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Key Points:

• The southern interior of South Pole–Aitken (SPA) basin is underlain by anoma-

lously dense mantle with more than 2× 1018 kg of excess mass.

• A two-layered inversion of gravity and topography yields an average crustal thick-

ness of at least 16 km in the basin interior.

• The free-air gravity anomaly is consistent with the presence of buried metal from

the core of the basin-forming impactor in the lunar mantle.
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Abstract17

The South Pole–Aitken (SPA) basin is a gigantic impact structure on the far side of the18

Moon, with an inner rim extending approximately 2000 kilometers in the long axis di-19

mension. The structure and history of this basin are illuminated by gravity and topog-20

raphy data, which constrain the subsurface distribution of mass. These data point to the21

existence of a large excess of mass in the Moon’s mantle under the SPA basin. This anomaly22

has a minimum mass of 2.18× 1018 kg and likely extends to depths of more than 30023

km. Plausible sources for this anomaly include metal from the core of a differentiated24

impactor or oxides from the last stage of magma ocean crystallization. Although the basin-25

forming impact event likely excavated the vast majority of the pre-existing crust, the present-26

day crust of the basin interior is at least 16 km thick in undisturbed regions.27

1 Introduction28

The South Pole–Aitken (SPA) basin is the largest preserved impact basin on the29

Moon and perhaps the largest universally recognized impact structure in the solar sys-30

tem. While larger impact events undoubtedly occurred throughout the solar system dur-31

ing planetary accretion, most indications of these events were erased through subsequent32

bombardment and thermally induced viscous relaxation. The SPA basin therefore is an33

important remnant of a process that shaped solar system bodies into their present forms.34

Moreover, the SPA basin is one of the oldest preserved structures on the Moon Evans35

et al. (2018); Hiesinger et al. (2012). Consequently, the formation and structure of the36

SPA basin hold important clues about the history and evolution of the Moon.37

Recent geophysical datasets provide an opportunity to infer the structure of the38

crust and mantle under the SPA basin and to constrain its origin. The first such dataset39

is the lunar topography provided by the Lunar Orbiter Laser Altimeter (LOLA) onboard40

the Lunar Reconnaissance Orbiter (LRO) Smith et al. (2010), shown in Figure 1a. This41

instrument has collected nearly 7 billion topography measurements to date, and crucially,42

it has filled a polar gap in the Clementine data that were used by previous studies of SPA43

Garrick-Bethell and Zuber (2009). The Moon’s topography is important for an inference44

of internal structure in two ways: it contributes to the gravity field observed above the45

Moon’s surface, and its weight must be supported by stresses in the Moon’s interior.46
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The second dataset enabling our analyses is the global gravity field recovered by47

NASA’s Gravity Recovery And Interior Laboratory (GRAIL) mission Zuber, Smith, Lehman,48

et al. (2013); Zuber, Smith, Watkins, et al. (2013), shown in Figure 1b. Gravity datasets49

are commonly described in terms of spherical harmonic coefficients ?e.g.,¿[]wieczorek2015gravity.50

The resolution of the spherical harmonic expansion is related to the “degree” of the ex-51

pansion, where higher degrees correspond to smaller spatial scales (i.e., wavelengths),52

and vice versa. Spherical harmonic coefficients for the gravity field have been determined53

up to degree 1200 (wavelength ∼9 km) by workers at NASA Goddard Space Flight Cen-54

ter Lemoine et al. (2014) and to degree 1500 (wavelength ∼7 km) by workers at NASA55

Jet Propulsion Laboratory Konopliv et al. (2014). In both solutions, the data signal ex-56

ceeds the uncertainty by at least an order of magnitude for all spherical harmonic de-57

grees less than 600. This precision is more than sufficient for any study of the crust–mantle58

interface or the underlying mantle.59

2 Two-layered inversion of internal structure64

GRAIL and LOLA data can reveal density anomalies in the Moon’s upper man-65

tle through a two-layered inversion of gravity and topography that minimizes residual66

stress in the lithosphere and residual Bouguer gravity Banerdt (1986); Herrick and Phillips67

