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Abstract Lateral variations in bulk density and porosity of the upper lunar highland crust are
mapped using a high-resolution Gravity Recovery and Interior Laboratory (GRAIL) gravity field model and
Lunar Reconnaissance Orbiter (LRO) derived topography. With a higher spatial resolution gravity model
than previous studies, we focus on individual impact basins with diameters greater than 200 km. The bulk
density of the upper few kilometers of the lunar crust is estimated by minimizing the correlation between
the topography and Bouguer gravity at short wavelengths that are unaffected by lithospheric flexure.
Porosity is then derived using estimates of the grain density obtained from remote sensing data of the
surface composition. The near surface crust in proximity to many large basins is found to exhibit distinct
radial porosity signatures. Low porosities are found in the basin centers within the peak ring, whereas high
porosities are identified near and just exterior to the main rim. The larger basins exhibit a more
pronounced porosity signature than the smaller basins. Though the number of basins investigated in this
study is limited, younger basins appear to be associated with the largest amplitude variations in porosity.
For basins with increasing age the magnitude of the porosity variations decreases.

Plain Language Summary The gravity field surrounding an impact basin allows us to
investigate the properties of the underlying crust and to better understand how craters form and evolve.
In the center of the largest lunar craters, the impact basins, positive mass anomalies can be found that are
caused by the excavation of crustal materials and the uplift of the mantle during formation. When using
only the short wavelength portion of the gravity field, signals from these deeper regions are masked,
and this allows us to estimate both the density and porosity of the upper crust. We investigated the crustal
porosity of impact basins located in the lunar highlands, with diameters larger than 200 km. Many of these
basins reveal similar porosity signatures, having low porosities in their center and high porosities near
the crater rim. For the most pristine basins, the magnitude of the porosity variations increases with
increasing basin size. Furthermore, the crustal porosity is influenced by the formation age of a basin, where
the older basins have more muted signatures than younger basins.

1. Introduction
High resolution data from the Gravity Recovery and Interior Laboratory (GRAIL) mission (Zuber et al.,
2013a) allowed to investigate physical characteristics of the lunar interior. In combination with topography
data, variations in bulk density of the lunar crust can be investigated (e.g., Besserer et al., 2014; Wieczorek
et al., 2013), and when compared with independent knowledge of mineral grain densities based on remote
sensing data, the porosity of crustal materials can be estimated. The main result of these studies is that the
crust of the Moon exhibits high porosities, between about 4% and 21%, with an average of about 12%. While
the interiors of many impact basins were found to have lower porosities, the two youngest and largest basins
on the Moon, Moscoviense and Orientale, show particular high porosities in their surroundings (Wieczorek
et al., 2013). Later work by Besserer et al. (2014) confirmed the high crustal porosities and placed constraints
on how porosity decreases with depth below the surface.

The porosity of lunar impact craters was investigated by Soderblom et al. (2015) by analyzing their Bouguer
gravity signatures. In order to avoid the contribution of the gravity signal caused by the uplift of mantle mate-
rial (e.g., Melosh et al., 2013; Wieczorek & Phillips, 1998), their study was restricted to complex craters with
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diameters smaller than 200 km. It was determined that preimpact porosity of the target material (estimated
from the regional value far from the crater) controls the magnitude of the final Bouguer gravity anomaly.
Impacts in targets with initially low porosity were found to result in a negative Bouguer anomaly, which
they interpreted as being caused by the fragmentation of the underlying target rock. In contrast, impacts in
target materials with high preimpact porosity result in positive Bouguer anomalies, which they attributed
to compaction of the target rock leading to a reduced porosity.

Similar effects were found based on numerical simulations of impact crater formation, suggesting a major
influence of the preimpact porosity on the final outcome. Milbury et al. (2015) simulated the formation of
complex craters using the iSALE shock physics code (Collins et al., 2004; Wünnemann et al., 2006) and
investigated the resulting crater porosity by analyzing the computed Bouguer gravity. While preimpact tar-
get porosities up to a maximum of 7% result in negative Bouguer anomalies (indicating higher postimpact
porosities), initial porosities greater than 7% result in positive Bouguer anomalies (indicating lower postim-
pact porosities). In target materials with high preimpact porosity, the impact induced shock wave crushes
out preexisting fractures and compresses the material (Wünnemann et al., 2006), causing a reduction of
porosity (Milbury et al., 2015). At further distances, the preexisting porosity remains intact (Milbury et al.,
2015), caused by a more efficient decay of the pressure wave in porous targets (Love et al., 1993). In con-
trast, for target material with a low preimpact porosiy, the energy is transported more efficiently, causing
fracturing of rocks also in larger distance to the point of impact.

