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a b s t r a c t 

The 492 km-diameter Apollo impact basin post-dates, and is located at the inner edge of, the ∼2240 km- 

diameter South Pole–Aitken (SPA) basin, providing an opportunity to assess the SPA substructure and lat- 

eral heterogeneity. Gravity Recovery and Interior Laboratory gravity data suggest an average crustal thick- 

ness on the floor of SPA of ∼20 km and within the Apollo basin of ∼5 km, yet remote sensing data reveal 

no conclusive evidence for the presence of exposed mantle material. We use the iSALE shock physics 

code to model the formation of the Apollo basin and find that the observational data are best fit by the 

impact of a 40 km diameter body traveling at 15 km/s into 20–40 km thick crustal material. These results 

strongly suggest that the Apollo impact occurred on ejecta deposits and collapsed crustal material of the 

SPA basin and could help place constraints on the location, size and geometry of the SPA transient cavity. 

The peak ring in the interior of Apollo basin is plausibly interpreted to be composed of inwardly collapsed 

lower crustal material that experienced peak shock pressures in excess of 35 GPa, consistent with remote 

sensing observations that suggest shocked plagioclase. Proposed robotic and/or human missions to SPA 

and Apollo would present an excellent opportunity to test the predictions of this work and address many 

scientific questions about SPA basin evolution and structure. 

© 2018 Elsevier Inc. All rights reserved. 
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. Introduction and background 

The Apollo peak-ring impact basin ( Fig. 1 ), with a diame-

er of 492 km ( Baker et al., 2011; Baker and Head, 2015 ), is

he largest definitive impact structure within the South Pole–

itken (SPA) basin, the largest (2240 km diameter) lunar impact

asin currently known. Originally classified as a multi-ring basin

 Pike and Spudis, 1987 ), Apollo is now regarded as a peak-ring

asin ( Baker et al., 2011 ); its peak ring, rising 1–2 km above the

asin floor, has a diameter of 247 km ( Baker et al., 2011; Baker

t al., 2017 ), a little over half the main rim diameter. On the basis

f superposed impact crater counting ( Stuart-Alexander, 1978 ),

pollo is one of the youngest pre-Nectarian basins ( Wilhelms,

987; Fassett et al., 2012 ), with an age of ∼3.9–3.92 to 4.1–4.2 Ga. 

Located in the north-east segment of SPA ( Garrick-Bethell and

uber, 2009 ) at 36.09 °S, 208.52 °E ( Baker and Head, 2013 ), Apollo

asin, as inferred by numerical modeling of the formation of SPA

 Potter et al., 2012a ), may straddle the SPA transient crater and
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odification zone ( Fig. 1 ). Such a location may help explain the

istinctive divide in mineralogy between Apollo basin’s north and

ast (more anorthositic; Garrick-Berthell and Zuber, 2009 ) and

outh and west (more noritic; Pieters et al., 2001 ) sections. 

Apollo basin sits largely within the SPA Heterogeneous Annulus

HET-A) zone ( Fig. 1 ), defined by Moriarty and Pieters (2016) as

ocalized areas exhibiting mafic signatures heterogeneously mixed

ith more feldspathic areas. The HET-A region contains discontin-

ous areas of Mg pyroxene-rich material, interpreted to represent

jected sub-crustal materials mixed with feldspathic crust during

PA ejecta emplacement and basin modification. The southern

ortion of Apollo sits within the SPA Orthopyroxene Annulus

OPX-A; Fig. 1 .), defined by Moriarty and Pieters (2016) as areas

here spectral analyses exhibit a homogenous composition con-

istent with (and dominated by) Mg-rich pyroxenes, interpreted to

epresent a remnant part of the SPA transient cavity that excavated

hrough a ∼40 km feldspathic crust. Whether the Mg pyroxene-rich

aterial in the OPX-A and HET-A units represent upper mantle

aterial (as predicted by cratering models; Potter et al., 2012a ), or

ower crust enriched in Mg-suite materials ( Shearer et al., 2015 )

emains unanswered. Given Apollo’s location, however, we would

hus predict that the ejecta from the Apollo basin impact event

https://doi.org/10.1016/j.icarus.2018.02.007
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Fig. 1. Lunar Orbiter Laser Altimeter topographic map of the Apollo basin (outlined in black) region within the South Pole–Aitken (SPA) basin. Solid white lines illustrate 

the SPA topographic best-fit ellipses from Garrick-Bethell and Zuber (2009) . The dashed white line illustrates the extent of the SPA transient crater from numerical modeling 

( Potter et al., 2012a ). Dotted colored lines illustrate the extent of, from the SPA center, SPACA (SPA Compositional Anomaly; red), OPX-A (Orthopyroxene Annulus; light 

purple), HET-A (Heterogeneous Annulus; dark purple) and SPA-X (SPA Exterior) mineralogical zones ( Moriarty and Pieters, 2016 ). (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article). 
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would have included Mg-rich pyroxenes interpreted to represent a

remnant part of the SPA transient cavity. 

