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a b s t r a c t 

High-resolution gravity data from the Gravity Recovery and Interior Laboratory (GRAIL) mission provide 

the opportunity to analyze the detailed gravity and crustal structure of impact features in the morpho- 

logical transition from complex craters to peak-ring basins on the Moon. We calculate average radial 

profiles of free-air anomalies and Bouguer anomalies for peak-ring basins, protobasins, and the largest 

complex craters. Complex craters and protobasins have free-air anomalies that are positively correlated 

with surface topography, unlike the prominent lunar mascons (positive free-air anomalies in areas of 

low elevation) associated with large basins. The Bouguer gravity anomaly profiles of complex craters are 

highly irregular, with central positive anomalies that are generally absent or not clearly tied to interior 

morphology. In contrast, gravity profiles for peak-ring basins ( ∼200 km to 580 km) are much more reg- 

ular and are highly correlated with surface morphology. A central positive Bouguer anomaly is confined 

within the peak ring and a negative Bouguer anomaly annulus extends from the edge of the positive 

anomaly outward to about the rim crest. A number of degraded basins lacking interior peak rings have 

diameters and gravity patterns similar to those of well-preserved peak-ring basins. If these structures rep- 

resent degraded peak-ring basins, the number of peak-ring basins on the Moon would increase by more 

than a factor of two to 34. The gravity anomalies within basins are interpreted to be due to uplift of the 

mantle confined within the peak ring and an annulus of thickened crust between the peak ring and rim 

crest. We hypothesize that mantle uplift is influenced by interaction between the transient cavity and the 

mantle. Further, mascon formation is generally disconnected from the number of basin rings formed and 

occurs over a wide range of basin sizes. These observations have important implications for models of 

basin and mascon formation on the Moon and other planetary bodies. 

© 2017 Elsevier Inc. All rights reserved. 
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1. Introduction 

After over a half-century of work, there is currently no consen-

sus on the formation of impact basin rings on the Moon and ter-

restrial planets ( Baldwin, 1949; Hartmann and Kuiper, 1962; Hart-

mann and Wood, 1971; Wood and Head, 1976; Pike and Spudis,

1987; Melosh, 1989; Spudis, 1993; Alexopoulos and McKinnon,

1994; Head, 2010; Baker et al., 2011a,b ). Part of this uncertainty

has been a lack of detailed understanding of the surface and sub-
∗ Corresponding author at: NASA Goddard Space Flight Center 8800 Greenbelt 

Rd., Code 698 Greenbelt, MD 20771, USA. 
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urface characteristics of impact structures in the transition from

omplex craters to impact basins that may be used to refine ex-

sting models of basin formation. On most rocky planetary bod-

es, the onset of basin formation occurs when central peaks within

omplex craters are replaced by an interior ring of peaks to form

eak-ring basins ( Hartmann and Wood, 1971; Wood and Head,

976; Head, 1977; Pike and Spudis, 1987; Baker et al., 2011a,b ).

ransitional crater forms, called protobasins, possessing both cen-

ral peaks and peak rings are also observed ( Pike, 1982; Pike and

pudis, 1987; Baker et al., 2011a ). At the largest basin sizes, ad-

itional rings are added to form multi-ring basins ( Head, 1977;

otter, 2015 ). Fortunately, recent data for the Moon from orbital

pacecraft are helping to elucidate the characteristics of these mor-

http://dx.doi.org/10.1016/j.icarus.2017.03.024
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
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hological transitions. Image data from the Lunar Reconnaissance

rbiter Camera (LROC) and topography data from the Lunar Orbiter

aser Altimeter (LOLA) are greatly improving our understanding of

he detailed surface morphometries of complex craters and peak-

ing basins ( Baker et al., 2011a, 2012; Baker and Head, 2013; Bray

t al., 2012 ). Baker et al. (2011a, 2012) have shown that the change

rom craters to basins occurs at a diameter of ∼200 km and is a

iscontinuous transition in depth, area, and peak characteristics.

hese studies also suggest that impact-melt production, retention,

nd mobility during the impact event ( Cintala and Grieve, 1998a,b;

sinski et al., 2011 ) greatly affect the final surface morphometries

f basins. 

Our understanding of the subsurface structure of the transition

rom craters to basins is not as well understood. Unlike crater in-

estigations (e.g., drilling) on Earth, we are currently incapable of

irectly probing the subsurface of lunar impact craters; instead, we

ust depend on orbital geophysical techniques. On the Moon, our

nderstanding of global crustal structure has relied on measure-

ents of its gravity field. Through gravity data from the Clemen-

ine, Lunar Prospector and Kaguya spacecraft, large impact basins

ave been shown to possess unique free-air gravity anomaly char-

cteristics, with a central positive anomaly that is ringed by annuli

f negative, then positive anomalies ( Neumann et al., 1996 ; Namiki

t al., 2009 ). These characteristics define the classic “mascon”

mass concentration) basin first reported by Muller and Sjogren

1968) from Lunar Orbiter tracking data. Previous interpretations of

ascon subsurface structure suggested that the mantle is uplifted

n a super-isostatic state in the centers of the basins ( Neumann

t al., 1996 ). Bouguer gravity data derived from an improved un-

erstanding of surface topography also suggested the presence of

nnuli of thickened crust surrounding these super-isostatic “man-

le plugs” ( Neumann et al., 1996; Wieczorek and Phillips, 1999 ).

ore recent models of mascon formation ( Andrews-Hanna, 2013;

elosh et al., 2013; Freed et al., 2014 ) suggest that the super-

sostatic state of these mantle uplifts is a result of post-impact

rustal adjustments. While it has been possible to infer the crustal

tructure beneath large basins ( > 300 km in diameter) from previ-

us gravity measurements, the resolution of those datasets, espe-

ially for the lunar farside, inhibited analysis of the crater-to-basin

ransition and detailed linkages to surface morphology at smaller

iameters. 

Recent high-resolution measurements of the lunar gravity field

y the twin Gravity Recovery and Interior Laboratory (GRAIL)

pacecraft ( Zuber et al., 2013a,b ) now provide the opportunity to

nalyze the gravity and crustal structure of complex craters and

eak-ring basins in great detail. Neumann et al. (2015) has com-

iled an updated list of lunar impact basins greater than about

00 km in diameter and recognized on the basis of topography

nd GRAIL gravity data, observing several characteristics of that

opulation. Most basins larger than about 200 km were found to

ossess a central positive Bouguer anomaly (BA) within the in-

ermost peak ring, with a negative BA extending outward from

he peak ring to the rim crest. A well-defined trend of increas-

ng central BA with increasing rim-crest diameter was found for

asins larger than 200 km. These observations suggest that sub-

tantial mantle uplifts and crater excavation occur mainly within

he peak ring, which both become greater in magnitude with in-

reasing basin size. Further, the identified Bouguer-anomaly pat-

erns were found to be fundamental characteristics of all impact

asins; they were used to identify topographically degraded basins

nd to provide a more complete catalog of large impact structures

n the Moon. High-resolution gravity and numerical analyses of

he Orientale multi-ring basin have also been recently completed

 Johnson et al., 2016; Zuber et al., 2016 ), which place constraints

n the locations, characteristics, and formation of basin rings and

xcavation cavities. 
i  
Here, we complement the work of Neumann et al. (2015) by

roviding a more detailed assessment of the structural changes

hat occur in the transition from craters to basins on the Moon.

n particular, detailed measurements of surface morphology are

ompared with data from GRAIL on both free-air and Bouguer

nomalies to determine the linkage between surface and subsur-

ace structure. These observations provide important constraints

or models of mascon and peak-ring and multi-ring basin forma-

ion on the Moon and other terrestrial bodies. 

. Methods 

.1. Data 

We used a degree 660, spherical-harmonic, free-air gravity

odel for the Moon (GRAIL JGGRAIL_660C6A), which was pro-

uced by the Jet Propulsion Laboratory (JPL) with the software

ool MIRAGE (Multiple Interferometric Ranging and GPS Ensem-

le) ( Zuber et al., 2013b ). This model incorporates GRAIL obser-

ations from both the primary and the extended missions up to

ovember 13, 2012. By comparison, Neumann et al. (2015) used

 degree 900 gravity model (GRGM900C) produced by the NASA

oddard Space Flight Center (GSFC) that also includes GRAIL ob-

ervations from the primary and full extended missions ( Lemoine

t al., 2014 ). While the JPL and GSFC models differ in use of

oftware, a priori models, data editing, and parameter estimation,

heir results are largely comparable, especially at the scales of the

eatures analyzed herein ( Konopliv et al., 2013; Lemoine et al.,

014 ). Topographic data are from the Lunar Orbiter Laser Altime-

er (LOLA) and are represented by spherical-harmonic coefficients

 http://www.ipgp.fr/ ∼wieczor/SH/SH.html ). Bouguer gravity maps

ere generated from spherical-harmonic coefficients obtained by

ubtracting finite-amplitude Bouguer corrections ( Wieczorek and

hillips, 1998 ) from JGGRAIL_660C6A, assuming a uniform crustal

ensity of 2560 kg m 

−3 . 

Models of crustal thickness and relief of the crust-mantle

oundary on the Moon (herein called the “Moho” ) have been gen-

rated by Wieczorek et al. (2013) . In them, the observed gravity

rom GRAIL was assumed to result from relief along the surface, re-

ief along the crust-mantle interface, and lateral variations in den-

ity of the crust. LOLA data were used for surface relief. Following

ieczorek and Phillips (1998), Wieczorek et al. (2013) solved for

he spherical-harmonic coefficients of the first-order term of the

rust-mantle boundary relief, multiplied by the spatially varying

ensity contrasts between the crust and mantle. The grain density

density in absence of porosity) of the crust was estimated using 5 °
ridded Lunar Prospector estimates of elemental abundances, dis-

arding pixels that contain mare, combined with an empirical cor-

elation between grain density and composition ( Wieczorek et al.,

013 ). Bulk density (grain density with porosity) was obtained by

ultiplying the grain-density map by 1 − φ, where φ is the poros-

ty, which was assumed to be 7% or 12% in models by Wieczorek

t al. (2013) . To obtain a unique crustal-thickness model, they then

aried the average thickness of the crust and the mantle density

o find a solution that fit the seismic constraints at the Apollo 12

nd 14 sites along with a minimum crustal thickness constraint

f < 1 km. Four models were given, representing the range of val-

es constrained by observations, including 30 km or 38 km Apollo

eismic constraints on crustal thickness and constraints of 7% to

2% crustal porosity. Here, we use their Model 1, which assumes a

9.9-km thick crust under the Apollo landing sites and 12% crustal

orosity. This model produces the thinnest globally averaged crust

t 34 km. Model 2 of Wieczorek et al. (2013) produces an average

rustal thickness of 35 km by assuming a 30.8 km Apollo seismic

onstraint and 7% porosity. A globally averaged thickness of 43 km

s obtained using Models 3 and 4, which use an Apollo seismic

http://www.ipgp.fr/~wieczor/SH/SH.html
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Fig. 1. Representative topography and gravity maps of Korolev basin (417 km diameter; 4.44 °S, 157.47 °W). (a) LOLA topography, 1-km contour interval. (b) Free-air gravity 

anomaly, 100-mGal contour interval. (c) Bouguer gravity anomaly, 20-mGal contour interval. (d) Moho relief, 1-km contour interval. All maps are 16- to 310-degree spherical- 

harmonic expansions. The solid circular outline indicates the rim crest of the basin and the dashed circle is the outline of the peak ring. 
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constraint of ∼38 km and crustal porosities of 7% or 12%, respec-

tively. 