Examples from Earth show that regions of high porosity are to be expected within and surrounding impact
basins. Rocks obtained from the central peak region of the Chicxulub impact structure in Mexico show
strong fracturing. Analysis of the drill core samples revealed an average porosity of 11.5% for depths between
850 and 1250 m below the surface, whereas porosities as high as 20% were found in the uppermost portion
of the drill core between 750 and 850 m depth (Rae et al., 2019). The high porosity is primarily caused by
intragranular microfracturing, induced by the impact generated shock wave. The occurrence of cataclasites
in the samples, having a high porosity but being small in volume, has only a minor contribution on the
overall porosity of the rocks. Another well studied impact structure on Earth is the Ries crater in Germany.
From the bulk densities of rock samples obtained from two drill cores, Förstner (1967) estimated the related
porosity. The drill core in Wörnitzostheim, located between the inner ring and the outer crater rim, revealed
a mean porosity of about 28% (at depths between 37 and 74 m), while the drill core taken in Deiningen,
located close to the inner ring, shows porosities of up to 34% at depths between 311 and 350 m. Many ter-
restrial impact craters (including Chicxulub and Ries) show prominent negative Bouguer gravity signatures
that are a result of impact induced porosity (e.g., Pilkington & Grieve, 1992; Pohl et al., 1977; Rae et al., 2019).

Samples from the Apollo program, as well as lunar meteorites, have been used to study the porosity of lunar
rocks. For feldspathic material associated with the lunar highlands, Kiefer et al. (2012) found porosities
between 2% and 20%. Impact breccias revealed the highest porosities of about 20%, while the feldspathic
lunar meteorites hold the lowest porosities with values between 2% and 11.5%. Their results are consistent
with those reported by Wieczorek et al. (2013), who studied 24 feldspathic Apollo samples and meteorites,
finding porosities between 1% and 20%, with an average of 8.6% ± 5.3%. While considerations limited to
Apollo samples collected at the surface might not capture the full range of all possible porosity characteris-
tics, porosities of lunar meteorites may be biased to lower values due to the processes associated with ejection
from the lunar surface and entry in Earth's atmosphere (Warren, 2001).

Since the first GRAIL investigations regarding crustal porosity, improved models of the Moon's gravity field
have been derived with higher spatial resolutions and accuracies. The 420 degree and order model of Zuber
et al. (2013a) was employed by Wieczorek et al. (2013), whereas in the later work of Besserer et al. (2014)
the 900 degree and order model of Lemoine et al. (2014) was used. In the present work, we made use of
the most recent gravity model of Park et al. (2015), which is developed to spherical harmonic degree and
order 1500. The higher resolution of this model allows a detailed investigation of the porosity structure of
individual impact basins on the Moon that was not possible in previous studies. Our approach to estimate
the crustal density and porosity follows the method used by Wieczorek et al. (2013). By minimizing the
correlation between the surface topography and the Bouguer gravity (using only the short wavelength signal
that is unaffected by lithospheric flexure), bulk density variations of the highland crust were determined.
In combination with independent knowledge of grain densities of the upper crust, the porosity of the upper
crust was then calculated. With our derived maps we are able to study how the porosity variations are related
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Figure 1. Power spectrum of the Gravity Recovery and Interior Laboratory (GRAIL) gravity field model GL1500E (Park
et al., 2015), the related error spectrum, and the power of the Bouguer gravity (computed using a crustal density of
2,550 kg m−3).

to the structure of the basin and also to quantify how the magnitude of the porosity signature varies with
crater size and age.

In section 2, we describe how the new bulk density and porosity maps used in this study were constructed.
In section 3.1, we present the global characteristics of the density and porosity model, and in section 3.2,
we then systematically investigate the porosity signatures of large impact basins in the lunar highlands
with diameters larger than 200 km. Finally, in section 4, we discuss several aspects related to the porosity
signatures of the investigated impact basins, including how they are related to basin size and age.

2. Data and Methods
As a result of the GRAIL mission, the gravity field of the Moon is known with unprecedented accuracy and
resolution. We made use of the most recent gravity field model GL1500E (Konopliv et al., 2014; Park et al.,
2015) provided as spherical harmonic coefficients developed to degree and order 1500 (which corresponds
to a spatial resolution of about 3.6 km). The effective resolution of the model, however, is highly dependent
on the coverage of the low altitude data obtained at the end of the mission. To account for this variability in
spatial resolution, we truncate the spherical harmonic coefficients at a maximum degree that is globally well
resolved by the model. As shown in Figure 1, the power spectra of the gravity field and their related errors
intersect at about degree 900, indicating that beyond this degree the global coefficients are poorly resolved.