Subsequent to the formation of the SPA and Apollo basins,

mare deposits were emplaced and now partially cover the center

of the basins ( Yingst and Head, 1999; Pieters et al., 2001 ); older

cryptomare deposits have been identified in the SPA basin inte-

rior ( Pieters et al., 2001; Petro et al., 2011; Whitten and Head,

2015 ). Mare volcanism on the floor of the Apollo basin has been

interpreted to date from ∼2.4 to 3.5 Ga ( Haruyama et al., 2009 ). 

Clementine UVVIS data detected anorthosite ( > = 90% plagio-

clase) in the Apollo basin peak ring ( Pieters et al., 2001 ), as did

the Kaguya Multiband Imager ( Ohtake et al., 2014 ). Ohtake et al.,

(2014) stated that the peak ring contained continuous exposures

of pure anorthosite ( > 98% plagioclase). Moon Mineralogy Mapper

(M 

3 ) data, however, suggest that the peak ring is dominated by

pyroxene ( < 95% plagioclase; Baker and Head, 2015 ), with the only

pure anorthosite exposure located toward the basin rim (at an

unnamed crater: 28.8491 °S, 205.5807 °E; Donaldson-Hanna et al.,

2014 ). M 

3 analysis of craters near the Apollo peak ring suggests

the presence of Mg-rich material ( Klima et al., 2011 ), consis-

tent with the mafic-rich compositional interpretations of others
 Petro et al., 2010; Baker and Head, 2015 ). These multispectral

nalyses, therefore, suggest that the Apollo-forming impact may

ave excavated primary crustal material ( Petro et al., 2010; Klima

t al., 2011 ), or a more magnesian region (such as an intrusion or

umulate pile; Klima et al., 2011 ). The crust beneath the center of

pollo is < 5 km thick ( Fig. 2 , 3 ; Wieczorek et al., 2013 ), making

t one of the thinnest crustal locations on the Moon. A strong

ositive Bouguer gravity signature ( Neumann et al., 2015; Baker

t al., 2017 ), suggesting denser material (i.e., mantle) close to the

urface, further supports this. The thin crust beneath the basin

enter and possible presence of SPA Mg-rich pyroxene deposits

HET-A and OPX-A units) could explain the more mafic nature

 Baker and Head, 2015 ) of the Apollo basin interior. 

The age, geology and structure of Apollo make it a strong can-

idate for both robotic and human missions dedicated to studying

arly lunar processes and the structure of the SPA terrane (defined

n Jolliff et al., 20 0 0 ). Previously, Apollo was a region of interest

or the NASA Constellation program ( Gruener and Joosten, 2009 ).

ecently, China has placed the Apollo basin as a possible candidate

or its Chang’e-4 landing and roving mission, scheduled for launch

n the first half of 2019 ( Wang and Liu, 2016 ). 
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Fig. 2. Model 1 Gravity Recovery and Interior Laboratory-derived crustal thickness ( Wieczorek et al., 2013 ) around Apollo basin, highlighting the crustal dichotomy between 

the north and east, and south and west sections. Cross-sectional profile markers are highlighted by the straight lines. A selection of these are shown in Fig. 3 . 

Fig. 3. Cross-sectional crustal thickness profiles through Apollo basin derived 

from Gravity Recovery and Interior Laboratory data for gravity models 1 and 4 

( Wieczorek et al., 2013 ). 0 ° represents profiles from the basin center directly north- 

ward; 180 ° presents profiles from the basin center directly southward. 
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In this work, therefore, we numerically modeled the formation

f the Apollo basin to understand (a) its unique geological struc-

ure, (b) how this structure relates to SPA’s own structure and

volution, and (c) the importance of the Apollo basin for future

unar surface missions. 

. Methods 

The two-dimensional iSALE shock physics code ( Collins et al.,

004; Wünnemann et al., 2006 ) based upon the SALE hydrocode

 Amsden et al., 1980 ), was used to simulate the formation of the

pollo basin. iSALE has been used extensively to model lunar basin

ormation (e.g., Potter et al., 2012a; 2012b; 2013; 2015; Miljkovi ́c

t al., 2013; 2016; Zhu et al., 2015; Johnson et al., 2016 ) and to in-

estigate impacts on a wide range of scales. Relative to the Apollo

asin, this includes smaller, simple craters ( Collins, 2014 ); similar-

ized basins (e.g., Schrödinger basin; Kring et al., 2016 ); and far

arger basins (e.g., South Pole–Aitken basin; Potter et al., 2012a ).

he two-dimensionality of the code limits impact simulations to

0 ° (vertically downward). Although exactly vertical impacts are

ighly unlikely, they provide a reasonable proxy for oblique ( ∼30–

5 °) impacts (e.g., Gault and Wedekind, 1978; Pierazzo and Melosh,

0 0 0; Elbeshausen et al., 20 09; Davison et al., 2011 ) and are inter-

reted to produce the correct azimuthally-averaged behavior. 
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Table 1 

Selected model input parameters. Input parameters are listed in a more comprehensive manner in Supple- 

mentary Files S1 and S2. 