In order to reduce the effects of regional (long-wavelength) pat-

terns on our analyses, we high-pass filtered the various spherical

harmonic fields by removing degrees ( l ) lower than 16, which cor-

responds to a block size larger than about 330 km. We did not ex-

pand the fields beyond l = 310 so we could use Moho relief results

from Wieczorek et al. (2013) . Grids for each crater and basin were

generated from the spherical-harmonic expansions at 1/4 ° spacing

and out to three basin radii from the crater or basin center ( Fig. 1 ).

2.2. Crater and basin measurements 

Catalogs from Baker et al. (2011a) were used to determine the

locations of all protobasins (N = 3, where N is the total number)

and peak-ring basins ( N = 17) on the Moon. We also examined a

subset of complex craters > 100 km in diameter ( N = 74), from the

catalog of craters with central peaks by Baker and Head (2013) .

Centroids of visual circle-fits to the rim-crests using LOLA topogra-

phy ( Head et al., 2010; Baker et al., 2011a; Baker and Head, 2013 )

provide the center locations and rim-crest diameters and radii of

the structures ( Table 1 ). To analyze the general gravity characteris-

tics of the craters and basins, we measured zonally averaged pro-
les starting at the center of each structure out to three crater radii

 Fig. 2 ). Points along each profile ( Fig. 2 b) represent mean grid val-

es falling within concentric rings with 5-km widths. Uncertainties

n the profile are shown as one standard deviation for the sam-

les in a ring. Averaging in this fashion assumes that the basins

re symmetrical in their gravity and topographic signatures. This

s a reasonable approximation for most basins, but slight offsets in

entral anomalies from our central values do occur ( Fig. 2 a), and ir-

egular variations are more prominent in complex craters. Despite

hese offsets and asymmetrical variations, we feel that the assump-

ion of symmetry is valid for our purposes, which is to capture the

eneral gravity signatures with distance from the center for impact

tructures within the complex crater to peak-ring basin transition.

o simplify the display of profiles, we plot average values as a sin-

le solid line (linear interpolation of mean values), with uncertain-

ies as shaded regions ( Fig. 2 b). 

From these average profiles, we can begin to tie the grav-

ty signatures and associated models with surface morphometries,

amely the interior peaks and rim crests, as measured by prior

orkers ( Hale and Head, 1979; Baker et al., 2011a ). In Sections

 and 4 we seek to do this by measuring the locations of four

ajor gravity-anomaly features in averaged radial profiles ( Fig. 2 )

or peak-ring basins, protobasins, and complex craters. These major
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Table 1 

Listing of properties of analyzed peak-ring basins, protobasins, complex craters, and candidate peak-ring basins. 

Name ID Latitude Longitude D r D pk R R pk Mare e Age f 

Peak-ring basins a 

Schwarzschild 1 70.36 120.09 207 71 103.5 35.5 n Nectarian 

d’Alembert 2 51.05 164.84 232 106 116 53 n Nectarian 

Milne 3 −31.25 112.77 264 114 132 57 n pre-Nectarian 

Bailly 4 −67.18 −68.80 299 130 149.5 65 n Nectarian 

Poincare 5 −57.32 163.15 312 175 156 87.5 y pre-Nectarian 

Coulomb-Sarton h 6 51.35 −122.53 Not Analyzed; multi-ring basin pre-Nectarian 

Planck 7 −57.39 135.09 321 160 160.5 80 p pre-Nectarian 

Schrödinger 8 −74.90 133.53 326 150 163 75 y, FF Lower Imbrian 

Mendeleev 9 5.44 141.14 331 144 165.5 72 n Nectarian 

Birkhoff 10 58.88 −146.58 334 163 167 81.5 n pre-Nectarian 

Lorentz 11 34.30 −97.00 351 173 175.5 86.5 y pre-Nectarian 

Schiller-Zucchius h 12 −55.72 −45.18 361 179 180.5 89.5 y pre-Nectarian 

Korolev 13 −4.44 −157.47 417 206 208.5 103 n Nectarian 

Moscoviense 14 26.34 147.36 Not Analyzed; double impact Nectarian 

Grimaldi 15 −5.01 −68.69 460 234 230 117 y pre-Nectarian 

Apollo 16 −36.09 −151.48 492 247 246 123.5 y pre-Nectarian 

Freundlich-Sharonov h 17 18.35 175.00 582 318 291 159 p pre-Nectarian 

Protobasins b 

Antoniadi 1 −69.35 −172.96 137 56 68.5 28 y Upper Imbrian 

Compton 2 55.92 103.96 166 73 83 36.5 y, FF Lower Imbrian 

Hausen 3 −65.34 −88.76 170 55 85 27.5 n Eratosthenian 

Complex Craters c 

Levi-Civita 1 −23.25 143.20 100 23 50 11.5 n pre-Nectarian 

Buffon 2 −40.59 −133.54 100 23 50 11.5 p Nectarian 

Fitzgerald 3 26.85 −172.21 100 23 50 11.5 n Nectarian 

Isaev 4 −17.62 147.42 102 24 51 12 y pre-Nectarian 

Blancanus 5 −63.76 −22.00 103 24 51.5 12 p Nectarian 

Piazzi 6 −36.28 −68.20 103 24 51.5 12 y pre-Nectarian 

Mees Y 7 16.00 −97.02 103 24 51.5 12 y pre-Nectarian 

Schuster 8 4.46 146.43 103 24 51.5 12 n Nectarian 

Pascal 9 74.40 −70.10 103 24 51.5 12 p Nectarian 

Langemak 10 −9.85 119.58 104 24 52 12 y Upper Imbrian 

Saha 11 −1.75 102.91 107 25 53.5 12.5 n Nectarian 

Rumford T 12 −28.60 −172.10 108 25 54 12.5 p pre-Nectarian 

Fizeau 13 −58.21 −133.95 108 25 54 12.5 n Upper Imbrian 

Plaskett 14 81.66 176.50 109 26 54.5 13 n Upper Imbrian 

van der Waals 15 −43.56 120.04 110 26 55 13 p pre-Nectarian 

Volta 16 54.03 −84.65 110 26 55 13 y, FF pre-Nectarian 

Numerov 17 −70.55 −162.62 111 26 55.5 13 n Nectarian 

Seyfert 18 29.35 114.53 111 26 55.5 13 n Nectarian 

Gassendi 19 −17.49 −40.01 112 26 56 13 y, FF Nectarian 

Stefan 20 46.30 −108.80 112 26 56 13 p pre-Nectarian 

Ostwald 21 10.26 121.96 112 26 56 13 n pre-Nectarian 

Maurolycus 22 −41.85 13.94 113 27 56.5 13.5 p Nectarian 

Hevelius 23 2.24 −67.38 113 27 56.5 13.5 y, FF Nectarian 

Wiener 24 41.02 146.63 114 27 57 13.5 n Nectarian 

Alphonsus 25 −13.41 −2.84 114 27 57 13.5 y, FF Nectarian 

Kovalevskaya 26 30.87 −129.40 115 27 57.5 13.5 p Upper Imbrian 

Moretus 27 −70.66 −5.44 116 27 58 13.5 n Eratosthenian 

Leeuwenhoek 28 −29.28 −178.78 117 28 58.5 14 y Nectarian 

Kurchatov 29 38.40 141.78 117 28 58.5 14 n Nectarian 

Demonax 30 −78.45 59.30 120 29 60 14.5 n Nectarian 

Nernst 31 35.52 −94.67 123 29 61.5 14.5 y, FF Nectarian 

Michelson 32 6.63 −121.61 123 29 61.5 14.5 n Nectarian 

Stebbins 33 64.13 −142.63 123 29 61.5 14.5 p pre-Nectarian 

Rontgen 34 33.06 −91.53 123 29 61.5 14.5 y NO AGES IN CATALOG 

Sklodowska 35 −18.04 96.12 126 30 63 15 n NO AGES IN CATALOG 

Carnot 36 52.04 −144.02 126 30 63 15 p Nectarian 

Chaplygin 37 −5.68 150.36 128 31 64 15.5 p Nectarian 

Poynting 38 17.63 −133.38 128 31 64 15.5 p Nectarian 

Walther 39 −33.25 0.57 128 31 64 15.5 p pre-Nectarian 

Pythagoras 40 63.62 −62.83 129 31 64.5 15.5 n Eratosthenian 

Fleming 41 14.94 109.47 129 31 64.5 15.5 p Nectarian 

Aitken 42 −16.36 173.03 130 31 65 15.5 y Upper Imbrian 

Langrenus 43 −8.78 61.06 131 31 65.5 15.5 n Eratosthenian 

Albategnius 44 −11.22 3.93 133 32 66.5 16 p Nectarian 

Blackett 45 −37.41 −115.89 134 32 67 16 n pre-Nectarian 

Cleomedes 46 27.61 55.48 136 33 68 16.5 y, FF Nectarian 

Sommerfeld 47 64.58 −161.07 139 33 69.5 16.5 n Nectarian 

Mendel 48 −48.83 −109.90 142 34 71 17 y Nectarian 

Longomontanus 49 −49.86 −22.05 144 35 72 17.5 p Nectarian 

van de Graaff 50 −28.19 170.65 146 35 73 17.5 y Nectarian 

Neper 51 8.85 84.72 148 36 74 18 y Nectarian 

( continued on next page ) 
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Table 1 ( continued ) 