A different indicator of the model's resolution comes from the spectrum of the Bouguer gravity. The Bouguer
gravity represents the signal that remains after removing the expected signal of the surface topography from
the free-air gravity (here using a crustal density of 2,550 kg m−3). The power of this signal decreases until
about degree 700, at which point the power begins to increase. Beyond this degree, the power of the Bouguer
gravity is very similar to the error spectrum of the gravity field, and we interpret the increase in power
beyond degree 700 as noise in the global spherical harmonic coefficients. We note that Wieczorek et al.
(2013) truncated the gravity model at degree 310, whereas Besserer et al. (2014) truncated the field at degree
550. Thus, in comparison to Wieczorek et al. (2013), our derived density and porosity maps should have a
resolution that is better by a factor of about two.

The topography model was derived from measurements made by the Lunar Orbiter Laser Altimeter (LOLA
Smith et al., 2017). We employed the model LOLA2600p of Wieczorek (2015) which is a spherical harmonic
expansion of the gridded data products archived on the NASA Planetary Data System. To match the resolu-
tion of the gravity field, we truncated the spherical harmonic series of the topographic model to the same
degree and order as the gravity model. We note that both the topography and gravity field are given in the
same principle axis reference frame (NASA, 2008).
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We estimated the bulk density of the upper crust using techniques developed by Wieczorek et al. (2013),
which were later elaborated by Wahl and Oberst (2019). In the approach, the Bouguer gravity is first deter-
mined by removing the gravitational signal of the surface topography from the observed gravity (both
downward continued to the mean planetary radius). If all gravity anomalies were the result of surface topog-
raphy, the Bouguer gravity would be zero if the correct density was chosen. Introducing an incorrect density
value, the Bouguer gravity would be nonzero and show a correlation with the topography. The density can
thus be determined, by ensuring that the correlation between Bouguer gravity and topography is as small as
possible. The correlation between the two fields was computed locally, using data collected on a grid within
a circle placed on the surface, and calculating the correlation coefficient we ensured that each point was
weighted by its corresponding surface area. Before computing grids of the Bouguer gravity and topography,
we first filtered out the longest wavelengths that could be influenced by lithospheric flexure. In particular,
Wieczorek et al. (2013) showed that for degrees larger than 150, the gravitational signal resulting from the
deflection of the crust-mantle interface is exceedingly small, regardless of what value is assumed for the
lithospheric thickness. We accordingly set the spherical harmonic coefficients of these fields to zero for all
degrees less than 150.

As described further in Wahl and Oberst (2019) we quantify the local variability of the bulk density based on
the variance of the density estimates about a given analysis point. For this, we simply calculated the standard
deviation of each point in relation to the neighboring values. Areas covered with mare were not considered
in our study given that the density structure of the crust in these regions is complex, with dense basalts over-
lying less dense highland materials (Gong et al., 2016). In order to prevent dense mare basalts from biasing
the results, we rejected estimated bulk densities where more than 2.5% of mare were present in the analysis
region. All spherical harmonic analyses were performed using the freely available python-based pyshtools
software package (Wieczorek & Meschede, 2018), and we make use of perceptually uniform colormaps
generated by Crameri (2018).

After obtaining the bulk density, the porosity can be estimated if the grain density is known independently.
Huang and Wieczorek (2012) showed that the grain density of common lunar rocks has a linear dependence
on both FeO and TiO2 abundances. In fact, the uncertainty in this dependence (±64 kg m−3; Huang &
Wieczorek, 2012) is comparable to the uncertainty of our bulk density estimates (±21 kg m−3). Using the
grain density map of Huang and Wieczorek (2012), for each analysis region we determine the average grain
density and then calculate the porosity using the relation

𝜙 = 1 −
𝜌bulk

𝜌grain
. (1)

Finally, we note that the bulk density and porosity obtained in this study are representative of the upper few
kilometers of the crust. In particular, for each analysis region, the density is representative of the material
located between the highest and lowest elevations, and for most regions this is approximately 4 km. For any
location considered in our analysis, we expect the crust to be thinner than a few kilometers. Besserer et al.
(2014) showed that the porosity is expected to decrease with depth but that some porosity would still be
present at the base of the crust.