(1992); James, Zuber, and Phillips (2013); James, Zuber, Phillips, and Solomon (2015).68

Such an inversion allows for elastic compensation of short-wavelength topography but69

obviates the need to invoke elastic compensation at the longest wavelengths. Note that70

this approach is not appropriate everywhere on the Moon; in particular, the lunar mas-71

con basins and basaltic maria are clear examples of super-isostatic topography Melosh72

et al. (2013). However, the gravity data inside SPA are inconsistent with either of these73

phenomena: mascons and volcanic top-loading correspond to free-air gravity highs, while74

the SPA basin features a long-wavelength gravity low. In the absence of a plausible mech-75

anism for the formation of long-wavelength, sub-isostatic topography, it is more reason-76

able to assume that residual stresses are in a minimized state.77

In the inversion implemented here, topography is compensated by crust–mantle in-78

terface relief, by density variations in the crust inferred from iron abundance ?cf. Fig.79

S13 of¿[]wieczorek2012crust, and by dynamic flow stresses associated with lateral vari-80

ations in mantle density, ρm. Mantle density is allowed to vary laterally throughout the81

upper mantle, from the crust–mantle interface down to a depth dM . Beneath dM we as-82
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Figure 1. (a) Orthographic projection of lunar topography as collected by the LOLA. The

inner rim is outlined in black, and a central topographic depression is indicated with a white

dashed circle. (b) Free-air gravity from GRAIL referenced to a radius of 1748 km, with the topo-

graphic depression from (a) marked.

60

61

62

63

sume that the mantle is homogeneous with a density equal to the average upper man-83

tle density. Further specifics of the implementation are provided in the Supporting In-84

formation Hemingway and Matsuyama (2017); Hirth and Kohlstedt (2013); Matsuyama85

et al. (2016); Neumann et al. (2015); Sori et al. (2018); Wieczorek and Phillips (1998).86

The anomalous mantle mass per unit area for dM = 800 km and an average mantle den-87

sity of 3220 kg/m3 is plotted in Figure 2.88
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Table 1. Best-fit ellipses for South Pole–Aitken basin103

Major axis Minor axis Tilt Center coordinates

Inner Rim:

Crustal thickness (36-km contour) 2015 km 1596 km 16.6◦ (−55.4◦N, 190.0◦E)

LOLA topography (2-km contour) 1985 km 1488 km 17.5◦ (−54.9◦N, 189.5◦E)

Clementine topography a 1940 km 1440 km 18.8◦ (−53.2◦N, 191.1◦E)

Outer Rim:

Clementine topography a 2402 km 2056 km 18.8◦ (−55.0◦N, 191.1◦E)

Incomplete Exterior Scarp:

LOLA-aided surface morphology 2701 km 2372 km 18◦ b (−55◦N, 190◦E)b

a Garrick-Bethell and Zuber (2009)

b values assigned a priori

3 Best-fit ellipses for the basin margin89

New geophysical data sets also provide new insights into the size and orientation90

of the South Pole–Aitken basin. While previous work by garrick2009elliptical used to-91

pography from the Clementine mission to demarcate the rims of SPA, those data had92

a gap southward of 70◦S. The global coverage of topography from LOLA and gravity from93

GRAIL allows us to produce improved best-fit ellipses of the inner rim, as well as to pro-94

duce comparable ellipses from crustal thickness. Our methodology is identical to that95

of garrick2009elliptical: we mapped landforms on the basis of having morphologies con-96

sistent with constituting the edge of the basin (e.g., isolated massifs) and with their co-97

ordinates solved for a best-fit ellipse in a stereographic projection. Best-fit ellipses for98

the −2 km topographic contour (mirroring the analysis of garrick2009elliptical) and the99

36-km crustal thickness contour from “Model 3” of wieczorek2012crust are listed in Ta-100

ble 1 along with an exterior scarp associated with those massifs identified with LOLA101

topography.102
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Table 2. Total excess mass in the mantle under the SPA basin floor and the associated max-

imum density anomaly as a function of dM , the depth of the lower extent of the mass anomaly

beneath the mean radius of the Moon.

