝜌0 are thus the free parameters that we invert for in our model.

Previous studies suggest that the mare basalts are probably at most only a few kilometers thick outside of
the major impact basins [De Hon, 1974, 1979] and a maximum of about 10 km thick in the interiors of basins
[Solomon and Head, 1980]. In our inversions, Tb was thus allowed to vary in the range 0–10 km. Given that
the bulk density of the upper portion of the highland crust is predicted to be in the range 2200–2600 kg m−3

based on GRAIL gravity data [Wieczorek et al., 2013], we set the minimum value of 𝜌0 to be 2200 kg m−3.
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Table 1. Input Parameters and Inversion Results for the Examples in Figures 5 and 6

Location (N, E) Basalt Grain Density (kg m−3) Assumed Porosity d𝜌/dz (kg m−3 km−1) Tb (km) 𝜌0 (kg m−3) Minimum Misfit 𝜒2
r

a (14∘ , −45∘) 3627 6% 21.2 0.90+1.29
−0.90 2430+210

−230 0.0556

b (16∘ , −23∘) 3188 6% 21.2 0+1.14 2510+40
−130 0.0654

c (10∘ , −53∘) 3432 6% 21.2 3.93+0.66
−1.39 2200+255 0.1220

d (34∘ , −21∘) 3477 6% 21.2 0+2.97 3040+50
−290 0.0690

Figure 7. (a) Best fit mare basalt thicknesses Tb with (b) corresponding 1𝜎 lower and (c) upper bounds determined by
Monte Carlo simulations. For the best fit, we plot only results where the minimum misfit is within the 2𝜎 confidence
interval. Black shows the regions where the best fit or 1𝜎 upper/lower bounds are undefined. In this multitaper
spectrum analysis, the spectral bandwidth of the windows was 58, the window size was 14∘, and the number of tapers
with concentration factors greater than 0.99 was 27. Gray shading shows the distribution of mare basalts.
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Figure 8. (a) Best fit uppermost highlands crustal density 𝜌0 with (b) corresponding 1𝜎 lower and (c) upper bounds
determined by Monte Carlo simulations. All other aspects are the same as in Figure 7.

Since the material underlying the basalts in the interior of Mare Imbrium might have an atypical composition,
we consider an upper bound in our inversions of 3200 kg m−3. This upper bound could perhaps be consistent
with a mafic impact melt sheet with zero porosity.

Our multitaper analyses were performed on an equal area grid with a spacing of about 60 km (2∘ latitude). In
order to limit the bias caused by the inclusion of highland regions with no basalt cover, we only considered
those analyses where 75% of the localized window was covered by mare basalts as determined from U.S.
Geological Survey geologic maps. For our baseline localization windows of angular radius 14∘, only 40% of
the total lunar maria were thus analyzed, with most being located in Oceanus Procellarum, Mare Nubium,
and Mare Imbrium. Mare basalts located on the farside of the Moon were not large enough in extent to be
analyzed by our method.

Several representative examples of localized effective density spectra, correlation spectra, and the best fitting
models are shown in Figure 5. These examples correspond to two regions in Oceanus Procellarum where
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Figure 9. (a–c) Basalt thickness and (d–f ) upper crustal density using localization windows with 𝜃0 = 8∘ . (a) Best fit
mare basalt thicknesses and (b) corresponding 1𝜎 upper and (c) lower bounds. (d) Best fit uppermost highlands crustal
densities and (e) corresponding 1𝜎 upper and (f ) lower bounds. With a spectral bandwidth of 69, 10 windows with a
concentration factor greater than 0.99 were used.

previous studies have suggested the basalt layer is thin, the Marius Hills region, within which lies the Marius
Hills, a prominent long-lived volcanic center within Oceanus Procellarum [e.g., Whitford-Stark and Head, 1977,
1980; Hiesinger et al., 2011; Kiefer, 2013], and Mare Imbrium, where the crust is thin and an impact melt sheet
might be present. After calculating the best fit parameters using a grid search method, the uncertainties of the
inversion parameters were calculated using Monte Carlo simulations, as described in section 2. Given that it
was numerically prohibitive to perform a Monte Carlo simulation for each analysis region, we performed such
analyses only for eight different regions. The 1 and 2𝜎 limits were found to be very similar for each of these
regions, and we thus adopted the average values of 0.1947 and 0.3529 for the 1 and 2𝜎 confidence intervals
of 𝜒2

r , respectively. Figure 6 plots the misfit as a function of the two inversion parameters for the same regions
as in Figure 5, where the black contour lines represent the 1𝜎 uncertainties. As shown by these examples,
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Figure 10. Same as for Figure 9, but using localization windows with 𝜃0 = 20∘ . For this sized window, and with a
spectral bandwidth of 58, there are 65 windows that possess concentration factors greater than 0.99.

the lower bound of the basalt thickness often corresponds to 0 km, and in some cases, the lower bound of
the density of the underlying highlands corresponds to the minimum value used in our parameter search.
A summary of the inversion results plotted in Figures 5 and 6 is provided in Table 1.