3. Bulk Density and Porosity of the Upper Crust
3.1. Global Results
Following the methods described above, we produced a global map of the bulk density of the upper crust of
the Moon, which is shown in Figure 2. Mare areas (Nelson et al., 2014) are outlined with thin black lines,
and impact basins with diameters greater than 200 km (Neumann et al., 2015) are delineated by solid black
circles. Analyses were performed on an equal area grid with a spacing of 0.75◦, and bulk density analyses
were carried out using the gravity and topography data within circles with a radius of 3◦ (about 90 km at
the equator). The spatial resolution was chosen based on tradeoffs between the variance of the global maps,
the uncertainties of the analyses, and expectations based on the maximum and minimum densities (and
porosities). Our analyses thus have a spatial resolution that is two times better than in the initial study of
Wieczorek et al. (2013), which is to be expected, given that the maximum spherical harmonic degree they
employed (310) is about half of the value used here (700). Regardless, we note that none of our conclusions
presented here are sensitive to changes in the radius of the analysis regions from 1.5◦ to 4.5◦ (corresponding
to diameters of 90 and 272 km, respectively).
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Figure 2. Bulk density of the upper crust. The map is shown using a Mollweide equal area projection, centered over the lunar farside at 180◦ E, 0◦ N. Impact
basin main rims with diameters larger than 200 km are outlined by black circles and the mare, which were not considered in our study, are outlined with thin
black lines. Regions, where analyses were not performed are shown as white. Each bulk density plotted in this map represents an average within a circle with a
radius of 3◦ latitude, corresponding to a diameter of 180 km. The mare basalt map is taken from Nelson et al. (2014).

Averaging the local bulk densities in Figure 2, we compute a mean bulk density of the highland crust of 2,536
± 21 kg m−3. This value is consistent within uncertainties to the value of 2,550 ± 18 kg m−3 from Wieczorek
et al. (2013). The density is seen to vary from values as low as 2,300 kg m−3 to as high as 2,900 kg m−3. The
bulk densities are also seen to be higher within the farside South Pole-Aitken basin (∼2,700 kg m−3) than
in the surrounding highlands (∼2,500 kg m−3). The Orientale and Moscoviense basins are associated with
prominent density lows exterior to their peak rings. Furthermore, several of the smaller farside basins, that
do not possess interior mare, are seen to have slightly higher densities than their surroundings.

The porosity of the upper crustal materials was computed using the grain densities from Huang and Wiec-
zorek (2012) and is plotted in Figure 3. The porosity in the lunar highland crust varies from about 3% to
24%, with an average of 13%, similar to the values obtained in Wieczorek et al. (2013). This map has sev-
eral features in common with that of Figure 2. As examples, the density lows associated with the regions
surrounding Orientale and Moscoviense basins are associated with enhanced porosities. Furthermore, the
interiors of small basins with no mare fill correspond to porosity lows.

3.2. Porosity Signatures of Impact Basins
We next analyzed the porosity signatures of individual impact basins, making use of the basin catalog of
Neumann et al. (2015). Several impact structures that are completely or largely covered by mare basalts were
excluded from our investigation, given that their density structure is poorly constrained. These included
many prominent basins on the nearside (such as Imbrium, Serentitatis, Crisium, Nectaris, and Humorum) as
well as most of the basins located in the South Pole-Aitken (SPA) basin (such as Apollo). Some basins situated
in the lunar highlands also show bulk density and porosity gaps due to the presence of mare basalts, but
these gaps are mostly limited to the inner most portion of the basin and make up a very small portion of the
data used in generating an azimuthally averaged radial porosity profile. In the end, we investigated 40 basins
located in the lunar highlands with diameters greater than 200 km. For each basin, we created azimuthally
averaged plots of porosity as a function of distance from the basin center, extending to 3 crater radii. For
each point, we also computed the standard deviation, which is the measure of the natural variability of any
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Figure 3. Porosity of the upper crust. Image format is the same as in Figure 2.

given point with respect to the mean value. To aide in comparing the porosity profiles of the various basins,
we normalized the radial distances by the main rim diameter of each basin.

While some basins show no clear pattern in their radial porosity profiles, others exhibit a distinct signature.
In Figure 4 we investigate two representative basins, the large 571 km diameter Hertzsprung basin (left) and
the highly degraded basin TOPO-22 (right). The upper image shows a shaded-relief map of the basin, the
middle panel shows our derived porosities in map form, and the lower image plots the azimuthally averaged
porosity as a function of distance from the basin center. The main rim is marked as a solid, thick line at
the distance of 1 crater radius, and the peak ring and inner depression (when present) are shown as dashed
and dotted lines, respectively. Porosity profiles are normalized in distance by the main crater rim and the
absolute distances from the basin center are shown on the upper axis.

