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Abstract we analyzed data from the Gravity Recovery and Interior Laboratory (GRAIL) mission using a
localized admittance approach to map out spatial variations in the vertical density structure of the lunar
crust. Mare regions are characterized by a distinct decrease in density with depth, while the farside is
characterized by an increase in density with depth at an average gradient of ~35 kg m~3 km~" and typical
surface porosities of at least 20%. The Apollo 12 and 14 landing site region has a similar density structure
to the farside, permitting a comparison with seismic velocity profiles. The interior of the South Pole-Aitken
(SP-A) impact basin appears distinct with a near-surface low-density (porous) layer 2-3 times thinner than
the rest of the farside. This result suggests that redistribution of material during the large SP-A impact likely
played a major role in sculpting the lunar crust.

1. Introduction

Since the acquisition of the last lunar seismic data, almost 40 years ago, the main way of investigating
lunar crustal structure has been through gravity analysis via spacecraft tracking data from missions such as
Clementine [Zuber et al., 1994], Lunar Prospector [Konopliv et al., 1998], SELENE [Goossens et al., 2011], and
Lunar Reconnaissance Orbiter [Mazarico et al., 2012]. More recently, the Gravity Recovery and Interior Lab-
oratory (GRAIL) mission has acquired highly accurate observations through the use of a pair of coorbiting
spacecraft [Zuber and Russell, 2014], and in this manner, the lunar gravity field has been measured to a much
higher accuracy and resolution than previous missions both over the nearside and the farside of our satel-
lite [Zuber et al., 2013; Han, 2013; Konopliv et al., 2013; Lemoine et al., 2013; Konopliv et al., 2014; Lemoine et
al., 2014]. The lunar anorthositic crust has been found to be much less dense than previously thought, and
GRAIL data has revealed a significant bulk crustal porosity of ~12% [Wieczorek et al., 2013al.

Further analysis of GRAIL data has shown a general density increase (i.e., porosity decrease) with depth
[Wieczorek et al., 2013b; Han et al., 2014]. However, regional variations in the density profile, that is the 3-D
crustal density/porosity distribution, are currently poorly known. These vertical and lateral variations are key
to interpret the Apollo heat flux measurements [Langseth et al., 1976; Rasmussen and Warren, 1985; Siegler
and Smrekar, 2014] to constrain lunar thermal evolution models [e.g., Ziethe et al., 2009; Laneuville et al.,
2013] and are also relevant to seismic velocity profiles inferred from the Apollo data [e.g., Lognonné et al.,
2003; Khan et al., 2013]. To investigate the regional variations of the density stratification, we performed a
localized admittance analysis using high-resolution GRAIL data.

2. Methodology

We used spherical harmonic coefficients of the Moon'’s gravity (Lemoine et al. [2014] model GRGM900B),
topography expanded in the same principal axis coordinate frame, and gravitational contribution from the
surface topography (Bouguer correction) [Wieczorek et al., 2013a] up to spherical harmonic degree £ = 550.
The gravity data were derived from the GRAIL nominal and extended missions’ tracking data; the topogra-
phy data were derived from the Lunar Orbiter Laser Altimeter data [Smith et al., 2010] (see Table S1 in the
supporting information). A localized, multitaper spherical harmonic analysis [Wieczorek and Simons, 2005,
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2007] was performed over spherical cap regions 15° in radius. The latter were centered at 400 grid nodes
distributed in a quasi-equal area fashion, yielding a grid spatial resolution of ~290 km. A combination of
30 optimal filters (spherical Slepian functions) of large spectral bandwidth (L = 58; Shannon number of
~59) was used to localize the gravity and topography-induced gravity data [Wieczorek and Simons, 2005,
2007; Simons et al., 2006; Dahlen and Simons, 2008]. The resulting fields were expanded in spherical harmon-
ics, from which the effective density p.¢ (Which compares the observed gravity to that predicted from the
topography) as a function of £ was calculated (see section S4 in the supporting information):

Sgb(f)

=2,
peff( ) Sbb(f)

(M
where g refers to the observed (free-air) gravity and b to the Bouguer correction per unit density
[Wieczorek et al., 2013a], respectively. Sy, is the cross-power spectrum of two functions f and g on the
sphere. Equation (1) is similar to the usual admittance formula, for which b would be replaced by h, the
surface topography.