Name ID Latitude Longitude D r D pk R R pk Mare e Age f 

Maginus 52 −50.21 −6.22 148 36 74 18 p pre-Nectarian 

Curie 53 −23.00 92.49 148 36 74 18 n pre-Nectarian 

Roche 54 −42.21 136.51 153 37 76.5 18.5 y Nectarian 

unnamed i 55 −13.54 123.94 154 37 77 18.5 n NO AGES IN CATALOG 

Hedin 56 2.60 −76.64 158 38 79 19 y pre-Nectarian 

Keeler 57 −9.70 161.96 161 39 80.5 19.5 n Lower Imbrian 

Riccioli 58 −2.80 −74.51 161 39 80.5 19.5 y pre-Nectarian 

Drygalski 59 −79.88 −87.88 165 40 82.5 20 p pre-Nectarian 

Heaviside 60 −10.34 166.84 168 41 84 20.5 p pre-Nectarian 

Rozhdestvenskiy 61 85.17 −159.50 169 41 84.5 20.5 n pre-Nectarian 

Joliot 62 25.86 93.44 169 41 84.5 20.5 y pre-Nectarian 

Gauss 63 35.94 79.11 169 41 84.5 20.5 y, FF Nectarian 

Von Karman 64 −44.63 176.01 172 42 86 21 y pre-Nectarian 

Hilbert 65 −18.06 108.25 173 42 86.5 21 n Nectarian 

Chebyshev 66 −34.00 −133.01 175 43 87.5 21.5 n Nectarian 

Fabry 67 43.05 100.82 177 43 88.5 21.5 p pre-Nectarian 

Petavius 68 −25.39 60.84 180 44 90 22 y, FF Lower Imbrian 

Mach 69 18.21 −149.27 180 44 90 22 p pre-Nectarian 

Tsiolkovskiy 70 −20.26 128.98 185 45 92.5 22.5 y Upper Imbrian 

Zeeman 71 −75.04 −135.60 185 45 92.5 22.5 p Nectarian 

Bel’kovich 72 61.57 90.20 204 50 102 25 y, FF Nectarian 

Humboldt 73 −27.12 81.06 205 51 102.5 25.5 y, FF Upper Imbrian 

Candidate Peak-ring Basins d 

Oppenheimer 1 −35.44 −166.04 206 88 103 44 y Nectarian 

Schickard g 2 −44.53 −54.98 223 97 111.5 48.5 y pre-Nectarian 

Poczobutt 3 57.68 −99.59 225 98 112.5 49 p pre-Nectarian 

Pasteur g 4 −11.46 104.81 231 101 115.5 50.5 n pre-Nectarian 

Landau g 5 42.22 −119.17 236 104 118 52 p pre-Nectarian 

Campbell g 6 45.50 152.96 237 105 118.5 52.5 y pre-Nectarian 

Deslandres 7 −32.81 −5.33 240 106 120 53 y pre-Nectarian 

Leibnitz 8 −38.19 179.23 247 110 123.5 55 y pre-Nectarian 

Iridum 9 44.84 −31.67 252 113 126 56.5 y Lower Imbrian 

von Karman M 10 −47.08 176.24 255 114 127.5 57 y pre-Nectarian 

Fermi 11 −19.77 123.45 259 116 129.5 58 n pre-Nectarian 

Gagarin 12 −19.61 149.24 265 120 132.5 60 n pre-Nectarian 

Harkhebi 13 40.03 98.62 280 128 140 64 n pre-Nectarian 

Sikorsky-Rittenhouse h 14 −68.59 109.71 282 129 141 64.5 n Nectarian 

Balmer-Kapteyn g , h 15 −15.76 69.64 300 139 150 69.5 p pre-Nectarian 

Ingenii h 16 −32.86 163.76 342 163 171 81.5 y pre-Nectarian 

Amundsen-Ganswindt g , h 17 −80.59 124.36 377 183 188.5 91.5 n pre-Nectarian 

Dirichlet-Jackson h 18 13.39 −158.24 452 228 226 114 n NO AGES IN CATALOG 

a Peak-ring basin rim-crest diameters ( D r ), peak-ring diameters ( D pk ), corresponding radii ( R and R pk ) and center latitudes and longitudes from Baker et al. (2011a) . 

All longitudes are positive eastward and negative westward. 
b Protobasin rim-crest diameters ( D r ), peak-ring diameters ( D pk ), corresponding radii ( R and R pk ) and center latitudes and longitudes from Baker et al. (2011a) . 
c Complex crater rim-crest diameters ( D r ), corresponding radii ( R ) and center latitudes and longitudes from Head et al. (2010) . Central peak diameters ( D pk ) and 

corresponding radii ( R pk ) are from the relationship of Hale and Head (1979) , D pk = 0.259 D r −2.57. These are craters larger than 100 km in diameter and with central 

peaks from the catalog of Baker and Head (2013) . 
d Candidate peak-ring basin rim-crest diameters ( D r ), corresponding radii ( R ) and center latitudes and longitudes measured in this study. Peak-ring diameters ( D pk ) 

and corresponding radii ( R pk ) are from the relationship of Baker et al. (2011a) , D pk = 0.14 D r 
1.21 . 

e Presence or absence of mare deposits in the crater or basin interior: y = yes, n = no, p = possible (possible cryptomare, smooth fill of moderate albedo, etc.). Those 

craters and basins with floor fractures are denoted by “FF.”
f Crater age designation, as compiled by the Lunar Planetary Institute (LPI) Lunar Impact Crater Database, http://www.lpi.usra.edu/lunar/surface/Lunar _ Impact _ Crater _ 

Database _ v24May2011.xls ( Losiak et al., 2009 ). Most ages in that catalog are from Wilhelms (1987) . 
g Ringed basins proposed by Pike and Spudis (1987) . A re-analysis of these basins by Baker et al. (2011a) and this study shows that these basins do not preserve 

interior peaks. 
h Name not IAU approved, but appears in previous basin catalogs (e.g., Wilhelms, 1987 ). 
i Provisional names provided here for unnamed craters. 
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profile features include the central maximum (“1” in Fig. 2 b), first

zero crossing (“2” in Fig. 2 b), interior minimum (“3” in Fig. 2 b),

and second zero crossing (“4” in Fig. 2 b). The central maximum is

defined by the maximum value within 0.5 R (where R is the crater

or basin radius); it has an associated uncertainty of one standard

deviation. The location of the central maximum is determined by

finding the smallest ring whose outer radius R o surrounds all of the

central anomaly. The radius of the central anomaly is then taken to

equal R o −0.5( R o −R i ), where R i is the inner diameter of the 5-km-

wide ring; the radius of the central anomaly then reduces to R 0 –

2.5 km. The uncertainty in this location is thus given as ± 2.5 km.

For BAs in peak-ring basins, the central-maximum value always oc-

curs near the basin center ( Fig. 2 b). The interior minimum is de-

fined as the minimum value within 1 R . The uncertainties and lo-
ation of the interior minimum are reported similarly to the cen-

ral maximum. In BA profiles of peak-ring basins, the interior mini-

um is typically located at about 0.75 R , representing a trough in a

road negative anomaly annulus ( Fig. 2 b). The first zero crossing is

efined as the location where the average profile first crosses the

nomaly axis at a value of zero moving outward from the center.

o determine this location, we applied a linear interpolation be-

ween our ring-averaged data points. If the profile has a positive

entral anomaly, as is the case for BAs of peak-ring basins, the first

ero crossing defines the radius of this central positive anomaly

 Fig. 2 b). For profiles without a positive central anomaly, the first

ero crossing is much more variable. The second zero crossing

s defined as the next location where the linearly interpolated,

verage profile crosses zero. This location represents the outer

http://www.lpi.usra.edu/lunar/surface/Lunar_Impact_Crater_Database_v24May2011.xls
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Fig. 2. Method of calculating average radial profiles of gravity, topography, and 

models of crustal structures for craters and basins. (a) For demonstration, a map 

of Bouguer gravity anomalies for Korolev (417 km diameter; 4.44 °S, 157.47 °W). Av- 

erages of all grid values located within concentric rings 5 km in width were calcu- 

lated to determine a radial profile for each crater and basin (b). Uncertainties from 

the averaging are shown as one standard deviation (shaded regions in b). For clar- 

ity, only rings spaced at 50 km are shown in (a). Profiles were used to identify the 

locations and values of main features. For Bouguer anomalies, these are: (1) Central 

maximum, (2) First zero crossing (representing the diameter of the central positive 

anomaly, if present), (3) Interior minimum, and (4) Second zero crossing (represent- 

ing the maximum radial extent of the negative annulus). 
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iameter of the negative annulus in BA profiles of peak-ring basins

 Fig. 2 b). It often does not exist in the topographic profiles of com-

lex craters considered here (i.e., profiles have only one zero cross-

ng or are completely negative or positive). 

We also apply the above techniques to profiles of Moho relief

nd crustal thickness ( Wieczorek et al., 2013 ). Moho relief is mea-

ured relative to a mean depth of 34 km in Model 1 of Wieczorek

t al. (2013) . Variations in Moho relief about the mean (or zero)

imic the shape of the BAs, as most of the density variations re-

ected in the BA are due to mantle topography with relatively

inor contributions from lateral density variations in the crust

 Wieczorek et al., 2013 ). All crustal-thickness variations are mea-

ured relative to the mean crustal thickness at 3 R ( t ), which varies

rom basin to basin depending on its geographic location. Instead

f a central maximum and annular minimum, we measure a cen-

ral minimum and annular maximum in crustal thickness, as this

arameter is inversely related to the magnitude of the mantle up-

ift ( Section 4 ). 
After initial examination of the profiles of peak-ring basins,

e identified anomalous patterns for Coulomb-Sarton and

oscoviense. As noted by Neumann et al. (2015) and dis-

ussed in Section 5 , we suggest that, based on its Bouguer gravity

rofile, Coulomb-Sarton is more analogous to a multi-ring basin.

oscoviense has recently been attributed to a double impact

 Ishihara et al., 2011 ), where the three-ring pattern of Moscoviense

s actually a peak-ring basin superposed on a larger, more de-

raded basin, rather than an oblique impact as early workers have

roposed (see discussion in Thaisen et al., 2011 ). Regardless of its

ode of formation, the gravity signal of Moscoviense is highly

symmetrical, and the strength of its Bouguer gravity anomaly

s much greater than that predicted for a peak-ring basin of its

ize. As a result of their unique gravity signatures, we have chosen

o remove these two basins from the presentation of results

erein. However, calculated parameters for Coulomb-Sarton and

oscoviense are included in the accompanying supplementary

aterial. 

.3. Effects of mare on the gravity profiles 

We have not sought to remove the gravitational effects of in-

erior mare fill here. Table 1 lists the craters and basins exam-

ned, indicating those with mare deposits in their interiors. We

nd that 6 out of 15 (6/15) peak-ring basins, 2/3 protobasins, 26/73

omplex craters and 8/18 candidate peak-ring basins analyzed here

ave mare deposits within them. However, the thickness and spa-

ial extents of these deposits vary considerably from very isolated

atches to those that completely cover the floors of the craters

r basins. In no case, though, was mare material thick enough to

ompletely cover or obscure central peaks or peak rings. Further,

e found that removing those craters and basins with mare fill

nd correcting for estimates of the gravity contribution of mare

ithin peak-ring basin (see Appendix A ) did not change the overall

rends presented here. More detailed modeling of the contributions

f mare infill is needed; however this is complicated by uncertain-

ies in the geometries of the deposits, which may be highly irreg-

lar depending on the topography of underlying basement rocks. 

. Gravity characteristics 

.1. Free-air anomalies 

Large basins on the Moon, including those with multiple rings,

re generally associated with positive free-air gravity anomalies

hat are interpreted to be largely related to super-isostatic uplift of

he mantle ( Neumann et al., 1996; Wieczorek and Phillips, 1999;

elosh et al., 2013; Zuber et al., 2013b; Neumann et al., 2015 ). All

ut six (Schwarzschild, d’Alembert, Bailly, Mendeleev, Birkhoff, and

orolev) of the 15 peak-ring basins analyzed show central positive

ree-air anomalies in their averaged profiles that are not associated

ith elevated central topography ( Fig. 3 ). These central anomalies

re confined within the peak ring and the central maximum shows

n apparent increase with basin diameter ( Fig. 3 ). Six of the nine

asins that have central positive free-air anomalies also have been

nfilled with mare lavas to varying degrees, which could be con-

ributing to their gravity characteristics. However, positive central

nomalies are observed in basins without mare infill (e.g., Milne

nd Freundlich-Sharonov), and positive free-air anomalies do not

ppear over some areas of mare that are within the basins but ex-

erior to the peak rings, suggesting that the mare contributions to

he gravity field may be relatively minor. Since the free-air anoma-

ies for all of the peak-ring basins are generally correlated with

urface topography, the mean free-air anomalies within one rim-

rest radius are negative ( Fig. 4 a). The free-air anomalies in pro-

obasins and complex craters are also highly correlated with to-
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Fig. 3. Maximum free-air gravity anomaly within 0.5 R as a function of rim-crest 

diameter for complex craters (gray circles), protobasins (blue squares), peak-ring 

basins (solid red hexagons), and candidate peak-ring basins (open red hexagons). 