For the Hertzsprung basin, the porosity signature is approximately concentric about the basin center.
Regionally low porosities of 6% are found in the center of the basin, while just exterior to the main rim the
porosity reaches its maximum value of about 15%. For this basin, the density contrast between the minimum
and maximum values is 9% and we note that the lowest porosities are found interior to the peak ring, which
has a diameter of about half of the main rim. Furthermore, this basin also possesses an inner depression that
lies interior the peak ring, and the lowest porosities are closely correlated with the inner depression. In con-
trast, the slightly smaller, but highly degraded basin named TOPO-22 (Figure 4) shows a less distinctive and
muted signature. The local minimum of 9% is found within the peak ring, and exterior to the main rim the
porosity is quite variable and affected by multiple younger impact structures. The maximum porosity cor-
responds to the regional value far from the basin rim of about 14%. Consequently, TOPO-22 only possesses
a modest porosity contrast of at most 5%. The porosity contrast between the basin center and the main rim
is substantially lower at about 3%.

Azimuthally averaged porosity profiles of basins that have distinct porosity signatures are shown in Figure 5.
A striking feature that can be observed for all basins presented in this figure is that the local minimum is
always situated in the basin center inside the peak ring (if one exists). For many peak ring and mulitiring
basins, the porosity abruptly increases interior of the peak ring (such as Birkhoff), whereas for others, the
porosity continually increases interior of the main rim (such as Dirichlet-Jackson). The majority of these
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Figure 4. Porosity signatures of the Hertzsprung (left) and degraded TOPO-22 (right) impact basins. Plotted are shaded-relief maps (top), porosity maps
(middle), and azimuthally averaged porosity profiles with associated standard deviations (bottom). In each image, basin ring diameters from Neumann et al.
(2015) are plotted: main rim (solid), peak ring (dashed), and inner depression (dotted). Mare basalts (when present) are outlined in thin lines, and analysis
regions that were excluded as a result of the mare basalts are plotted in white. Maps are shown in a Mercator projection. The distances given on the lower axis
of the porosity profiles are normalized to the main rim radius, and the upper axis provides absolute distances. The horizontal dash-dotted line denotes the
ambient porosity, which is the average porosity between 2 and 3 main rim radii from the basin center.

basins also show higher porosities than the regional average, extending from the peak ring (at ∼0.5 crater
radii) to beyond the main crater rim at about 1.5–2 crater radii. In the supporting information, Figure S1, we
show basins without any distinct porosity signature and in Figure S2 basins where porosity measurements
in their interiors are lacking due to the presence of mare basalt.

The most striking basins in a global context (Figure 3) are Moscoviense and Orientale, which are two of the
largest and also youngest basins located in the lunar highlands. Moscoviense is a 640 km diameter basin that

WAHL ET AL. 7 of 14



Journal of Geophysical Research: Planets 10.1029/2019JE006335

Figure 5. Azimuthally averaged radial porosity profiles of impact basins located in the lunar highlands that show a distinct porosity signature. Figure format is
the same as in Figure 4.
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Figure 6. Porosity maps of (a) Moscoviense and (b) Orientale basin with shaded-relief Lunar Orbiter Laser Altimeter (LOLA) topography in the background
and azimuthally averaged profiles of porosity with their corresponding standard deviations (below). Maps are plotted in a Mercator projection. The image
format is the same as in Figure 4.

is Nectarian in age, whereas Orientale is 937 km in diameter and one of the youngest basins with an Imbrian
age. Both exhibit very high porosities in their surroundings as shown in Figure 6. Though the porosity could
not be determined in the basin interior, as a result of the presence of mare basalts, extremely high porosities
are found to extend out to almost 2 crater radii from the basin center. The porosity peaks for Moscoviense
and Orientale at 20% and 22%, respectively, which are 8% greater than the ambient porosity.

In Table 1 we list the porosity characteristics of all basins that have been investigated in this study. For each
basin we estimated the azimuthally averaged minimum porosity 𝜙min, the azimuthally averaged maximum
porosity 𝜙max, and the porosity contrast 𝜙diff , which is defined as the difference between the maximum and
minimum porosity. The ambient value of the crustal porosity is also provided, which represents an average
between 2 and 3 main rim radii. Basins for which the minimum porosity could not be determined because
of the presence of mare in their centers are enclosed by parentheses. The South Pole-Aitken (SPA) basin is
not included in the list, since meaningful values cannot be determined, as a result of the huge dimension of
the basin and the presence of numerous superposed younger basins. Instead, in the Appendix we provide a
detailed map of the South Pole-Aitken basin porosity together with an azimuthally averaged porosity profile
(Figure S3). As shown in the table, the minimum porosities vary from 4% to 16%, the maximum porosity
ranges from 10% to 19%, and the ambient porosities vary between 10% and 16%. The porosity contrasts vary
from 1% to 11%.