Parameter Value(s) 

Impact velocity 10, 15 km/s 

Impactor diameter 32, 40, 50, 60 km 

Crust material Gabbroic anorthosite Tillotson EOS ( Ahrens and O’Keefe, 1977; Potter et al., 2012b ) 

Mantle material Dunite ANEOS ( Benz et al., 1989 ) 

Crustal thickness 20, 40 km 

Thermal gradient 10 K/km; mantle temperatures at solidus 

Fig. 4. Thermal profile used to present the lunar subsurface at the time of the 

Apollo basin-forming impact. Solidus profiles differ slightly depending on the 

crustal thickness (20 km or 40 km, illustrated by the two vertical dashed lines). A 

thermal profile from Potter et al. (2013) is shown for reference. Preliminary mod- 

els were carried out using this thermal profile, but it was found to be too strong a 

target to produce Apollo basin-like features. 
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Impactor diameters of 32, 40, 50 and 60 km, and impact ve-

locities of 10 and 15 km/s were used to find a best-fit (relative to

spectroscopic and gravity data) impact scenario for Apollo basin.

Due to the crustal dichotomy between the north-east and south-

west sides of the basin ( Wieczorek et al., 2013 ; Figs. 2 and 3 ),

crustal thicknesses of 40 and 20 km, respectively, were used. Cell

resolution was 1 km, providing 16–30 cells per projectile radius,

consistent with a suite of other large crater-forming studies (e.g.,

Ivanov, 2005; Potter et al., 2015; Miljkovi ́c et al., 2016 ). Following

the initial analysis, the better fitting simulations were run at twice

the original resolution (0.5 km per cell). See Table 1 for a list of

the major model impact parameters. 

The axisymmetric halfspace target was divided into a crustal

and mantle layer. A Tillotson equation of state for gabbroic

anorthosite ( Ahrens and O’ Keefe, 1977; Potter et al., 2012b ) and

a semi-analytical equation of state (ANEOS) for dunite ( Benz et al.,

1989 ) were used to represent the crust and mantle, respectively;

the dunite ANEOS was also used to represent the impactor. The

strength and thermal properties of these materials were taken

from laboratory experiment data for gabbro ( Azmon, 1967; Stesky

et al., 1974 ; Shimada et al., 1983 ) and dunite ( Shimada et al., 1983;

Ismail and Murrell, 1990 ); curves for mantle melt temperature as

a function of pressure for dunite were taken from Davison et al.

(2010) . The strength and damage models used here are described

in Collins et al. (2004) and Ivanov et al. (2010) , respectively; fur-

ther information can be found in supplementary files S1 and S2. 

Due to the age and location of Apollo, a thermal profile with

a gradient of 10 K/km and upper mantle temperatures at the

solidus ( Potter et al., 2012a; Potter et al., 2013 ) was used ( Fig. 4 ).

This thermal profile is comparable to those used in other lunar
asin formation studies (e.g., Miljkovi ́c et al., 2013, 2016; Zhu et al.,

015 ) and was chosen as it represents a cooler thermal profile than

hat for the underlying, older SPA event ( Potter et al., 2012a ). As a

rst-order approximation to account for the rheology of partially

olten material, and in line with previous lunar basin modeling

tudies (e.g., Potter et al., 2015 ), a partial melt viscosity of 10 10 Pa s

 Potter, 2012 ) was used. Additionally, acoustic fluidization ( Melosh,

979; Melosh and Ivanov 1999 ), a mechanism used to invoke deep-

eated gravitational collapse of transient craters in large-scale im-

acts, was included via the block model ( Melosh and Ivanov, 1999 )

nd implemented following the approach of Potter et al. (2015) .

ravitational acceleration was a constant 1.63 m/s 2 . 

. Results 

.1. Structure 

The structure of two Apollo-sized basins, that best fit spec-

roscopic and gravity data, after the dynamic phase of basin

ormation is complete ( ∼80 min after the initial impact) is illus-

rated in Fig. 5 . The impacts consisted of a 40 km diameter body

raveling at 15 km/s and striking a (a) 20 km crust and (b) 40 km

rust (representing the crustal dichotomy at Apollo). The figure

ighlights the distribution of tracer particles within each material

nit (impactor material is shown in red; crust in blue; and mantle

n green). For the 20 km crust scenario ( Fig. 5 a), a thin (1–2 km)

ayer of crustal material (with some impactor material mixed

n) is discontinuously present on the basin floor from the basin

enter, through the peak ring zone, out to the basin rim zone

where crustal material dominates). A similarly thick, but more

ontinuous, crustal layer is also present on the basin floor in the

0 km crust scenario ( Fig. 5 b). Supplementary files S3 and S4 are

ideos that demonstrate the basin-forming process for the best-fit

mpacts into the 20 and 40 km crust, respectively. 