(For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 
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pography, showing negative average free-air anomalies within 1 R

( Fig. 4 b and c). In general, no central positive free-anomalies are

observed in protobasins or complex craters ( Figs. 3 and 4 b and c). 

3.2. Bouguer anomalies (BAs) 

Peak-ring basins show very regular BA patterns that are well-

correlated with their unique surface morphologies ( Fig. 5 a). As

observed earlier for larger impact basins ( Neumann et al., 1996;

Namiki et al., 2009 ) and more recently for all known lunar peak-

ring basins and multi-ring basins ( Neumann et al., 2015 ), every

peak-ring basin is marked by a central positive BA, which is sur-

rounded by a negative-Bouguer annulus that is smaller in magni-

tude ( Figs. 5 a and 6 a,b). The maximum value of the BA for each

peak-ring basin occurs at or near the center of the basin. As shown
Fig. 4. Mean values of free-air (a-c) and Bouguer (d-f) gravity anomalies calculated with

complex craters ( Table 1 ). 
n Fig. 6 a, the central maximum increases linearly with increasing

im-crest diameter for peak-ring basins, from values of 30 mGal

o 420 mGal. The radius of each peak-ring basin’s central anomaly

s correlated remarkably well with the location of its peak ring

 Fig. 5 a). That is, the central positive BA is almost invariably lo-

ated completely within the peak ring, an observation that was

ot possible prior to the high-resolution gravity field provided

y GRAIL. We calculate a mean peak-ring radius of 0.48 R ±0.05 R

 Baker et al., 2011a ), and a mean radius of the central positive BA

i.e., the first zero crossing) of 0.47 R ± 0.1 R . Similar trends in the

agnitudes and diameters of the central positive BAs were ob-

erved by Neumann et al. (2015) . Absolute values reported here

ave slight differences when compared with those of Neumann

t al. (2015) due to differences in methods of calculating the

ouguer anomalies. Despite these differences, the overall trends

re in good agreement. 

The negative-anomaly annulus extends from the edge of the

entral positive anomaly and reaches a minimum at approximately

idway between the peak ring and rim crest, or at a mean

alue of 0.74 R ± 0.06 R ( Fig. 5 a). The magnitude of this interior

inimum also appears to trend linearly with rim-crest diameter

 Fig. 6 b), with the largest magnitudes occurring in the largest peak-

ing basins. The ratio of the magnitude of the interior minimum BA

o the central maximum BA is fairly constant at a mean value of

.23 ± 0.1, excluding the anomalous value of d’Alembert at 1.47. In-

erestingly, the interior minima for peak-ring basins also appear to

e slightly farther inward from the rim crest at the largest sizes

 Fig. 5 a), as the location of the interior minimum ranges from

round 0.8 R at the smallest basins to around 0.7 R at the largest

izes. The outer edge of the negative annulus is more variable, but

s generally confined to be within 1.5 R and often near the rim crest

f the basin. 

Protobasins and complex craters, on the other hand, show very

rregular BA profiles that are not obviously correlated with sur-

ace morphological features ( Fig. 5 a and b). Only 7 of the largest

5 complex craters have positive BAs confined to their interiors

 Fig. 5 b) and none of the protobasins shows a positive central

ouguer anomaly ( Fig. 5 a). The location of the central maximum
in circles incremented by 0.25 unit radii for all peak-ring basins, protobasins, and 
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Fig. 5. Locations of the main features of average Bouguer anomaly profiles for peak-ring basins, protobasins, and complex craters. a) Typical Bouguer anomaly profile of a 

peak-ring basin showing a positive central anomaly and negative anomaly annulus. Diamonds on the profile correspond to the central maximum (“1”, red), the first zero 

crossing (“2”, orange), interior minimum (“3”, dark blue), and second zero crossing (“4”, light blue) (cf. Fig. 2 ). Directly below the Bouguer anomaly profile is a representative 

topographic profile of a peak-ring basin, showing the locations of the peak ring (gray square) and the rim crest (black square). Below the profiles are the measured locations 

of the main features of the Bouguer anomaly profile for 15 peak-ring basins (excludes Coulomb-Sarton and Moscoviense) and 3 protobasins. Also shown are the measured 

peak ring and rim-crest radii from Baker et al. (2011a) . Locations of features are normalized to the rim-crest radii of the basins. Basins are labeled according to their 

assigned number (IDs) ( Table 1 ) and are arranged by upward increasing rim-crest diameter. Solid symbols represent structures with positive Bouguer anomalies confined 

to their centers (0.5 R ), while open symbols represent structures without central positive Bouguer anomalies. b) Same as (a) but for the 25 largest complex craters. Solid 

symbols represent structures with positive Bouguer anomalies confined to their centers (0.5 R ), while open symbols represent structures without central positive Bouguer 

anomalies. The approximate diameters and corresponding radii of the central peaks for each crater (grey boxes in bottom panel of (d)) were calculated using the relationship 

of D cp = 0.259 D r −2.57 (units in km) from Hale and Head (1979) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 

of this article.) 
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s highly variable, and typically does not occur near the center of

he structure ( Fig. 5 b). The interior minimum is much more irreg-

lar in its location than in peak-ring basins, with a mean value of

.56 ± 0.32 R . In some cases, the interior minimum is located near

he center of the structure, in others it is near the rim crest. As

 result, the first zero crossing is also highly variable and a sec-

nd zero-crossing is commonly not observed. Sources of variation

n the BA signal for complex craters are difficult to parse without

ore detailed analyses of individual craters. Variations in the re-

ponse of the lunar interior to impact events depend on projec-

ile properties, impact conditions, and target attributes. Further-

ore, pre-existing, subsurface-density structure and post-impact

rocesses (e.g., magmatism) can affect the Bouguer signal, leading

o some of the observed scatter. 

In order to gain a statistical understanding of the seemingly

andom BA behavior of complex craters, we assembled a database

f 968 BA map grids for structures with rim-crest diameters

 D r ) between 20 and 330 km Head et al. (2010) . Most of these

raters (92%) have D r ≤ 150 km and peak-ring basins (degraded

r otherwise; See Fig. 6 and Section 5 ) dominate the sample at

 r � 200 km. The grids were calculated from the JPL spherical har-

onic Bouguer coefficient set 780C8A. To remove the regional sig-

al and to account for the fidelity of the Bouguer solution, the
pherical harmonics were band-pass filtered between degrees 50

nd 540 using 20-degree cosine tapers at both ends. These model

uns were specifically tuned to examine a large suite of the com-

lex craters, down to the transition to simple craters at about

0 km diameter. In particular, a more severe low-degree cutoff

oes a better job of isolating the typical small Bouguer signals as-

ociated with complex craters from larger, longer-wavelength con-

ributions. The reader is referred to discussions in Soderblom et al.

2015), Neumann et al. (2015) and Bierson et al. (2016) for more

nformation on gravity grid production techniques and considera-

ions when analyzing structures at the sizes of complex craters. 

Plotted against rim-crest diameter, we examined, inter alia , ( i )

he BA at the center of the crater, ( ii ) the maximum BA within

he crater, and ( iii ) the minimum BA within the crater ( Fig. 7 ). The

catter in central BAs has a mean of near zero out to D r ≈ 150 km

 Fig. 7), beyond which a 3rd-order polynomial fit and 50-km di-

meter intervals in D r means indicate a systematic positive slope

 �BA / �D r ) of about 0.4 mGal/km. The maximum BAs ( Fig. 7 b)

how slightly positive interval means, the lower range not statisti-

ally separable from zero, out to D r ≈ 150 km, beyond which there

s a strongly positive trend into the regime of peak-ring basins. The

inimum BA s ( Fig. 7 c) exhibit a slightly negative slope in the in-

erval means from D r = 20 km to D r ≈ 200 km, but the slope is not
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Fig. 6. Maximum and minimum values of the central and interior Bouguer anomaly, Moho relief, and crustal thickness as a function of rim-crest diameter for complex 

craters (gray circles), protobasins (blue squares), peak-ring basins (solid red hexagons), and candidate peak-ring basins (open red hexagons). (a) Maximum Bouguer anomaly 

within 0.5 R . (b) Minimum Bouguer anomaly within 1 R . (c) Maximum Moho relief within 0.5 R . (d) Minimum Moho relief within 1 R . (e) Minimum crustal thickness within 

0.5 R , corresponding to central thinning of the crust for peak-ring basins. (f) Maximum crustal thickness within 1.5 R , corresponding to an annulus of thickened crust (“crustal 

annulus”) for peak-ring basins. Crustal thickness variations are relative to the average thickness taken at three crater radii ( t ). (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 
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below 200 km. 
statistically different from zero. Beyond 200 km, the increasingly

negative slope mirrors the growing importance with increasing di-

ameter of the negative BA annulus in the outer portions of the

structure, as shown in peak-ring basins ( Figs. 5 a and 6 b). 

In summary, while complex craters exhibit highly irregular BA

behavior, a statistical treatment of a large sample of structures

with refined band-pass filtered grids ( Fig. 7 ) reveals that positive

central BAs begin to dominate at ∼150 km in rim-crest diameter

( Fig. 7 a,b). The minimum BAs ( Fig. 7 c) reveal that the magnitude

of the negative annulus begins to increase at D r ≈ 200 km, or near

the onset of peak-ring basins. Thus, structures in the interval be-

tween ∼150 to 200 km are transitional in their BA behavior. Some,

like the complex crater Petavius ( D r = 180 km) ( Fig. 7 d), exhibit a

somewhat irregular BA high ( ∼20 mGal) over the center of the

crater, including the central peak, and a minor, poorly-developed

accompanying negative annulus. Petavius also exhibits floor frac-

tures, possibly associated with an underlying magmatic sill of high
ensity ( Schultz, 1976 ; Jozwiak et al., 2012 ), which may be af-

ecting the observed positive BA patterns. Other complex craters

ithin this transitional range do not exhibit any central BA highs

r negative annuli. Perhaps not coincidentally, the 150- to 200-km

iameter range also shows transitions in interior landforms, with

he three protobasins (having both a central peak and peak ring)

n the Moon occurring at diameters of 137, 166, and 170 km. 

Soderblom et al. (2015) recognized a similar transition in cen-

ral BA. They defined the central BA as the difference in the area-

eighted mean BA between a structure’s center out to 0.2 R and an

nnulus from 0.5 to 1.0 R . Their analysis of ∼1200 lunar highlands

raters from 27 to ∼10 0 0 km in diameter showed a break in slope

n the trend of central BA at a diameter of 218 ± 17 km, which was

nterpreted to represent the onset of mantle uplift at this diame-

er. Our observations support this interpretation but suggest that

he onset of mantle uplift may occur at slightly smaller diameters
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Fig. 7. Bouguer anomalies (BAs) of 968 impact structures plotted against crater rim-crest diameter ( D r ). Twenty annular BA means out to one crater radius were obtained; 

those data were used to generate this figure. (a) The central value (“BA central”) is the average of the means of the first two rings out from the crater center. (b) The 

maximum value (“BA max”) is the largest of the annular means. (c) The minimum value (“BA min”) is the smallest of the annular means. The green curves are 3rd order 

polynomial fits to all of the data. Mean values with standard errors are shown (magenta) for 50-km sampling intervals of D r . (d) Bouguer anomaly contours (5 mGal contour 

interval) over an LROC wide-angle image of the complex crater Petavius (180 km; 25.39 °S, 60.84 °E). The magenta circle indicates the average location of the rim crest. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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. Interpretations of gravity and crustal structure 

To help in the interpretation of the trends in Bouguer gravity

nomalies, we examined recent global models of Moho relief and

rustal thickness from Wieczorek et al. (2013) , which are described

n Section 2.1 . Similar to the gravity anomalies ( Fig. 5 ), we cal-

ulated average profiles for Moho relief and crustal thickness and

easured the positions and magnitudes of major features in those

rofiles ( Figs. 6 c-f, 8 , and 9 ). Because the models by Wieczorek

t al. (2013) show that most of the subsurface gravitational signal

s the result of relief along the crust-mantle interface, rather than

ateral density variations in the crust, profiles of the Moho relief

imic the BA profiles ( Fig. 8 ). 