Figure 7 shows the spatial distribution of the best fit mare basalt thicknesses Tb (Figure 7a) with 1𝜎 lower
(Figure 7b) and upper (Figure 7c) bounds. In those regions where the 1𝜎 lower bound was not constrained,
the bounding value of zero was plotted. In some places the best fitting model poorly fits the observations
(plotted in black), and we only plot results when the minimum 𝜒2

r misfit lies within the expected 2𝜎 confi-
dence limit of 0.3529. The best fit thicknesses are found to lie in the range of 0 to 3.9 km. Excluding a few
outliers, the average thickness is close to 1 km for most of Oceanus Procellarum and Mare Imbrium. The one
major exception is for the region of Marius Hills in western Oceanus Procellarum where the thicknesses are
considerably larger, close to 2.9 km. The uncertainties on these estimates are in general a couple of kilometers,
and in many places the basalt thicknesses are compatible with being zero. Nevertheless, a few regions have
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well defined 1𝜎 lower bounds on basalt thickness, including the region of Marius Hills whose lower bound is
about 1 km. The 1𝜎 upper bounds are better defined, and as shown in Figure 7c, most of the mare basalts are
no more than 3 km thick. The major exception is again the Marius Hills region, where the thickness could be
up to 4.5 km. In the Imbrium basin, where previous gravity modeling has revealed a thin crust [see Wieczorek
et al., 2013], the maximum basalt thickness is about 6 km.

Figure 8 illustrates the spatial distribution of the best fit upper crustal density 𝜌0 (Figure 8a) with 1𝜎 lower
(Figure 8b) and upper bounds (Figure 8c). This parameter is not as well constrained as the basalt thickness
and spans almost the entire range of the investigated parameter space (2200–3200 kg m−3). The lower bound
is for the most part not constrained, with two small exceptions being in the westernmost portion of Ocean
Procellarum and within the central portion of Mare Imbrium. In contrast, the upper bound for most of the
mare has a well defined value of about 2700 kg m−3, whereas the upper bound for the central portion of Mare
Imbrium exceeds 3000 kg m−3.

The above results were obtained using localization windows with an angular radius of 14∘. We tested the
sensitivity of our results to the size of the window by using both a smaller window of 𝜃 = 8∘ and a larger
window of 𝜃 = 20∘. By decreasing the window size to 8∘ the best fitting model parameters were found not
to change much (see Figure 9). Nevertheless, the smaller number of well-localized tapers (10, in comparison
to our nominal number of 27) resulted in larger data misfits, approximately 4 times larger, and slightly more
scatter in the best fit values. In particular, some of the best fitting basalt thicknesses and 1𝜎 uncertainties were
found to be equal to the maximum value of 10 km in our parameter search. Increasing the window size from
14∘ to 20∘ provides a larger number of localization windows (65) and hence a smaller range of uncertainties
(Figure 10). However, as a result of the larger window size, the anomalously thick basalts associated with the
Marius Hills region (as found using the smaller windows) are barely visible.

We tested the sensitivity of our results to the degree range over which the misfit was calculated. By modifying
the upper and lower bounds by 50 degrees, our results were found to change only insignificantly. The assumed
value of porosity in the mare basalts, however, is an important factor that affects the estimated mare basalt
thicknesses. In our nominal models presented above, we used a value of 6%, and we tested the sensitivity
of our results by using a porosity twice as large. Twelve percent is comparable to the average value found
for the highland crust by Wieczorek et al. [2013], and this is likely to represent a maximal value for the mare
basalts, given that they formed initially with little porosity and that they have been affected by less impact
bombardment than the highlands. By increasing the porosity from 6% to 12%, we found that the mare basalt
thicknesses increased by a factor of 1.5. By decreasing the porosity from 6% to 3%, the thicknesses decreased
by a factor of 0.85.