The resulting global effective density spectrum shows a decrease in density with increasing £ (see below).
Since smaller degrees sample greater depths, this implies that density generally increases with depth
[Wieczorek et al., 2013b; Han et al., 2014]. Note that p«(£) would be constant if the crustal density was con-
stant with depth. Hence, these spectra were fit to two kinds of theoretical spectra [equations (57) and (S10)]
assuming, respectively, either a linear or an exponential density profile in the crust (see sections S1and S2 in
the supporting information). Such a multitaper moving window combined with a best fit approach is similar
to the procedure of Lewis and Simons [2012]. The fits were performed for the high-degree portion of the data
(250 < # < 550) in order to avoid the effects of flexure and/or crustal thickness variations at lower degrees.
Note that our use of high-degree data naturally removes the mascons’ signature which could otherwise
bias the results. Our method is therefore mostly sensitive to the shallow density structure of the crust (typi-
cally depths < 20 km). The best fit parameters describing the theoretical spectra were derived using a grid
search. The uncertainties in these parameters were estimated by means of Monte Carlo simulations under
the assumption that the nonunity correlation between predicted and observed gravity is a consequence of
geologic “noise” resulting in gravity contributions uncorrelated with the topography (see section S5 in the
supporting information).

3. Results

Figure 1 shows the spatial distribution of the best fit linear density gradient a (Figure 1a) and associated
surface density p, ¢ (Figure 1b). The mare regions exhibit high surface densities and a distinct decrease in
density with depth. This is to be expected if high-density mare basalts overlie lower density anorthositic
crustal material. Figure 1a shows that this model can discriminate between mare and nonmare regions. In
detail our assumption that subsurface density interfaces are parallel to the surface (see section S1 in the
supporting information) may not be appropriate for mare regions. Nevertheless, it is worth noting that in
the degree range we consider (£ = 250-550) that the correlation is very close to unity (see below) over the
mare regions, implying that buried interfaces that are uncorrelated with surface topography do not con-
tribute significantly to the gravity. Conversely, a negative correlation is retrieved at very low degrees. As
the mare regions clearly have characteristics distinct from nonmare regions, our methodology may thus
provide a way of identifying regions of buried (crypto-)mare [Antonenko et al., 1995]. Some mare have sim-
ilar spectral characteristics as the highlands, probably because these features are too small, either laterally
or vertically, to be resolved; note, however, the faint signal associated with the small mare region over the
southwestern rim of Apollo crater (Figure 1a).

In contrast, most of the farside is characterized by an increase in density with depth, with typical gradients of
20 — 45 kg m~3 km~". The Apollo 12 and 14 landing sites, which are, respectively, covered and surrounded
by mare basalts, lie in a region that resembles the farside in terms of vertical density structure. The Apollo
15 and 17 sites, where the only lunar heat flow measurements were carried out [Langseth et al., 1976], lie in
typical mare-bearing regions with negative values of a.

The typical high mare surface density (>2600 kg m~3) presumably reflects a combination of composi-
tional (the mare have higher grain densities) and porosity (the mare are relatively uncratered) effects. The
general density increase with depth that characterizes the farside highlands presumably reflects a decrease
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in porosity with depth [Wieczorek et al.,
2013a; Han et al., 2014], though a more
mafic lower crust might contribute to
this general gradient.

In contrast to the nearside mare-bearing
regions, the farside and South
Pole-Aitken (SP-A) basin are character-
ized by a density increase with depth. In
the following, regions with gradients less
than +5 kg m~=3 km~ (corresponding to
A Sy s T kg m our finite grid search step) were excluded
Density gradient (a) (purple dashed line in Figure 1a). We
next assume what is likely to be a more
realistic density profile for the nonmare
regions of the Moon. For these regions,
we used an exponential density pro-
file given by p = p.¢ + Ap(1 — e72/%),
where z is depth, d is an e-folding depth
scale, and Ap is the density contrast
between fractured surface materials
and deeper unfractured rocks, i.e., p, =
Psurf + Ap. For each location, the local,
window-averaged value of the expected

kgm
B 2300 2400 2500 2600 2700 2800 2900 ¢ value of po Was calculated from the sur-
Surface density (Puur) face grain density model of Huang and
Figure 1. Density structure inferred from a linear model profile (p(z) =  Wieczorek [2012] and Lunar Prospector
Psurf + az; see equation (S7) for the corresponding effective density iron and titanium abundances, though
spectrum). (a) Best fit shallow crustal density gradient a. (b) Corre- our results are relatively insensitive

sponding m'ap of Psurf- Note that pgs is t)'/pically Iowgr than the k')ulk to the assumed value (see section S6
crustal density [Wieczorek et al., 2013a]. Triangles depict the location . L .