Under these assumptions, several interpretations of the trends

n BA trends may be made. The central positive BAs are interpreted

o be the result of mantle uplifted in the centers of the basins

 Neumann et al., 2015 ). The perimeter of the central Moho up-

ift is almost completely enclosed by the peak ring ( Fig. 8 a). The

agnitude of the uplift ranges from 3 km at the smallest peak-

ing basin ( D r = 207 km) to 22 km at the largest ( D r = 582 km) ( Fig.

 c). This central Moho relief also corresponds to thinning of the

rust relative to the average pre-impact thickness ( Fig. 6 e); again,
his thinning is confined to the interior of the peak ring ( Fig. 9 a).

agnitudes of this crustal thinning range with increasing diame-

er from approximately 5 km to 25 km ( Fig. 6 e). The actual amount

f crustal removal implied by the modeled thickness of the crust

eneath peak-ring basins may be underestimated because much

f the crust interior to the peak ring is expected to be melted

uring impact-basin formation (e.g., Cintala and Grieve, 1998a,b;

aughan et al., 2013; Freed et al., 2014 ), forming kilometers-thick

elt sheets mainly confined within the peak ring (e.g., Vaughan et

l., 2013 ). Some complex craters may show several kilometers of

oho uplift ( Fig. 6 c), but most of those uplifts are not confined to

.5 R ( Fig. 8 b), as is the case for peak-ring basins. 

The negative annulus of the Bouguer-anomaly profile in peak-

ing basins is inferred to be the result of depression of the Moho

nd thickening of the crust outward from the edge of the central

antle uplift ( Neumann et al., 1996, 2015; Wieczorek and Phillips,

998; Melosh et al., 2013 ). The crustal thickening, or “crustal annu-

us” ( Fig. 10 ), is typically confined to the region between the peak

ing and rim crest ( Figs. 8 a and 9 a). Interior minima of Moho relief

re located at a mean value of 0.7 ± 0.07 R , but this location ap-

ears to slightly migrate inward from the rim crest at the largest

izes ( Fig. 8 a). Ratios of the magnitude of the interior minimum
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Fig. 8. Locations of the main features of average Moho relief profiles ( Wieczorek et al., 2013 ) for peak-ring basins, protobasins, and complex craters. The figure panels are 

set up the same as in Fig. 5 ; please refer to the Fig. 5 caption and text for additional details on measurements and symbols. 
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of Moho relief to the central maximum may increase slightly with

rim-crest diameter from around 0.15 to 0.4, with a mean value for

peak-ring basins of 0.28 ± 0.1 (excluding d’Alembert; see above for

BAs). 

As with gravity anomalies, Moho relief and crustal thickness

variations associated with protobasins and complex craters are

much more irregular, and do not show the distinctive crustal pro-

files that occur in peak-ring basins ( Figs. 8 b and 9 b). However,

the occurrence of an upturn in central and maximum BAs begin-

ning at D r ≈ 150 km ( Fig. 7 a and b), with positive BAs occurring in

some complex craters, suggests the presence of modest uplift of

the mantle or deep, denser crustal layers for craters with D r ≈ 150

to 200 km. The trend of minimum Bouguer anomalies ( Fig. 7 c) also

suggests that development of a well-defined annulus of thickened

crust is mainly associated with the onset of peak-ring basins near

200 km in diameter. 

In summary, Bouguer gravity anomalies and models of Moho

relief and crustal thickness determined from GRAIL gravity data

by Wieczorek et al. (2013) suggest a prominent change in crustal

structure near the onset diameter of peak-ring basins ( Fig. 10 ). The

data presented here are in good agreement with those of Neumann

et al. (2015) and Soderblom et al. (2015) and reveal important ad-

ditional details not treated previously. The formation of complex

craters smaller than about 150 km does not appear to have resulted

in any significant uplift of the mantle or deep, denser crustal layers

( Fig. 10 a). In the transition to peak-ring basins from diameters of

∼150 to 200 km, some complex craters begin to show modest up-
ift of the mantle and/or intra-crustal density boundaries. However,

nnuli of thickened crust appear to be either minor or non-existent

ithin this transitional diameter range. At the onset diameter of

eak-ring basins ( ∼200 km), the Moho in the center of the basin

s higher by several kilometers with respect to its pre-impact level,

nd there is an annulus of crustal thickening, whose maximum lies

pproximately midway between the peak ring and rim crest ( Fig.

0 b). The central mantle uplift has a diameter nearly equal to that

f the peak ring and is associated with thinning of the crust in

his region. The central mantle elevation and the thickness of the

rustal annulus are even greater in magnitude at the largest peak-

ing basins ( Fig. 10 c), producing substantial crustal thinning below

he centers of these basins and increasing in crustal thickness be-

ween the peak ring and rim crest. 

. Recognition of degraded peak-ring basins 

One of the most significant results from lunar gravity data has

een the recognition that, although the topography of a basin de-

rades with time through a number of surficial processes, the

ubsurface structure may still be largely preserved ( Neumann

t al., 1996, 2015 ). Since peak-ring basins have distinctive Bouguer-

nomaly profiles, we surveyed existing crater databases on the

oon to search for candidate peak-ring basins that have degraded

o the point where their interior ring structures are currently not

isible. From a global survey using the crater catalog of Head

t al. (2010) and a global GRAIL- and LOLA-derived Bouguer
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Fig. 9. Locations of the main features of crustal-thickness profiles ( Wieczorek et al., 2013 ) for peak-ring basins, protobasins, and complex craters. Crustal thickness variations 

are relative to the average thickness taken at three crater radii ( t ). The figure panels are set up in a similar manner as in Fig. 5 , with the exception that a central minimum 

is calculated and labeled as point “1” in (a) and (d), and an annular maximum is calculated and labeled as point “3”; please refer to the Fig. 5 caption and text for additional 

details on measurements and symbols. 
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ravity-anomaly map expanded from degrees 7 to 450, we iden-

ified 18 basins with preserved rim crests that have diameters and

ouguer-anomaly trends similar to peak-ring basins cataloged by

aker et al. (2011a ) and presented here ( Table 1 ). Since the rim-

rest diameters of these 18 basins are within the diameter range

f peak-ring basins, and all are larger than that of the largest com-

lex craters on the Moon (205 km, Humboldt), initial morphome-

ric classification would define these impact features as candidate

asins. Definitive morphological evidence of two or more rings [the

riginal definition of a basin ( Hartmann and Kuiper, 1962 )] is lack-

ng, as examination of their surface morphology shows that all of

he candidate peak-ring basins have had their interiors obscured by

uperposed impact craters and/or mare resurfacing, both of which

e infer to have removed evidence of their interior peaks. How-

ver, the occurrences of strong, circular, positive BAs in the centers

f these basins along with surrounding annuli of negative anoma-

ies provide compelling evidence that these impact structures are

rue peak-ring basins. Plots of the spatial locations of major fea-

ures in average gravitational profiles of candidate peak-ring basins

sing the methods outlined above are very similar to those of

eak-ring basins ( Fig. 11 ). Furthermore, the magnitudes of central

aximum and interior minimum anomalies of these basins plot

long the trends of peak-ring basins ( Figs. 3 and 6 ). 

Should these 18 candidates be true peak-ring basins, then the

umber on the Moon increases by more than a factor of two
o 34 (not including Coulomb-Sarton, see below), with the num-

er of peak-ring basins per unit area on the Moon growing to

.9 × 10 −7 per km 

2 . This is still about a factor of two fewer

han the number of peak-ring basins per unit area on Mercury

1.5 × 10 −6 per km 

2 ; N = 110) ( Baker et al., 2011b; Baker and Head,

013 ). This difference in surface density of peak-ring basins is still

nclear, but may result from differences in the mean impact ve-

ocity and cratering rate on the two bodies ( Baker et al., 2011b;

aker and Head, 2013 ). Several ringed basins proposed by Pike

nd Spudis (1987) (Amundsen-Ganswindt, Oppenheimer, Fermi, 

chickard, Balmer-Kapteyn, Pasteur, Compton, and Landau) are in-

luded in our list of candidate peak-ring basins. 

There are also eight structures within the diameter range of

eak-ring basins with Bouguer gravity-anomaly patterns that were

oo irregular or dissimilar to those in known peak-ring basins, as

ssessed here, to be so classified ( Table 2 ). All of these structures

ack both well-defined, circular, positive BAs located near their cen-

ers and associated negative annuli. Positive anomalies that do oc-

ur within these basins are highly irregular and are usually located

ff-center. 

In addition to the candidate peak-ring basins listed in

able 1 , Neumann et al. (2015) identified six others — Wegener-

inlock, Orientale Southwest, Bartels-Voskresenskiy, Aestuum, 

owler-Charlier, and, Crüger-Sirsalis—that were suggested to be

andidate peak-ring basins. Three of these basins—Wegener-
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Fig. 10. Schematic diagram of the interpreted changes to the crust-mantle boundary that occur in the transition from complex craters to peak-ring basins on the Moon. (a) 

Complex craters and protobasins show irregular, minor to no relief along the crust-mantle boundary relative to the pre-impact crust (dashed red line). Modest central uplift 

of the mantle or deep, denser crustal layers occurs in some complex craters starting near 150 km in diameter. Shown is a LOLA topographic map of Keeler crater (161 km; 

9.70 °S, 161.96 °E). (b) The onset of peak-ring basins ( ∼200 km) is marked by a few kilometers of uplift of the Moho that is spatially confined to the inside of the peak ring. A 

slight thickening of the crust (“crustal annulus”) is observed from the outward edge of the mantle uplift to near the location of the rim crest. Shown is a LOLA topographic 

map of the peak-ring basin, d’Alembert (232 km; 51.05 °N, 164.84 °E). (c) The Moho is uplifted by as much as 20 km relative to the pre-impact level in the centers of the 

largest peak-ring basins; this uplift is also spatially confined to the interior of the peak ring. The magnitude of the thickness of the crustal annulus also increases for the 

largest peak-ring basins. Shown is a LOLA topographic map of the peak-ring basin, Korolev (417 km; 4.44 °S, 157.47 °W). 