4. Discussion
4.1. Porosity Characteristics of Impact Basins
Many lunar impact basins show marked crustal porosity anomalies that stand out against the global back-
ground (Figure 3). These basins all possess a similar signature where the porosity is reduced within the peak
ring and the porosity is highest close to and just exterior to the main rim. Other basins have less well charac-
terized profiles, and the most likely explanation for this is that the initial porosity signature was modified by
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Table 1
Porosity characteristics of investigated lunar basins

Basin name Diametera Min. Standard Max. Standard Porosity Standard Ambient
[km] porosity devia- porosity devia- contrast devia- porosity

within tion [%] tion [%] tion [%]
basin [%] [%] [%]
[%]

Wegener-Winlock 205 15.5 0.4 16.7 0.0 1.3 0.4 14.2
Humboldt 206 (11.6) 1.4 13.9 2.7 (2.4) 4.1 13.3
Oppenheimer 206 (9.4) 1.2 14.0 2.6 (4.6) 3.8 11.3
Schwarzschild 207 7.7 0.0 13.9 3.0 6.2 3.0 13.3
Galois 210 9.6 0.0 14.0 1.1 4.4 1.6 13.1
Keeler West 218 11.1 0.0 12.5 1.6 1.4 1.6 11.2
Clavius 220 6.0 0.0 10.4 2.6 4.5 2.6 9.6
Deslandres 220 10.5 1.1 11.8 0.9 1.3 2.1 10.2
TOPO-13 220 (9.3) 0.0 13.3 1.6 (3.9) 1.7 10.6
Poczobutt 225 15.0 0.6 17.8 1.6 2.7 2.3 14.1
Pasteur 231 9.1 0.0 14.9 1.6 5.8 1.7 14.8
d'Alembert 232 7.3 0.0 13.2 2.5 5.9 2.5 12.8
Landau 236 9.2 0.0 14.4 1.7 5.2 1.7 13.3
Campbell 237 (14.0) 0.3 15.4 1.4 (1.4) 1.7 14.1
Fermi 241 (14.2) 0.6 15.6 1.3 (1.4) 1.8 13.4
Gagarin 256 (4.2) 0.0 11.7 1.7 (7.4) 1.7 11.4
Milne 264 14.2 1.4 14.8 0.5 0.6 1.9 12.5
Balmer-Kapteyn 265 5.9 0.0 16.7 1.8 10.7 1.8 13.8
Orientale-Southwest 276 14.5 0.6 17.5 1.0 3.0 1.5 16.4
Harkhebi 280 5.9 0.0 15.3 1.4 9.4 1.9 13.1
Bailly 299 5.9 0.0 13.6 2.7 7.7 2.7 10.8
Planck 321 9.7 1.5 12.0 2.7 2.3 4.2 11.7
Mendeleev 331 6.6 0.0 16.1 2.7 9.6 3.0 12.7
Birkhoff 334 8.7 0.8 14.3 2.7 5.6 3.5 12.6
Ingenii 342 10.9 2.2 14.1 2.6 3.2 4.9 10.4
Lorentz 351 (11.0) 0.8 17.4 1.3 (6.4) 2.8 14.3
Schiller-Zucchius 361 (13.5) 2.4 15.0 2.1 (1.5) 4.5 10.9
Fowler-Charlier 374 5.9 0.0 12.7 2.3 6.8 2.3 11.7
Korolev 417 5.0 1.1 15.2 1.4 10.2 1.9 12.8
Moscovience 421 (15.6) 2.1 17.7 1.8 (2.1) 3.9 14.5
Mutus-Vlacq 450 8.0 1.0 13.4 3.2 5.4 4.1 12.4
Dirichlet-Jackson 452 6.1 0.0 14.9 1.8 8.8 1.8 12.7
TOPO-22 500 8.5 0.0 13.8 3.0 5.4 3.0 13.5
Hertzsprung 571 5.6 0.0 15.9 1.3 10.3 1.7 13.2
Freundlich-Sharonov 582 (9.9) 0.7 17.6 2.4 (7.7) 3.3 12.9
Fitzgerald-Jackson 600 12.0 0.0 14.2 2.5 2.2 2.5 13.4
Moscoviense North 640 (16.0) 1.7 17.9 2.1 (1.9) 3.8 12.2
Mendel-Rydberg 650 (13.8) 2.2 16.5 2.5 (2.8) 4.7 13.4
Coulomb-Sarton 672 9.6 0.9 15.9 2.8 6.3 3.6 12.9
Orientale 937 (16.4) 0.9 19.2 2.4 (2.8) 3.3 13.5

Note. Numbers in parentheses lack data in the basin centers as a result of the presence of mare basalts. Basin names
are approved by the International Astronomical Union (IAU) or suggested by Neumann et al. (2015). The ambient
porosity is the average porosity between 2 and 3 main rim radii from the basin center.
aData from Neumann et al. (2015).
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subsequent impact events. We thus suggest that basins form with an initially well defined and characteristic
porosity profile, and that as the crater degrades, the profile becomes more muted and less distinct.