of the six Apollo landing sites. The two dash-dotted lines indicate dis- in the supporting information). For
tances of 1000 and 2000 km from the center of the South Pole-Aitken  the farside highlands as a whole (see
impact basin. Dashed circle indicates the Apollo crater. The faint, gray Figure S3), the best fit density profile
circles locate the centers of the regions of interest (ROIs) used in this characteristics are d = 9.0t$-§ km and
study, character!zed b}/ asingle va.Iue of eac‘h fitting parameters (here Peurt = 2223+42 kg m-3 (see section S5
a and p,,s)—this depicts the spatial resolution employed (~290 km). for calculatioﬁsofthe uncertainties), cor-
Thin lines outline the maria (three main mare regions are indicated on !
Figure 1a). The thick line shows the radial extent (15°) of the employed responding to a typical surface porosity
localization window. The two hexagons and the square indicate loca- of 22-26% (the average grain density
tions depicted in Figures 3 and 4, respectively. The purple dashed lines being 2917 kg m~3); the equivalent
(Figure 1a) depict the limit between regions with a smaller/greater than
5kgm~3 km~'. Data are presented in an equatorial view, centered on
the farside—Mollweide equal area projection.

density gradient with a linear model is
a ~ 35kg m~3 km~'. Bulk density lab-
oratory measurements on feldspathic
Apollo samples and lunar meteorites are commonly in the range 2400-2700 kg m~3, although a small per-
centage of less dense rocks also exist [Kiefer et al., 2012]. These densities are consistent with the densities
observed over much of the Moon’s highland crust (Figure 1) but do not explain the lowest densities seen in
this map. One possibility is that the existing sample suite does not fully reflect the range of material prop-
erties of lunar surface rocks. An alternative is that a portion of the porosity in the Moon's uppermost crust
occurs in large-scale void space, which would not be sampled in hand-specimen size rocks.

Figure 2 shows the spatial distribution of the e-folding depth scale d. The most striking result is that the
interior of the SP-A impact basin region has a significantly thinner low-density (porous) layer than the rest
of the farside, with d = 5-10 km, instead of 15-25 km. Recall that, although our spatial resolution is con-
trolled by the 15° window radius, the long-wavelength spatial patterns in Figures 1-2 were obtained from
short-wavelength (¢ = 250-550) gravity and topography data.

The dichotomy between the SP-A region and the remaining farside is further illustrated in Figure 3, which
shows end-member examples of effective density spectra for these two regions. For these two particular
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regions of interest, we obtained p, s <
2206 kg m=3 with d = 2.3*] km for
the region within SP-A, and p ¢ =
2308*3% kg m~3 with d = 28.4%%% km
for the non-SP-A region. The corre-
sponding best fit spectra are displayed,
together with the local correlation.
Figure 3 also shows the associated
misfit maps in the Ap — d parame-

ter space. The SP-A/non-SP-A farside
dichotomy (Figures 2-3) appears to
Density increase depth scale (d) be statistically significant, as can be

Figure 2. Spatial distribution of the best fitting depth scale d for a model seen from a Monte Carlo analysis (see
with an exponential density profile (p(z) = gt + Ap(1 — e77/9); see section S5 in the supporting informa-
also equation (510)). General image format is the same as in Figure 1. The  tion) over two typical, broad areas (see
masked (white) areas corresponds to a < 5 kg m=—3km™" in Figure 1a.
The two purple circles depict the regions (SP-A versus non-SP-A farside)
for which a Monte Carlo statistical analysis was performed (see text). The
gray, dashed line corresponds to the best fit ellipse (outer topography of the farside are robust to details of
[Garrick-Bethell and Zuber, 2009]) for SP-A. data analysis and fitting, and to the

theoretical density model employed

Figure 2 for their location). The dif-
ferences between SP-A and the rest

3000

>

2900 -

2500

b

. 2800 H 4

£ non-SP-A farside

(=

5 | 4

> 2700 correlation 109 8 &
‘D Peff = L
I3 Petit 0 ° &
3 § best fit —— E o
® 2600 - fit endmembers - 8 s‘
2 a
B <
2

i

100 200 300 400 500 600
Spherical harmonic degree

3000

2900
&
°_ 2800
£
2
= c
> 2700 09 S o~

[

2 =
= E o
o 2600 s &
5 %
2 2500
w

2400 08

2300 L L L 1 L 1

0 100 200 300 400 500 600 25 130 3
Spherical harmonic degree d (km)