125

126

127

Depth of lower Total mass Maximum density

extent, dM (km) (×1018kg) anomaly (kg/m3)

200 4.20 27.4

400 2.69 14.1

600 2.36 11.7

800 2.30 10.5

1000 2.29 9.6

1200 2.26 9.0

Entire mantle 2.18 8.3

4 Discussion104

4.1 Mass excess in the mantle105

Our inversion reveals a conspicuous mass excess in the mantle under the SPA basin106

floor centered at approximately (200◦E, 62◦S) and spanning several hundred kilometers.107

The depth-distribution of this anomalous mass is not well constrained: it could be a large108

density anomaly distributed across a modest range of depths, or it could be a subtle den-109

sity anomaly distributed throughout the depth of the mantle (Table 2). The total ex-110

cess mass under the SPA basin is less dependent on model assumptions, though, with111

a peak anomaly of at least 6×106 kg/m2 and an integrated total mass excess of at least112

2.18 × 1018 kg, or approximately 0.003% of the Moon’s total mass. The anomaly has113

no apparent correlation with surface mineralogy as detected by remote sensing D. P. Mo-114

riarty and Pieters (2018); Uemoto et al. (2017) or mare volcanism Wilhelms, John, and115

Trask (1987); see Fig. S5. The mass anomaly does coincide with the basin’s central to-116

pographic depression (Fig. 1), previously interpreted to result from impact melt sheet117

contraction D. Moriarty and Pieters (2016); Ohtake et al. (2014). The depth of this de-118

pression is consistent with the 1–2 km downward deflection expected from the weight119

of the mantle mass anomaly ?cf.¿[]richards1984geoid.120
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Figure 2. Mantle mass excess per unit area. A large excess of mass in the southern interior

of the SPA basin coincides with the central depression outlined in Fig. 1 (outlined here with a

dashed gray circle). Black lines mark the best-fit ellipses for the SPA basin’s inner ring, outer

ring, and exterior scarp we map, as specified in Table 1.

121

122

123

124

The origin of the observed mass excess under the SPA basin is constrained by plau-128

sible depth ranges, the geographic extent, and the magnitude of the mass anomaly. The129

required mass anomaly is smallest when it extends throughout the depth of the man-130

tle (see Table 2). If confined to the uppermost 200 km of the Moon’s interior, the inferred131

mass anomaly magnitude nearly doubles, and mantle anomalies with a lower extent of132

100 km fail to converge (i.e., they cannot reproduce the observed gravity and normal stress133

data). Consequently, depths of at least 300 km for the lower extent of the mass anomaly134

are preferred. As such, impact melt pool cumulates lying tens of kilometers beneath the135

crust are unlikely to be the source of the observed mass anomaly. Thermally driven down-136

wellings on the Moon are expected to occur at wavelengths larger than the observed anomaly137

Laneuville, Wieczorek, Breuer, and Tosi (2013); Roberts and Zhong (2006), so this phe-138

nomenon is unlikely to be responsible for the observed gravity signature. The titanium139

oxide-rich upper layers of the pre-overturn lunar mantle is expected to have had as much140

as (1.2±0.2)×1021 kg more mass than the post-overturn mantle Elkins-Tanton, Burgess,141

and Yin (2011), so an inefficient mantle overturn that stranded oxides under SPA could142
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sufficiently explain the magnitude of the observed mass anomaly. Another possible source143

of excess mass is the metal delivered by the impactor that formed the SPA basin. Hy-144

drocode simulations of SPA formation predict that the core of a differentiated impactor145

would have been widely dispersed in the upper mantle Kendall and Melosh (2016), and146

the excess mass observed in the mantle is approximately equivalent to the mass excess147

that would result from dispersing a 95-km-diameter iron-nickel core (density contrast of148