4. Discussion
4.1. Comparison of Basalt Thickness Estimates
As noted in the introduction, mare basalt thicknesses have been estimated previously by several different
approaches. In the work of De Hon [1974, 1977, 1979], the basalts which erupted exterior to a crater lead
to a reduction in the crater rim height with respect to the crater surroundings. By the use of an empirical
model of the rim height as a function of crater diameter for fresh craters, this allows the basalt thickness to be
determined. It was found that the basalt thicknesses were on average about 400 m thick throughout much of
Oceanus Procellarum. Locally, the thicknesses approach 1 km in places, and in the region of Marius Hills, the
centers of the impact basins Humorum and Imbrium, as well as in Mare Cognitum (10.5∘S, 22.3∘W), thicknesses
were inferred to be even larger, though only lower bounds of 1.5 km were provided.

Our work shows that the average thickness of basalts in northern Oceanus Procellarum (north of the equator)
is about 0.80+1.02

−0.69 km, which is about 2 times as large as the estimate from De Hon. We find the mare to be
thickest near Marius Hills, consistent with De Hon, but our estimates are about 2.9 times thicker. We find the
basalts in southern Oceanus Procellarum to be thinner, on average about 0.14+0.36

−0.12 km, and in many places
they are consistent with being zero. Our method does not provide estimates for basalt thicknesses in Mare
Humorum. Though the basalt thicknesses are not well constrained in Mare Imbrium, our upper bound of
about 2.45 km is consistent with De Hon’s lower bound.

The method used by De Hon only provides lower bounds on the basalt thicknesses, as only the basalts that
erupted after the crater formed are measured. Thus, our estimates which are in general larger by almost a
factor of 2 are not contradictory. Given that our approach has a very low spatial resolution, as a result of
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the large size of the localization windows employed, it is not possible to compare thicknesses at specific
locales. The only major inconsistency with De Hon is that we do not find evidence for thick basalt deposits in
Mare Cognitum.

A different technique for estimating basalt thicknesses is to use the composition of a crater’s ejecta deposit
as an indicator of whether the highlands underlying the basalts were excavated. These techniques provide
basalt thicknesses that are somewhat greater (by about 500 m to 1 km) than those estimated by De Hon.
Budney and Lucey [1998] investigated Mare Humorum, but because of the relatively small size of this basin
(in comparison to our window size), our technique did not provide any results for this region. Heather and
Dunkin [2002] investigated the southwestern region of Oceanus Procellarum, but for the most part only pro-
vided lower bounds of a few hundred meters that are consistent with our estimates. Lower bounds of about
1 km were provided in the region of Marius Hills, which again are consistent with our results. Thomson et al.
[2009] investigated the region of Mare Imbrium and obtained estimates that were about 0.5 km thicker than
those of De Hon.

Radar sounding has also been used to estimate the thickness of mare basalts. This technique relies upon the
assumption that the deepest subsurface reflector corresponds to the interface between the mare and high-
lands. This assumption is difficult to assess, and furthermore, results from the Kaguya Lunar Radar Sounder
[Ono et al., 2009; Pommerol et al., 2010; Oshigami et al., 2014] and Apollo Lunar Sounder Experiment [Peeples
et al., 1978; Cooper et al., 1994] are not always concordant. The Apollo Lunar Sounder Experiment found evi-
dence of a subsurface reflector along the equatorial ground track that was about 1 km deep in western
Oceanus Procellarum, decreasing in depth eastward to about 400 m near the crater Kepler (8.1∘N, 38.0∘W).
These estimates are broadly consistent with our estimates of about 1.06+0.87

−1.01 km for this region, though it
is difficult to compare the single ground track with our results which have a much lower horizontal spatial
resolution. The Kaguya radar sounder appears to provide thinner estimates than the Apollo radar sounder
[Ono et al., 2009], and the origin of this discrepancy is not yet known.

Another method that has been used to constrain the thickness of mare basalts is based on the gravity signa-
ture of buried impact craters. First, by detecting circular gravity anomalies that lack topographic expression,
the diameter of the crater and its initial rim height can be estimated. If the crater was initially fresh and not
degraded, the estimated rim height with respect to the surroundings would place a lower bound on the mare
fill. Evans et al. [2016] obtained an average minimum bound of about 1.5 km, which is on the high end of our
estimates, but within our 1𝜎 uncertainties. If, however, the crater rim was partially eroded prior to mare flood-
ing, the minimum thicknesses would be even smaller. Second, some large craters likely excavated through
the entire mare fill and into the underlying highland crust. By forward modeling the gravity signature of these
craters, the total preimpact mare thickness is constrained to be less than about 7 km, which is again consistent
with our results.