Figure 3. Observed and modeled effective density spectra for two end-member regions on the farside. Corresponding
ROIs are located (Figures 1 and 2) (b) inside and (a) external to SP-A. Note the generally lower effective density of the
non-SP-A spectrum. Data are displayed over the degree range L < ¢ < 660 — L, where L = 58 is the filter's spectral
bandwidth. The various lines depict the following: observed effective density spectra (thick black line) with associated
+1 standard deviation levels, best fit theoretical spectra assuming exponentially varying density (red), and examples of
end-member fits (green). The correlation between the observed gravity and the gravity predicted from topography is
also displayed (blue). The correlation is typically close to unity, except for # > 500 in Figure 3—this is due to reduced
signal-to-noise owing to the higher spacecraft altitude in this region. Associated misfit maps in the Ap — d parameter
space are displayed in the right column: value of the chi-square (color scale) and admissible parameters’ range (see
section S5 in the supporting information) (black lines); dots mark the best fit location, whereas stars mark the location of
end-member spectra.
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Figure 4. Comparison between porosity-predicted compressional seismic velocity profiles Vp(z) below the Apollo 12-14
region and various seismically determined velocity profiles. Thick dashed lines depict the predicted profiles obtained
with an empirical velocity-porosity law for lunar anorthosites [Sondergeld et al., 1979] for our best fit density profile
(d = 9.8 km, Ap = 786 kg m~3; corresponding porosity profile ¢(z) is displayed in the right). Two end-member values
of the empirical parameter & were used: ¢ = 18—relevant to highly fractured lunar anorthosites, with long, elongated
cracks—and ¢ = 1.97—relevant for spherical pores [Sondergeld et al., 1979]. The thin dashed line depicts the result
obtained using a theoretical model for spherical pores [Smith, 1974; Christensen, 1979], which resembles numerically
derived results [Mogilevskaya et al., 2007]. Six different lunar seismic models are displayed (see section S7 in the support-
ing information): in green, an early, shallow model [Cooper et al., 1974] depicted as a linear trend excluding the biased
[Nakamura, 2011] Apollo 17 Lunar Module impact data; in cyan, a pre-Apollo 17 era crustal model [Kovach and Watkins,
1973]; in red and blue, post-Apollo era models [Tokséz et al., 1974; Nakamura, 1983]. Two more recent models are also
included, in pink [Lognonné et al., 2003] and in pale gray scale [Khan and Mosegaard, 2002]. The latter is a Bayesian
model and displays contour lines defining equal-sized probability density intervals for the velocity distribution [Khan and
Mosegaard, 2002].

and should not be affected by likely lateral variations in crustal thickness (see sections S3 and S6 in the
supporting information).

4. Discussion and Conclusion

The SP-A region appears to possess a thinner low-density (porous) layer than the rest of the farside. This
could be the result of: impact-induced removal (i.e., excavation) of preexisting fractured material; anneal-
ing of preexisting fractures [Besserer et al., 2013; Wieczorek et al., 2013a] within SP-A; generation of a thick,
pore-free impact melt sheet [Potter et al., 2012; Vaughan et al., 2013] within SP-A; intrusive magmatic pro-
cesses; redistribution of thick (porous) SP-A ejecta deposits over the rest of the farside; or a combination of
these factors. The SP-A impact may have caused widespread deposition of up to a few kilometers of ejecta
[Petro and Pieters, 2008; Wieczorek et al., 2012]. Azimuthal averages of both the estimated bulk porosity
and the depth scale d (Figure S11) exhibit an appreciable increase at a radial distance of ~1000 km from

the center of SP-A, suggestive of the farside’s shallow crustal structure being at least partially made of SP-A
basin ejecta.

Seismic velocity profiles provide our only in situ deep lunar data. They are, however, restricted to the near-
side of the Moon, in particular at the Apollo landing sites that are within or adjacent to the maria [Wieczorek
et al., 2006; Khan et al., 2013]. Figure 4 compares various seismic P wave velocity determinations with syn-
thetic velocity profiles based on our model exponential density profiles below a region near the Apollo
12-14 landing sites (cf. Figures 1-2). The synthetic profiles assume density variations are due only to poros-
ity and use an experimentally constrained velocity-porosity law [Sondergeld et al., 1979] for lunar fractured
anorthosites, and also a purely theoretical prediction for spherical pores [Smith, 1974; Christensen, 1979]
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(see section S7 in the supporting information). In the very shallow, highly porous region, the synthetic pro-
file obtained assuming highly fractured anorthosites agrees well with most seismic models, whereas the
synthetics assuming spherical pores provide a good match in deeper regions. Similar velocity predictions
have recently been obtained by Schmerr and Han [2014] using a different approach. This figure highlights
the potential power of high-degree gravity data to help refine future lunar seismic models [Schmerr and
Han, 2014; Weber and Schmerr, 2014].

Mapping the spatial distribution of shallow porosity, as we have attempted here, will allow comparison
with other data sets (e.g., surface composition). For instance, a recent reexamination of lunar craters’
depth-diameter scaling laws has shown that craters on the highlands are systematically deeper than those
on the mare [Kalynn et al., 2013], probably owing to the highly fractured nature of the material forming
the highlands. Crater morphology may thus provide a test of the density variations we have inferred here.
Remotely acquired data such as those provided by GRAIL will probably remain one of the best ways for
investigating the subsurface of planets and satellites for the next decades.
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