In Figure 4 we show the porosity map and profile of Hertzsprung basin (left), which is representative of an
unmodified basin that possesses a clear and distinct porosity pattern. In its center a pronounced porosity
low can be found. The porosity is reduced to 5% within a radius of 0.6 crater radii compared to the regional
value of 13%. This porosity low is confined largely within the peak ring. From about 0.6 to 1.6 crater radii the
porosity is higher than the background value and achieves a maximum value of 16% just beyond the main
basin rim at 1.2 crater radii. The maximum porosity of 16% is larger than the background value by 3%. Most
basins with clear signatures have similar patterns, though the exact crater radii at the various transitions
can vary by about half a crater radius.

The reduced porosity within the basin center is probably the result of several factors. One important con-
tribution is likely the production of impact melt. Impact melt sheets, if sufficiently thick, should form with
porosities near zero. As suggested by numerical simulations, the volume of melt is mainly related to the
dimension of the projectile (Grieve & Cintala, 1992; Pierazzo et al., 1997), but is also dependent on other
factors such as the composition and initial temperature of the target material (Pierazzo et al., 1997), and the
impact angle (Pierazzo & Melosh, 2000). Cintala and Grieve (1998) proposed a scaling law for estimating the
volume of impact melt VM under terrestrial and lunar conditions as a function of transient crater diameter
Dtc in the general form

VM = c Dd
tc, (2)

where the constants c and d depend on the impactor velocity and composition. Applying values for a
chondritic projectile with an impact velocity of 15 km s−1 and assuming a linear relationship between the
diameter of the transient and the final crater, a basin with the dimension of Hertzsprung (D = 571 km)
would have about 60 times more impact melt than a basin with a diameter of only 200 km. Another cru-
cial parameter controlling the amount of generated melt is the initial porosity of the target material before
impact. Numerical simulations by Wünnemann et al. (2008) showed that materials with high initial porosity
significantly reduce the critical pressure that is required for melting. Consequently, more melt is generated
in target materials of high porosity. Vaughan et al. (2013) modeled impact melt production using the exam-
ple of Orientale basin. The thickest melt sheet (about 14 km) was found to be located in the basin center,
with an extent of approximately 0.7 crater radii. This is about the same size as the peak ring and fits well
with the extent of the observed porosity minimum of the basins that do not possess younger mare basalts.

As suggested by numerical models, another factor being responsible for the reduced porosity in a basin's
interior could be the compaction of the target material, which is the closing of preexisting pore space (e.g.,
Collins et al., 2011; Wünnemann et al., 2006). In highly porous targets the effect of compaction plays a
fundamental role on the postimpact porosity (Housen & Holsapple, 2003). In particular, numerical simula-
tions by Milbury et al. (2015) showed that preimpact porosities of greater than 7% result in positive Bouguer
anomalies (indicating reduced porosities).

The increased porosities that are found near to the crater rim are likely the result of several factors, as well.
First, during crater formation, target material gets displaced and deformed. Materials that are ballistically
excavated reimpact the surface outside of the transient cavity and form an ejecta blanket, which can be of
several tens kilometer thick. The ejecta deposits are generally continuous about 1 crater radii away from the
rim, beyond which the deposits become discontinuous and thin. The ejecta deposits are expected to have
extremely high porosities as a result of the excavation and reimpact processes. Second, as a result of the
passing shock wave and the subsequent shear-dominated cratering flow, fracturing and brecciation raise
the porosity of the target material (Collins et al., 2004; Pilkington & Grieve, 1992). Dilatancy, which is the
increase in volume of a rock while subject to shear deformation, would also contribute to raise the porosity
(Collins, 2014). Numerical simulations by Wiggins et al. (2019) showed that the impact of projectiles with
sizes of 1 to 10 km (which create craters with diameters of about 10 to 100 km) would create significant
fracturing to depths of at least 20 km. Since the porosities estimated in our study represent an average of
the upper several kilometers of the lunar crust, we emphasize that it is not possible to distinguish between
deep porosity caused by fracturing of the in situ crust by shock waves or by the overlying ejecta blanket that
represents ballistically excavated materials.
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Figure 7. (a) Minimum porosity 𝜙min and (b) maximum porosity 𝜙max as a function of the main rim diameter (Neumann et al., 2015) for selected pristine
basins. Basins which lack data in their center due to of presence of mare basalt are marked in red and were excluded when estimating the trendline for the
minimum porosity.