Fig. 11. Locations of the four major features in average profiles of Bouguer gravity anomalies (a) and Moho relief (b) for 18 candidate peak-ring basins on the Moon. The 

plots were produced as described in Figs. 5 a and 8 a. Solid symbols in (a) represent structures with positive Bouguer anomalies confined to their centers (0.5 R ), while open 

symbols in (a) represent structures with central maximums in the Bouguer anomaly that are not positive. Peak-ring diameters and corresponding radii (grey boxes) were 

estimated using a power law relationship between peak-ring diameter ( D pk ) and rim-crest diameter ( D r ) from Baker et al. (2011a ): D pk = 0.14 D r 
1.21 

. Distances are normalized 

to one crater/basin radius. Candidate peak-ring basins no longer preserve an interior peak ring, however they have measureable rim-crest diameters within the range of 

known peak-ring basins ( Baker et al., 2011a ) and Bouguer gravity and Moho relief patterns that are very similar to known peak-ring basins (compare plots to those in 

Figs. 5 a and 8 a). These observations, along with measureable rim crests but degraded character, provide strong evidence that candidate peak-ring basins are most likely true 

peak-ring basins that have not preserved their interior peak rings due to resurfacing, superposed impacts, proximal weathering, or other degradation processes. 
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Table 2 

Basins with measurable rim-crest diameters that are within the diameter range of 

peak-ring basins, but which possess Bouguer gravity-anomaly patterns that are too 

irregular or dissimilar to qualify as candidate peak-ring basins. 

Name a Latitude Longitude b D r Reference c 

Aestuum 

∗∗ 11.43 −9.91 330 Frey (2011) 

Orientale Southwest ∗∗ −28.13 −108.52 276 Head et al. (2010) 

Janssen −44.35 40.64 230 Head et al. (2010) 

Clavius −58.69 −14.77 221 Head et al. (2010) 

Keeler West ∗∗ −10.11 156.84 219 Head et al. (2010) 

Rupes Recta ∗∗ −22.49 −7.05 212 Head et al. (2010) 

Galois −14.11 −152.65 210 Head et al. (2010) 

Wegener-Winlock ∗ 40.23 −108.36 205 Head et al. (2010) 

a Names given are approved by the IAU except when followed by an asterisk ( ∗). 

Names with a single asterisk are from previous catalogs ( Frey, 2011 ). Names with 

two asterisks are provisional names from Neumann et al. (2015) . 
b Latitude and longitudes are from the tables in the diameter reference. Longi- 

tudes are positive eastward and negative westward. 
c Diameters and coordinates are from tables or databases in the given ref- 

erences: Frey (2011) , Table 1 ; Head et al. (2010) , online crater database ( http: 

//www.planetary.brown.edu/html _ pages/LOLAcraters.html ). 
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Fig. 12. An example of a candidate peak-ring basin, Amundsen-Ganswindt (377 km; 

80.59 °S, 124.36 °E), which has had its interior obscured by the Schrödinger impact 

event. (a) LOLA gridded topography overlain on a LOLA gridded hillshade map. 

Amundsen-Ganswindt’s interpreted rim-crest outline is the dashed circle, and the 

Schrödinger basin is outlined by the solid circle. Topographic evidence of a peak 

ring in Amundsen-Ganswindt has been obscured by the younger Schrödinger basin 

and smaller impacts. (b) GRAIL Bouguer gravity anomaly map of the two basins, 

expanded from degrees 7 to 450 and showing 25 mGal contour intervals (0 mGal 

is in white). Amundsen-Ganswindt has a well-defined 250 mGal central Bouguer 

anomaly that does not appear to have been disrupted by the Schrödinger impact 

event. Surrounding the central positive anomaly is a negative annulus, which is in- 

terpreted to have been disrupted by mantle uplift in the center of Schrödinger. (c) 

Average Bouguer anomaly profile of Amundsen-Ganswindt, showing features iden- 

tical to those of less degraded peak-ring basins (cf. Fig. 2 b). 
inlock, Orientale Southwest, and Aestuum—are listed in

able 2 here as structures with measureable rim-crest diame-

ers but with Bouguer-anomaly patterns that are notably irregular

r dissimilar in profile to the known peak-ring basins. All three of

hese structures have been influenced by the structures of nearby

mpact basins or mare lavas, making interpretation of their gravity

haracteristics more difficult. Orientale Southwest is near the rim

f the Orientale basin and possesses an irregular central positive

nomaly, but its negative annulus is much more subdued than

hose of other peak-ring basins. The Bouguer-anomaly pattern

f Wegener-Winlock is convolved with the gravity signature of

oulomb-Sarton and could not be confidently distinguished or

haracterized using the techniques employed here. Aestuum’s

entral BA is too broad for its rim-crest diameter, a characteristic

ikely influenced by substantial interior resurfacing by mare ma-

erial. Neumann et al. (2015) , however, using a slightly different

ethod of analysis, noted the strong BA contrasts in the interiors

f these basins. These contrasts appeared aligned with the general

A trend for peak-ring basins and justified the classification of

egener-Winlock, Orientale Southwest, and Aestuum as candidate

eak-ring basins. In addition, while not meeting our criteria for

ossessing measurable topographic rim crests, Neumann et al.

2015) suggested that Bartels-Voskresenskiy, Fowler-Charlier, and,

rüger-Sirsalis be included as candidate peak-ring basins based

n their well-defined gravity signatures; those three structures,

owever, do not meet our criteria for possessing measureable

opographic rim crests. Other topographic depressions with-

ut discernable rim crests were also identified from gravity by

eumann et al. (2015) to be impact basins, forming a more

omplete list of such features than can be made using surface

orphology alone. 

A unique example of one of the candidate peak-ring basins is

he 377-km diameter Amundsen-Ganswindt basin ( Fig. 12 ), which

as been largely superposed by the comparably sized Schrödinger

asin and other smaller impact craters. As a result of the formation

f Schrödinger, the interior topography of Amundsen-Ganswindt

s nearly completely obscured, with no strong topographic evi-

ence for a peak ring ( Fig. 12 a). Remarkably, a ∼250 mGal, cir-

ular, central positive Bouguer gravity anomaly is still observed

n Amundsen-Ganswindt, which spatially extends into the south-

rn wall and floor of Schrödinger basin ( Fig. 12 b). The average

rofile of the BAs in Amundsen-Ganswindt ( Fig. 12 c) is nearly

dentical to those of other large peak-ring basins on the Moon

 Fig. 2 b). The regularity and strength of the central BA and, by in-

erence, Moho relief imply that the subsurface structure beneath

http://www.planetary.brown.edu/html_pages/LOLAcraters.html
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Fig. 13. Ratios of the maximum depth of the transient cavity ( d tc ) or maximum 

depth of melting ( d m ) relative to the average crustal thickness ( t ) for complex 

craters (circles), protobasins (squares), and peak-ring basins (hexagons). See text for 

a description of how these values were calculated. The transient cavities of peak- 

ring basins extend into the mantle, with d tc / t ratios > 1.5. Most complex craters 

and protobasins have d tc / t ratios < 1.5, with a few having larger ratios. Since the 

depth of melting is slightly smaller than the depth of the transient cavity, the d m / t 

ratios for peak-ring basins are smaller than their d tc / t ratios. The maximum depth of 

melting is near equal to the crustal thickness at the onset of peak-ring basins; the 

maximum depth of melting for most complex craters and protobasins is confined 

to the upper and lower crust. 
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Amundsen-Ganswindt was not substantially modified during the

Schrödinger impact event. This implies that deformation of the

deep crust resulting from collapse to form Schrödinger must not

have extended to radial distances much farther than the uplifted

rim crest of the transient cavity (at about 100 km from the cen-

ter of the structure; see supplementary Table S5). Examples like

these, as revealed by the GRAIL dataset, have important impli-

cations for understanding and constraining the pervasiveness and

types of target-weakening mechanisms that are necessary for col-

lapse of the transient cavity ( Kenkmann et al., 2013 ). 

We also identified one peak-ring basin in the catalog of Baker

et al. (2011a ) that should be reclassified as a multi-ring basin on

the basis of GRAIL gravity data. The Bouguer gravity profile of

Coulomb-Sarton, which was classified as the most uncertain peak-

ring basin in the catalog of Baker et al. (2011a ), has a much broader

BA than predicted from its topographically measured ring and rim-

crest locations. The central positive BA extends outward almost

to the originally defined rim-crest in Coulomb-Sarton (158 km ra-

dius), suggesting that the “rim crest” is actually most analogous to

a peak ring. From the shape of the negative annulus and extent of

the crustal annulus, we assign a radius of approximately 330 km

for Coulomb-Sarton, which is twice as large as measured by Baker

et al. (2011a) . This is greater than that of the largest peak-ring

basin (Freundlich-Sharonov) on the Moon, and the implication of at

least three rings indicates that Coulomb-Sarton could be a multi-

ring basin. 

6. Implications for models of mascon and basin-ring formation

6.1. Mascon formation 

Mascons on the Moon are characterized by central positive

free-air anomalies, and most basins > 300 km in diameter on the

Moon are associated with mascons (e.g., Dombard et al., 2013 ).

Central, positive free-air anomalies associated with lunar-mascon

basins have been most commonly interpreted to result mainly

from the super-isostatic uplift of the mantle during basin forma-

tion ( Wise and Yates, 1970; Neumann et al., 1996; Wieczorek and

Phillips, 1999; Namiki et al., 2009 ). Recent work, however, sug-

gests that mascons are formed from the combined effects of short-

term impact processes and longer-term post-impact isostatic ad-

justments of the basin ( Andrews-Hanna, 2013 ; Melosh et al., 2013;

Freed et al., 2014 ). Melosh et al. (2013) and Freed et al. (2014) ,

in a more detailed study, conducted numerical simulations of two

basin-forming events and used the final states of the basins as ini-

tial conditions to model their responses to post-impact viscoelas-

tic, isostatic adjustments. The predicted free-air anomaly profiles

of the basins were calculated from the models and compared with

GRAIL gravity profiles, showing good agreement. Immediately post-

impact, the general pattern of the free-air anomaly profile is pre-

dicted to form by the presence of a sub-isostatic ring of thickened

crust and a thinning of the crust in the center of the basin. The

thinned crust is due to removal by excavation and a return to ap-

proximately an equilibrium ( ∼isostatic) state of the crust-mantle

boundary beneath the basin. The free-air anomaly profile is pre-

dicted to be negative in the center of the basin due to basin ex-

cavation and the lower density of heated material; this contrasts

with early hypotheses that suggested that super-isostasy of the

central mantle uplift is a feature produced during the impact event

(Neumann et al., 2006; Wieczorek and Phillips, 1999 ). Instead,

models by Melosh et al. (2013) and Andrews-Hanna (2013) indi-

cate that current super-isostasy observed in mascons is formed

by post-impact isostatic adjustment of the basin. Cooling of the

impact-heated mantle beneath the basin creates a pressure gra-

dient from its exterior to interior, driving viscoelastic flow to-

ward the basin center and uplifting the annulus of thickened crust
nd the basin floor ( Andrews-Hanna, 2013; Melosh et al., 2013 ).

aken together, the important mascon-forming processes in these

odels are predicted to be (1) sufficient transient crater and

elt depth to quickly return the Moho to a quasi-equilibrium

 ∼isostatic) position during the impact event; (2) sufficient thick-

ning in the crustal annulus (resulting from loading by ejecta and

ollapse of the transient cavity wall) to create the necessary up-

ard driving stresses; (3) sufficiently high mantle temperatures to

llow flexural adjustments post-impact; and (4) mechanical cou-

ling between the heated, then cooled, central portions of the

asin and the thickened outer ones. 