4.2. Marius Hills
Oceanus Procellarum is the largest contiguous expanse of lava flows on the Moon, spanning more than
2500 km from north to south, and comprising more than 50% of the Moon’s lava flows by area. Based on our
analysis, the average thickness of these basalts is about 0.97+0.83

−0.85 km. Marius Hills (∼200 × 250 km2 area) is
one of the most prominent volcanic complexes within Oceanus Procellarum [Whitford-Stark and Head, 1977].
One of the oldest volcanic dome and cone complexes on the Moon, it stands about 0.5 km above the sur-
rounding maria, contains over 250 small volcanic cones and domes, has two gravity anomalies suggestive of
intrusions [Kiefer, 2013], and is floored by younger lavas that collect in the central part of Oceanus Procellarum
[Whitford-Stark and Head, 1980; Hiesinger et al., 2011]. The region has two substantial Bouguer anomalies that
Kiefer [2013] interpreted as representing important magmatic intrusions. Modeling these Bouguer anomalies
as basaltic intrusions into a feldspathic crust implies thicknesses of at least 3 and 6.2 km for the two anomalies.

In our study, we find that the Marius Hills themselves are associated with the central part of the broad area of
maximum mare basalt thickness in central Oceanus Procellarum. The average thickness is about 2.86+0.79

−1.84 km,
with the thickest part reaching up to 3.93+0.66

−1.39 km. These results are consistent with the hypothesis that the
Marius Hills is a shield volcano [Spudis et al., 2013]. The results of Kiefer [2013] support this interpretation by
showing that not only did large quantities of lava erupt effusively on the surface but also that large quantities
of intrusive materials are also located within the crust.
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4.3. Mare Imbrium
The Imbrium basin is one of the largest impact basins on the Moon, having formed around 3.85 Ga. With a
radius of 1146 km, Mare Imbrium fills the interior of this basin and is the second largest mare, next to Oceanus
Procellarum. Previous studies have suggested that the mare might be thicker than about 2.0 km in the central
portion of the basin based on flooded crater studies and analysis of the ejecta of superposed impact craters.
The thicknesses from our study are somewhat uncertain, possessing a range from 0.20 to 2.45 km. Though
the best fit thicknesses are on the low side (∼0.87 km), the 1𝜎 upper bounds on the thickness (2.45 km) are
among the thickest in our study.

As shown in Figure 8, the crust underlying the mare basalts is atypically dense in the central portion of Mare
Imbrium. Whereas the density varies between 2200 kg m−3 and 2800 kg m−3 elsewhere for most regions of
Oceanus Procellarum, it reaches values up to 3100 kg m−3 in the center of Mare Imbrium. This region of high
density is located in that portion of the basin where the crust is predicted to be thin (∼10 km thick) [Wieczorek
et al., 2013]. A plausible origin for the higher than typical crustal densities we find is that they are the result
of a thick impact melt sheet that formed at the time of the Imbrium impact [e.g., Vaughan et al., 2013]. The
composition of the Imbrium impact melts sampled exterior to the central portion of the basin are atypically
mafic when compared to the feldspathic nature of the lunar crust [e.g., Ryder and Wood, 1977; Korotev, 2000],
which would give them a higher than average intrinsic density. Furthermore, as this unit would have formed
initially with zero porosity, it would naturally be more dense than the surrounding country rock. The result
from sample analyses also show that the measured grain densities for Apollo impact melt breccias, dominated
by Imbrium material, could range up to 3100 kg m−3 [Kiefer et al., 2015], which is in agreement with our results.

5. Conclusion

We use a multitaper spectral analysis of the Moon’s gravity and topography to constrain the density profile
beneath the nearside mare. The high spectral bandwidths that are required for the localization windows are
made possible by the high-resolution gravity data obtained by GRAIL. Our results show that with a poros-
ity of 6%, the thickness of western mare basalts is 0.74+0.88

−0.64 km, and the density of underlying upper crust
is 2335+151

−103 kg m−3. The mare basalts are thickest in central Oceanus Procellarum, with thicknesses up to
2.86+0.79

−1.84 km, centered on the Marius Hills, a prominent long-lived volcanic complex. Comparing with former
results based on flooded craters, our basalt thickness estimates are generally higher by a factor of about 2.
Basalt thicknesses based on flooded craters are known to represent lower bounds, as the method is insensi-
tive to the presence of mare basalts that erupted before the impact crater formed. In contrast, our results are
generally concordant with studies that utilized the composition of a crater’s ejecta deposit to determine the
total thickness of basalts.
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