4.2. Porosity Structure in Relation to Basin Diameter and Age
The majority of the investigated basins in our study have younger impact basins in their vicinity. These
later superposed craters and basins likely interfered with the previously existing porosity structure, leading
to substantial lateral variability in the porosity of the superposed impact basin. Of the 40 basins that were
investigated, only 27 were likely not disturbed by later large scale impact events (see Figure 5 and S2). The
characteristics of these relatively pristine basins are investigated further in Figure 7, where we plot both the
minimum and maximum porosity as a function of basin diameter. Those basins that lack density estimates
in their interiors as a result of mare basalts are plotted in red.

We first find that the maximum porosity increases with increasing basin diameter, from values close to 13%
at 200 km diameter to 18% at 900 km diameter. We explain the increased porosities for larger basins by more
material being excavated as the basin increases in size, leading to thicker ejecta blankets of highly porous
and fractured material outside the transient crater. Since for larger basins a larger extent of the isobaric
core (Pierazzo et al., 1997) is expected (within this region, the peak shock pressure reaches it maximum
value), the fracture zone for larger basins should be shifted further outwards. In the left panel of Figure 7
we plot the minimum porosity as a function of crater diameter. For this measure, the basins with data gaps
in their center should be considered unreliable, given that the lowest porosities are found generally in the
basin center. When excluding those basins, we find that the minimum porosity only slightly decreases with
increasing basin size, from about 7% at 200 km diameter to 6% at 600 km diameter. This small effect could
be related to the larger quantities and depths of impact melt that are generated by larger basins.

We next investigated how the porosity structure of individual basins varies with respect to their ages
(Figure 8). Though some of the basins in our study have well known relative and/or absolute ages, the for-
mation time of many basins are unknown. For the relative ages, we made use of the sequences published
in Spudis et al. (2011) and Orgel et al. (2018). For the most part, these are consistent with previous work
by Wilhelms (1987). If a relative basin age could not be found, we removed it from the consideration in our
analysis.

In Figure 8, we plot both the minimum and maximum porosities of the pristine basins as a function of
relative age, where the ages decrease with increasing sequence number. We first find that the minimum
porosity in the basin center is smallest for the youngest basins (about 5%), having a model age of about 3.81
Ga, and largest for the oldest basins (about 11%) with an approximate model age of 4.28 Ga (Orgel et al.,
2018). We attribute this behavior to older basins being subjected to numerous smaller impact events (meter
to kilometer scale), which progressively fractures the impact melt sheet with increasing time. For the oldest
basins, the minimum porosity is not too different from the background value far from the basin center. For
the maximum porosity shown in the right panel, a slight increase in maximum porosity with decreasing age
is observed, from about 15% for the oldest basins to about 16% for the youngest.
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Figure 8. (a) Minimum porosity 𝜙min and (b) maximum porosity 𝜙max as a function of basin formation sequence (Orgel et al., 2018; Spudis et al., 2011). Basins
that lack data in their center due to of presence of mare basalt are marked in red and were excluded when estimating the trendline for the minimum porosity.
Basins with unknown relative or absolute ages were omitted from the analysis.

5. Summary
High resolution gravity data from recent gravity models of the Moon have allowed us to estimate the bulk
density and porosity of the upper lunar crust. The spatial resolution of our bulk density estimates are about
a factor of two better than previous studies that used lower resoution gravity data, and this allowed us to
investigate the porosity structure of lunar impact basins. We find that the upper crust exhibits a wide range
of porosities, with values between 3% and 24%. Our global high-resolution porosity map provides clear evi-
dence that large impact basins both increase and reduce porosity. Many basins show a distinct porosity
signature, with low porosities in their center within the peak ring (if one exists), and increased porosities
close to and just exterior to the main rim. Other basins show a less distinctive and muted porosity pattern,
which are attributed to postimpact modification by superposed large basins and craters. We suggest that after
formation all basins show pronounced porosity signature and that basins that have been exposed to subse-
quent large scale impact events show a modified and more muted porosity pattern. The larger the impact
basin, the more pronounced are the minimum and maximum porosities. Furthermore, we demonstrate a
correlation between the porosity structure of impact basins and their relative ages. While older candidates
show a less pronounced porosity signature with a lower porosity contrast, younger basins show the highest
porosities near their rims and the lowest values interior to the peak ring. We relate the lower contrast for
older candidates to modifications through later impacts. The results of the present work will help constrain
models of impact crater formation that consider both fracturing and compaction of the crust.
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