GRAIL gravity data show that many peak-ring basins down to

250 km in diameter harbor mascons, defined by the presence of

ositive central free-air anomalies ( Fig. 3 ). This evidence supports

he idea that the mascon driving processes, as predicted in current

odels ( Andrews-Hanna, 2013; Melosh et al., 2013; Freed et al.,

014 ) and described above, continue across the transition in size

nd morphology from multi-ring basins down to peak-ring basins.

urthermore, the lack of a positive free-air anomaly signature be-

ow a rim-crest diameter of ∼250 km (that is, predominantly com-

lex craters) suggests that at least one of the four major processes

riving mascon formation listed above ceases or becomes ineffec-

ive below this size. However, Bouguer anomalies of a large sam-

le of craters ( Fig. 7 ) show that modest mantle uplift or uplift of

eep, denser crustal layers occurs at diameters as small as 150 km,

uggesting that vestiges of the mascon formation processes extend

own into the complex-crater regime (see also Soderblom et al.,

015 ). On the other hand, development of a collar of thickened

rust, which is crucial for the development of mascons in current

odels ( Andrews-Hanna, 2013; Melosh et al., 2013; Freed et al.,

014 ), appears to be associated with the onset diameter of peak-

ing basins ( D r ≈ 200 km). Also, the interval of D r = 150 to 200 km

s a transitional regime and not all impact structures exhibit such

tunted mascon formation; this is obvious from the scatter in the

entral BAs ( Fig. 7 a) in this diameter interval. 

One of the important factors in mascon formation is the in-

olvement of the mantle and impact melting in uplifting the Moho

o a transient state of equilibrium during the impact event. The

egree of involvement of the mantle during impact formation can

e estimated if we compare the ratio of the depth of the tran-

ient cavity ( d tc ) to the pre-impact crustal thickness ( t ) for com-

lex craters, protobasins, and peak-ring basins ( Fig. 13 ). The depth



D.M.H. Baker et al. / Icarus 292 (2017) 54–73 69 

o

(  

t  

e  

t  

H  

d  

i  

p  

e  

d  

i  

s  

a  

a  

T  

t  

b  

t  

g  

t  

(  

r  

p  

t  

1  

T  

t  

S  

e  

p  

s  

p  

n

 

e  

i  

g  

p  

t  

t  

o  

b  

t  

l  

1  

b  

a  

a  

f  

c  

g

 

m  

u  

s  

a  

i  

1  

t  

r  

u  

b  

a  

m  

o  

o  

C  

m

 

a  

r  

c  

(  

i  

o  

r  

t  

s  

H  

s  

i  

a  

d  

h  

n  

t  

∼  

m  

w  

i  

p  

m

6

 

p  

c  

f  

e  

p  

l  

s  

a  

c  

e  

l  

w  

p  

i  

s  

p  

p  

u  

w  

t  

c  

e  

w  

h  

i  

o  

d  

f  

b  

v  

G  

p  

o  

i  

b  
f the transient cavity was determined by assuming d tc ≈ 1/3 D tc 

 Dence, 1973; Melosh, 1989 , p. 78), where D tc is the diameter of

he transient cavity. D tc was estimated using the rim-crest diam-

ters ( D r ) of Baker et al. (2011a ) and Baker and Head (2013) and

he crater scaling relationship of D tc = 0.758( D sc ) 
0.079 ( D r ) 

0.921 from

olsapple (1993) , where D sc is the simple-to-complex transition

iameter on the Moon (18.7 km, Pike (1988) ). A d tc - D tc ratio of 1/3

s in agreement with studies of small impact craters ( Melosh, 1989 ,

. 78) and numerical simulations of large impact basins (e.g., Turtle

t al., 2005; Christeson et al., 2009 ). Potter et al. (2012) recently

etermined relationships between the radius of the transient cav-

ty ( r tc ) and the radius of the crustal annulus ( r ca ) for numerical

imulations of lunar impact basins. These relationships are given

s r tc = 5.12 r ca 
0.62 for an early, high-temperature profile of the crust

nd mantle and r tc = 4.22 r ca 
0.72 for a late, low-temperature profile.

he high temperature profile assumed a crustal and upper mantle

hermal gradient of 10 K/km, mantle temperatures at the solidus

etween 150 and 350 km, and a constant temperature of 1670 K for

he deeper mantle. The low-temperature profile assumed a crustal

radient of 10 K/km, mantle temperatures below the solidus be-

ween 300 and 500 km, and a deep mantle temperature of 1770 K

 Potter et al., 2012 ). Using our radii of internal minima of Moho

elief ( Fig. 8 ) and average of the results obtained for the two tem-

erature profile relationships of Potter et al. (2012) , we calculated

ransient cavity radii and diameters that had differences of only

3% from those calculated using the scaling of Holsapple (1993) .

he diameters of Potter et al. (2012) were systematically larger

han those determined from the equation of Holsapple (1993) .

ince these calculations are in close agreement, and since we are

xamining both craters and basins for which the crust-mantle tem-

erature profiles at the time of their formation are poorly con-

trained, we chose here to use the Holsapple (1993) scaling. The

re-impact crustal thickness is taken as the average crustal thick-

ess at 3 radii from the center of the crater. 

We find that all peak-ring basins have transient cavities that

xtend into the mantle to depths of ∼1.5 to 3.5 times the pre-

mpact crustal thickness ( Fig. 13 ). The complex craters treated here

enerally have d tc / t values that are less than 1.5, but a few exam-

les overlap with peak-ring basins. It is clear from Fig. 13 that, at

he sizes of peak-ring basins, there is substantial interaction be-

ween the transient cavity and the mantle. The transient cavities

f large complex craters are largely confined to the lower crust,

ut with depths that are also predicted to extend into the man-

le. These ratios are consistent with observations of the Chicxu-

ub impact basin, which is inferred to have had a d tc / t value near

.0 ( Christeson et al., 2009 ). Chicxulub is a terrestrial multi-ring

asin ( D r ∼200 km) ( Morgan et al., 2002 ) that, while possessing

 small central Moho uplift and outward crustal thickening, has

 subsurface structure distinctly different ( Christeson et al., 2009 )

rom those of lunar peak-ring basins. This is not surprising and

ould be due to a number of factors including differences in tar-

et properties and impactor velocities. 

Also plotted in Fig. 13 are the ratios of maximum depth of

elting ( d m 

) to t . The maximum depth of melting was calculated

sing the relationship of d m 

= 0.064 D tc 
1.29 from the lunar melt-

caling relationships of Cintala and Grieve (1998a,b ). The Cintala

nd Grieve (1998a,b ) relationship assumes a chondritic impactor

mpacting vertically into an anorthositic target ( Cintala and Grieve,

998a,b ). While in close agreement with other models estimating

he volume of impact melt ( Pierazzo et al., 1997; Barr and Cit-

on, 2011; Abramov et al., 2012 ), the resulting impact-melt vol-

mes can be reduced by approximately 20% at the most proba-

le impact angle of 45 ° ( Pierazzo and Melosh, 20 0 0 ). Assuming

 spherical geometry, this translates to a reduction of approxi-

ately 5 to 10% in radius of the melted zone, or maximum depth

f melting ( Pierazzo et al., 1997 ). Therefore, the maximum depths
f melting determined for vertical impacts using the estimates of

intala and Grieve (1998a,b) are assumed to be reasonable esti-

ates for the purposes of this paper. 

The d m 

/ t ratios between complex craters and peak-ring basins

re even more distinct than their d tc / t ratios. The onset of peak-

ing basins occurs at a d m 

/ t ratio of near 1.0, with most complex

raters having ratios < 1.0. Based on these crater-scaling arguments

 Fig. 13 ), it is clear that the interaction between the transient cav-

ty, depth of melting, and mantle becomes more enhanced at the

nset of peak-ring basins. The onset of peak-ring basins also cor-

esponds to the initiation of substantial mantle uplift and forma-

ion of a thick crustal annulus ( Figs. 5 and 8 ) and is near the on-

et of mascons ( ∼250 km). This supports current models ( Andrews-

anna, 2013; Melosh et al., 2013; Freed et al., 2014 ) that demon-

trate that all of these processes are inter-related and important

n the development of mascon basins on the Moon. Below a di-

meter of ∼250 km, the impact process is not sufficient to pro-

uce the requisite conditions (annulus of thickened crust, uplift of

ot mantle and enhanced thermal gradients, and impact melting)

eeded for mascons to form. However, vestiges of mascon forma-

ion (e.g., mantle uplifts) appear to occur down to diameters of

150 km ( Fig. 7 a). For these smaller craters we are left with a rich,

ultidimensional parameter space to explore with future modeling

ith a plethora of lunar data sets. Further numerical modeling of

mpact craters within the size range of peak-ring basins and com-

lex craters should further elucidate the details of the process of

ascon formation on the Moon. 

.2. Basin-ring formation 

The occurrence of mascons down to diameters near the onset of

eak-ring basins on the Moon suggests that the processes of mas-

on formation are disconnected from the number of basin rings

ormed. However, the very strong correlation between the diam-

ter and onset of Moho uplift and the diameter and onset of the

eak rings ( Fig. 8 a) is highly suggestive that the two are intimately

inked. Large vertical uplifts are predicted to occur in numerical

imulations of peak-ring basin-sized impact events (e.g., Collins et

l., 2002; Ivanov, 2005; Baker et al., 2016 ). In all the models, the

entral portions of the basin begin to uplift before the final diam-

ter of the transient cavity is obtained. Most often, the central up-

ift is modeled to overshoot the rim crest and collapse back down-

ard and overturn on inwardly collapsing wall blocks to produce a

eak ring. Advanced numerical simulations of lunar impact basins

n the size range analyzed here are sparse ( Baker et al., 2016 ), but

hould be a focus of future research to evaluate reasonable model

arameters for producing peak rings, uplift of the Moho, and their

otential linkages. It is also possible that the huge central vertical

plifts suggested from these simulations may act to drive the up-

ard rotation of centro-symmetric, inwardly collapsing walls of the

ransient cavity to form peak rings in a fashion hypothesized in a

onceptual geological model by Baker et al. (2016) . In that hypoth-

sis, peak rings are formed by the inward and upward rotation of

alls of the transient cavity, without the requirement of an over-

eightened central peak. Inward displacement of the transient cav-

ty walls should be limited by convergence with the lateral extent

f the central uplift, explaining the correlation between peak-ring

iameter and diameter of central Moho relief. In both models, the

ormation of peak rings is predicted to result from the interaction

etween inwardly collapsing wall material and the huge central,

ertical uplift that occurs during basin formation. Our data from

RAIL provide additional evidence in support of these predictions,

articularly the central, deep-seated vertical deformation that must

ccur during basin formation. Differences in style of transient cav-

ty collapse and final morphometry of the basin should be affected

y the target strength and transient weakening mechanisms as-
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sumed in the models ( Wünnemann et al., 2005; Morgan et al.,

2011 ). 

What are the implications for multi-ring basin formation? If

peak-ring basins are precursors to multi-ring basins, where other

rings are formed in addition to the rim-crest and the peak ring,

then it is possible to use Bouguer gravity anomalies to deter-

mine which ring of a multi-ring basin may be most equivalent to

the peak ring. For example, gravity data from previous work (e.g.,

Neumann et al., 1996; Namiki et al., 2009 ) show that the cen-

tral BA of Orientale is confined to within the Inner Rook ring. Re-

cent results from GRAIL ( Zuber et al., 2016 ) and numerical simu-

lations of Orientale ( Potter et al., 2013; Johnson et al., 2016 ) sup-

port this observation and further show that the anomaly is mostly

confined within the Inner Depression and likely represents the ex-

tent of the excavation cavity. These observations, along with geo-

logical evidence ( Head, 1974, 1977, 2010; Nahm et al., 2013 ) sug-

gest that the Inner Rook ring is most equivalent to the peak ring.