4800 kg/m3) in the Moon’s mantle.149

The positioning of the mass anomaly under the SPA basin may also speak to its150

origin. If it corresponds to stranded oxides from magma ocean solidification, a mecha-151

nism for concentrating these oxides under the SPA basin should exist; we do not ven-152

ture to propose any such mechanism here. If the mantle anomaly has an impact origin,153

the misalignment of the anomaly from the basin center (∼400 km to the southeast) pro-154

vides an important observational constraint for future basin formation simulations.155

The existence of mantle mass anomaly in the present day—regardless of its origin—156

speaks to the rigidity of the lunar interior. If the emplacement of mass anomaly were157

contemporaneous with the basin-forming impact event 3.9–4.3 Gyrs before the present158

Evans et al. (2018); Garrick-Bethell and Miljković (2018); Wilhelms et al. (1987), the159

persistence of this mass anomaly places a lower bound on the viscosity of the deep man-160

tle and an upper bound on its temperature. For example, a degree-10 harmonic load start-161

ing at depths of 50 km or greater would require a viscosity of at least 8×1021 Pa·s in162

the lower mantle to prevent the mass anomaly from sinking to near the core–mantle bound-163

ary (see the Supporting Information). Note that this constraint primarily corresponds164

to the mantle directly beneath SPA, which may be cooler than the mantle elsewhere on165

the Moon Laneuville, Taylor, and Wieczorek (2018). While this calculation does not in-166

corporate time-varying viscosity, this constraint temporally corresponds to the latter half167

of lunar history when the sinking load is closest to the lower mantle and thus most sen-168

sitive to its viscosity. Nevertheless, these considerations make the viscosity constraint169

a conservative one. The translation of viscosity into temperature requires a knowledge170

of the mantle’s rheology, which is poorly constrained, but diffusion creep of a dry lher-171

zolite Hirth and Kohlstedt (2013) would yield an upper bound of 1480◦C for the tem-172

perature of the lower mantle in the latter half of lunar history. Pockets of high-density173

material such as metal from an impactor core are capable of sinking to the Moon’s core174

faster than a long-wavelength downwelling, but the sinking velocity inferred from Stokes’175
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Law is less than that of the long-wavelength downwelling for metal pockets smaller than176

25 km in diameter. If the differentiated impactor core was largely dispersed into glob-177

ules smaller than 25 km, it is plausible that some fraction of the impactor core remains178

suspended in the lunar mantle.179

4.2 Crustal thickness in the basin interior180

Nearly all of the crust pre-dating the SPA impact event was likely excavated dur-181

ing the basin-forming impact event along with a portion of the upper mantle Potter, Collins,182

Kiefer, McGovern, and Kring (2012). Consequently, any remaining crust must come from183

a combination of a few mechanisms, including inward flow of feldspathic crust immedi-184

ately after the impact event Johnson et al. (2016), differentiation of an impact melt pool185

Hurwitz and Kring (2014); Vaughan and Head (2014), mare volcanism Pieters, Head,186

Gaddis, Jolliff, and Duke (2001), non-mare volcanism D. P. Moriarty and Pieters (2015),187

and late infill of ejecta Petro and Pieters (2004).188

The crust inside the SPA basin is considerably more mafic than the Moon’s felds-189

pathic highland crust Jolliff, Gillis, Haskin, Korotev, and Wieczorek (2000), and the a190

priori choices of physical parameters such as crust–mantle density contrast influence the191

modelled thickness of the SPA’s crust. Four crustal thickness models presented in wiec-192

zorek2012crust imply that crust in the center-most region of the SPA interior has a thick-193

ness of 13–22 km. When we use the same parameters as in the models of wieczorek2012crust,194

we generate crustal thickness maps that typically agree within ±2 kilometers for a given195

choice of parameters. This is illustrated in Figure 3 for “Model 1” of wieczorek2012crust,196

which is the model in that paper yielding the thinnest crust on the floor the SPA basin.197