The Outer Rook and Cordillera rings are emplaced outward from

the peak ring as through-crustal faults resulting from the flow

of warm weak material at depth ( Potter et al., 2013; Johnson et

al., 2016 ). Conducting similar analyses of multi-ring basins on the

Moon using GRAIL gravity data, as largely completed by Neumann

et al. (2015) , should help to constrain the peak-ring equivalents in

other multi-ring basins, including more degraded examples, pro-

viding important constraints for models of ring formation in large

impact events. 

7. Conclusions 

With the improved spatial resolution of the gravity field of the

Moon provided by GRAIL, it is now possible to confidently link

gravity anomalies produced by subsurface mass variations with

surface morphology. Here, we build on the analysis of Neumann et

al. (2015) and focus on assessing the three-dimensional structural

evolution of impact features in the transition from complex craters

to peak-ring basins. Like the morphometric trends in this transi-

tion ( Baker et al., 2011a, 2012 ), we find that substantial changes

in gravity and crustal structure occur near the onset of peak-ring

basins. Complex craters below ∼150 km in diameter show irregu-

lar Bouguer gravity-anomaly (BA) profiles, with variations that are

not clearly linked to surface landforms such as central peaks. Uplift

of the Moho and crustal thickening are therefore interpreted to be

non-existent or very minor at these crater sizes. Beginning at a di-

ameter of ∼150 km, central positive BAs are observed within some

complex craters but well-developed negative annuli do not appear

until a diameter of ∼200 km. These results imply that some com-

plex craters in the transitional diameter range of ∼150 to 200 km

show modest mantle uplift but with no or very minor annuli of

thickened crust. In contrast, peak-ring basins from their onset are

marked by very regular BA patterns, including a central positive

anomaly that has a diameter near that of the peak ring diameter

( ∼0.5 R , where R is the radius of the basin rim crest) and a sur-

rounding negative anomaly annulus with a minimum at ∼0.75 R .

Crustal models suggest that these BA patterns correspond to a cen-

tral uplift of the Moho between ∼3 to 22 km and an annulus of

crustal thickening of ∼1–10 km relative to the pre-impact level.

Further, our data indicate that mascon formation extends down to

a diameter of ∼250 km, or near the onset of peak-ring basins. The

processes important to mascon formation must therefore operate

across the multi-ring basin to peak-ring basin transition and are

apparently disconnected from the number of basin rings formed.

The lack of mascons associated with structures under ∼250 km in

diameter suggests that at least one of the processes important to

mascon formation ceases or is less effective near and below this

diameter and in the transition from peak-ring basins down to com-

plex craters. Vestiges of mascon formation, including uplifted man-
le, however, may persist to diameters as small as 150 km. This

ransition is shown to correlate with the disappearance of an an-

ulus of interpreted crustal thickening; both transient cavity and

mpact-melt zones are largely confined to the crust for structures

elow this transition diameter. 

We also identified 18 structures that have measureable rim-

rest diameters and Bouguer-gravity signatures very similar to

hose of peak-ring basins, but degradational processes have re-

oved morphological evidence of their peak rings. Should these

e true peak-ring basins, then they would raise the total num-

er of peak-ring basins on the Moon to 34, doubling the num-

er previously reported. On the basis of its anomalously large,

ouguer-gravity dimensions, we suggest that Coulomb-Sarton be

e-classified as a possible multi-ring basin. 

Our observed gravity and Moho trends have important impli-

ations for models of basin and ring formation. They suggest that

mpact-basin formation causes deep-seated crustal and mantle de-

ormation on the Moon, similar to, but greater in magnitude, than

he modeled mantle deformation at the Chicxulub structure on

arth. There appears to be a link between substantial crustal and

antle uplifts and peak-ring formation, which supports models in-

olving the interaction of the huge vertical uplift confined to the

enter of the basin and the inward-collapsing transient cavity dur-

ng the modification stage of the impact event. These results may

e further extended to understanding multi-ring basin formation,

articularly if peak-ring basins and the crustal deformation that

haracterize them are precursors to these larger impact structures.
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ppendix A. Mare contribution to gravity within peak-ring 

asins 

There are six peak-ring basins analyzed here that contain mare

eposits ( Table 1 ). The spatial extents and thicknesses of those lava

eposits within these basins are variable, but in no case was the

are thick enough to cover the peak rings, implying mare thick-

esses < 2 km based on recent height measurements of lunar peak

ings ( Baker et al., 2012 ). Mare patches in Schrödinger are very

ocalized and small in areal extent and are therefore inferred to

e thin ( < ∼100 m) with a negligible contribution to the central

ravity anomaly. Floor units interior to the peak ring of Lorentz

ave been obscured by ejecta from the complex craters Nernst and

öntgen, so it is unclear how much mare is present there. 

We attempted to estimate the mare thickness interior to

he peak ring in each of the remaining four peak-ring basins

Poincaré, Schiller-Zucchius, Grimaldi, and Apollo) through compar-

sons with recent morphometric measurements. Williams and Zu-

er (1998) used their measured depth-diameter trends for those

tructures without identifiable mare to estimate the thicknesses

f lava in those basins with interior deposits. This method as-

umed that the relatively smaller depths of mare-filled basins were

ompletely the result of the added thickness of the mare. How-

ver, most of the basins with mare fill are much more degraded

nd have wall heights reduced by as much as 2 km compared

o those used for depth-diameter measurements. Therefore, mare

hicknesses determined with the methods of Williams and Zuber

1998) are likely to be overestimates. If we first adjust the wall

http://dx.doi.org/10.13039/100000104


D.M.H. Baker et al. / Icarus 292 (2017) 54–73 71 

Fig. A1. Maximum Bouguer gravity anomaly ( BA) within 0.5 R as a function of rim-crest diameter for complex craters (gray circles), protobasins (blue squares), and peak-ring 

basins (open black hexagons and solid red hexagons). The maximum BA for peak-ring basins prior to correcting for the gravity contributions from mare are given as open 

black hexagons. Corrections for a 0.5 km (left panel) and 2 km (right panel) thick mare deposit within peak-ring basins are shown as solid red hexagons. With the exception 

of four basins (Poincaré, Schiller-Zucchius, Grimaldi, and Apollo), most peak-ring basins did not require corrections due to the absence of mare or undetermined mare extents. 

All complex craters and protobasins with mare deposits were excluded from the plots, as corrections were not attempted for their more complex geometries and inferred 

thinner deposits. See Appendix A for a description of the corrections. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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eights to the trend of wall heights for the best preserved struc-

ures ( Baker et al., 2012 ) and use the method of Williams and Zu-

er (1998) with depth trends determined by Baker et al. (2012) , we

alculate a wide range of mare thicknesses from ∼0.5 km to 2 km

or Poincaré, Schiller-Zucchius, Grimaldi, and Apollo. This range

ncludes measurement uncertainties in depth and wall heights

where wall height is defined as the difference in elevation be-

ween the rim crest and the base of the wall; see Baker et al.,

012 ). Unfortunately, the number of superposed impact craters and

he highly variable nature of the rim-crest elevations used to de-

ermine the depths of degraded basins precludes us from making

ore confident predictions of mare thicknesses from morphomet-

ic measurements alone. 

Using an approximate range of 0.5 to 2 km for the mare thick-

esses, we can calculate a range of plausible values for the max-

mum vertical gravity component contributed by the mare infill.

e approximate the shape of the mare fill by a vertical cylinder

ith a radius R cyl and thickness, t cyl ; the radius is estimated by

tting a circle to the mare’s radial extent using LROC visual im-

ges. The geometries of the mare deposits are unlikely to be cylin-

ers; rather, the deposits probably thin with radial distance from

he basin center. Therefore, our simple approximation will produce

light overestimates of the vertical gravitational attraction of the

are infill compared with those of more realistic geometries. The

ertical gravitational acceleration resulting from a cylinder ( g cyl ) at

he surface is determined using the following equation ( Telford et

l., 1990 , their Eq. (2.59)): 

 cyl = 2 πG �ρ
[ 

t cyl + R cyl −
(
R cyl 

2 + t cyl 
2 
)0 . 5 

] 

here G is the universal gravitational constant

6.6738 × 10 −11 m 

3 kg −1 s −2 ) and �ρ is the density contrast

etween the mare and surrounding rock. Note that this equa-

ion calculates g cyl along the central axis and at the surface,

hich gives a maximum value ( Telford et al., 1990 , p. 38). We

ssume a mare density of 3300 kg m 

−3 ( Wieczorek et al., 2006 )

nd highlands density of 2550 kg m 

−3 ( Wieczorek et al., 2013 ),

esulting in �ρ = 750 kg m 

−3 . Due to the mare deposits being

uch larger in radial extent than their thicknesses ( R >> t cyl ), the

alculated gravity is mostly dependent on the assumed thickness

nd is nearly equal to the gravitational attraction of an infinite
lab (2 πG �ρt cyl ). Using this equation, a mare thickness of 0.5 km

ields an estimated gravity anomaly of 16 mGal for each of the

asins, with a 2-km thick mare deposit yielding values of 62 mGal.

hus, two kilometers of basalt can have an appreciable effect

n the measured maximum central gravity anomalies of these

asins. Such a deposit is likely to be an upper limit, since in

asins whose peak rings are still visible, any basalts would have

o be less than 2-km thick because peak rings are generally less

han 2 km high ( Baker et al., 2012 ). Further, g cyl may be smaller

f a reduced density contrast �ρ is assumed, and if modeled

t spacecraft altitude above the surface of the mare. However,

s previous workers concluded for the more extensively infilled

ulti-ring basins (e.g., Phillips and Dvorak, 1981; Neumann et al.,

996 ), the mare cannot account for the entire observed central

ouguer anomaly signal in peak-ring basins. As described, the

bserved maximum BAs for Poincaré, Schiller-Zucchius, Grimaldi,

nd Apollo are much larger, ranging from 150 mGal to 350 mGal.

are fill within complex craters is likely to be thinner than in

eak-ring basins due to relatively less impact melt produced and

etained at these sizes ( Cintala and Grieve, 1998a,b ) and may be

ontributing to some of the positive BAs observed over the loca-

ions of the floor surrounding central peaks. However, estimating

he gravity contribution of mare within complex craters requires a

ore advanced model due to the irregular spatial and subsurface

eometries of the deposits. We do not attempt to model these

ere, but this should be a focus for more detailed investigations.

ll complex craters with mare fill are noted in Table 1 . 

Fig. A1 shows how corrections for a 0.5 km or 2 km thick cylin-

rical mare deposit within Poincaré, Schiller-Zucchius, Grimaldi,

nd Apollo would affect the trends in maximum central Bouguer

ravity anomalies with rim-crest diameter. For comparison, Fig.

1 also includes those peak-ring basins without mare and have

herefore not been corrected. In these plots, we removed those

omplex craters and protobasins with mare infill. As shown, ac-

ounting for the effects of mare in craters and peak-ring basins

oes not substantially alter the trends in central maximum BAs.

his provides confidence in our interpretations of the GRAIL gravity

rends prior to corrections for mare infill. Due to the large uncer-

ainties in mare thickness estimates and the relatively small influ-

nce on the overall trends in gravity, we choose to report only un-
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corrected values. More detailed analyses of the basin gravity signal

will require improved estimates of mare thickness, likely provided

by a combination of morphometric measurements and geophysical

modeling. 

Supplementary materials 

Supplementary material associated with this article can be

found, in the online version, at doi:10.1016/j.icarus.2017.03.024 . 
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