One notable discrepancy occurs above the mantle mass excess described earlier, where198

our two-layered crustal thickness model infers a crust–mantle interface up to 3 kilome-199

ters deeper than that of the wieczorek2012crust models. This disagreement can be un-200

derstood by the fact that all crustal thickness models minimize the residual Bouguer grav-201

ity anomaly at long wavelengths: a mass excess in the mantle would increase the Bouguer202

anomaly, and a deeper root of low-density crust reduces the Bouguer anomaly in kind.203
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Figure 3. Cross section of the SPA basin along the 200◦E meridian with 10:1 vertical ex-

aggeration. The interface between the crust and mantle is demarcated by a black line for the

two-layered model. The comparable one-layered model of the crust–mantle interface (Model 1 of

Wieczorek et al. (2013)) is plotted in red.

204

205

206

207

4.3 Orientation and excavation208

The inner rim dimensions determined by mapping landforms identified with LOLA209

topography and GRAIL-derived crustal thickness largely agree with the previous anal-210

ysis by garrick2009elliptical and a variety of mapped massifs described in the Supple-211

mentary Information Shoemaker, Robinson, and Eliason (1994); Speyerer, Robinson, Denevi,212

et al. (2011). In particular, the major axes of all ellipses have azimuths in a range of 16◦–213

19◦ west of north or east of south. These orientations stand in contrast to the assump-214

tions of previous work, notably schultz2011origin, which ostensibly required major axis215
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azimuths of 50◦–51◦. Our analysis here finds an inner rim slightly larger than that of216

garrick2009elliptical thanks to new data near the south pole, and we identify an addi-217

tional scarp exterior to the previously identified outer rim.218

Crustal thickness models allow us to constrain the volumetric excavation of the crust219

associated with the impact event. If the pre-impact thickness is taken to be the mean220

crustal thickness at a distance of 2000 km from the basin center, an integration of crustal221

thickness within the SPA outer rim yields a crustal volume deficit of (4.3− 4.8)× 107222

cubic kilometers for the models of wieczorek2012crust and a deficit of 4.1× 107 cubic223

kilometers for the comparable two-layered model. If all of the crust within the inner rim224

were emplaced by subsequent processes such as melt sheet differentiation and ejecta from225

other basins, the volume of ejected crust rises to at least 9.4×107 cubic kilometers. The226

SPA impact may have also ejected significant volumes of the upper mantle, so these vol-227

umes represent conservative lower bounds on the total volume of ejecta.228

5 Conclusions229

We have found evidence for a large excess of mass in the Moon’s mantle under the230

SPA basin. This anomaly has a minimum mass of 2×1018 kg and likely extends to depths231

of at least 300 km. The presence of this mass anomaly implies that the central depres-232

sion in the SPA basin floor is not caused by melt sheet contraction as was previously thought,233

but rather is weighed down by the excess mass in the mantle. The interior of the SPA234

basin contains a relatively uniform-thickness crust with the exception of superposed craters,235

with a thickness of at least 16 km in undisturbed regions. This is thicker than previous236

estimates, which magnifies the challenge of explaining the origin of the crust in the in-237

terior of the SPA basin.238

There are at least two plausible explanations for the existence of a mantle mass anomaly:239

metal from the core of the basin-forming impactor that remains suspended in the Moon’s240

mantle, or lingering oxide-rich dregs from the last stage of magma ocean crystallization.241

If the mass anomaly was emplaced contemporaneously with the formation of the basin,242

then the Moon’s lower mantle has likely been cooler than approximately 1480◦C in the243

latter half of lunar history. This is consistent with most seismically derived estimates of244

mantle temperature Gagnepain-Beyneix, Lognonné, Chenet, Lombardi, and Spohn (2006);245
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Khan, Connolly, Maclennan, and Mosegaard (2007) and implies that the Moon’s inte-246

rior has lost a significant fraction of its original thermal energy.247
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