Excavation depths were ∼31 km for both impacts, hence

he greater presence of mantle material at the surface in the

0 km crust scenario. Excavation depth was calculated, following

otter et al. (2015) , as the deepest pre-impact material that was

bove the pre-impact target surface on formation of the transient

rater (the transient crater is defined as the impact-induced bowl-

haped cavity at maximum volume). These modeled excavation

epths are similar to the estimates of Morrison (1998) - 28 km,

etro and Jolliff (2013) - 35 km, and Baker and Head (2015) -

8 km, all derived from scaling laws. Excavation depth-to-diameter

atios for all modeled scenarios (0.12 ± 0.01) are consistent with

revious lunar crater and basin modeling (e.g., Potter et al., 2015 ).

ransient crater diameters were ∼250 km for both impacts. This

s smaller than the scaling estimate of 315 km calculated by

iljkovic et al. (2016) (see Tables 1 and 2 in that work), how-

ver that study assumed a colder thermal profile and different

caling parameters. The numerical models, therefore, predict that

he Apollo basin-forming impact would have excavated mantle

aterial if crustal thickness was < ∼30 km, agreeing with previous

tudies ( Petro and Jolliff, 2013; Baker and Head, 2015 ). Table 2
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Fig. 5. Distribution of material tracers (impactor: red; crust: blue; mantle: green) for the best-fit Apollo basin models. These models considered the impact of a 40 km 

diameter body at 15 km/s into a (a) 20 km crust and (b) 40 km crust. Note the vertical exaggeration. White space indicates the absence of tracer particles. An overlay of this 

figure with the gravity-derived crustal thickness profiles ( Fig. 3 ) can be found in the supplemental material (Fig. S6). (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article). 

Table 2 

Model results. Rows highlighted in bold represent the best-fit impacts for each of the crustal thicknesses. A more comprehensive data table can be found in supplementary 

file S5. 

Crustal thickness (km) Impactor diameter (km) Impact velocity (km/s) Impact energy (J) Transient crater 

diameter, Dtc (km) 

Excavation depth, 

Zex (km) 

Zex/Dtc 

40 40 10 5.53E + 24 219 28.5 0.130 

40 50 10 1.08E + 25 255 32.5 0.127 

40 60 10 1.87E + 25 291 36.5 0.125 

40 60 10 1.87E + 25 296 36.75 0.124 

40 32 15 6.37E + 24 217 27.5 0.127 

40 40 15 1.24E + 25 251 31.5 0.125 

40 40 15 1.24E + 25 254 32.25 0.127 

20 32 10 2.83E + 24 185 18.5 0.100 

20 40 10 5.53E + 24 203 23.5 0.116 

20 50 10 1.08E + 25 239 30.5 0.128 

20 60 10 1.87E + 25 285 36.75 0.129 

20 32 15 6.37E + 24 201 23.5 0.117 

20 40 15 1.24E + 25 237 30.5 0.129 

20 40 15 1.24E + 25 243 31.25 0.129 

20 50 15 2.43E + 25 279 37.5 0.134 
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ists a selection of attributes for the numerical models. Additional

ttributes are listed in supplementary file S5, with a direct com-

arison of the best-fit models and gravity-derived crustal thickness

n supplemental file S6. 

.2. Peak shock pressure 

The distribution of peak shock pressures in the upper few

ilometers of the basin structure ( −6 to + 6 km; a zone that could

e possibly sampled in future missions) is illustrated in Fig. 6 for

he same impact scenarios presented in Fig. 5 . In the 20 km crust

cenario ( Fig. 6 a, b), the peak ring zone (100–150 km radial dis-

ance) is dominated by mantle material ( Fig. 6 a) shocked in excess

f 45 GPa ( Fig. 6 b). Of the material shocked below 45 GPa in the

eak ring zone, ∼65% of material is shocked below 15 GPa ( Fig. 7 a).

ands of lower peak shock pressures are present downwards of

1 km elevation ( Fig. 6 b). Around the basin rim ( ∼210–250 km

adial distance), which is dominated by crustal material, 95% of

he material is shocked below 15 GPa (relative to a 45 GPa shock

ressure; Fig. 7 b). Beyond the basin rim, some isolated crustal

aterial is shocked > 20 GPa ( Fig. 6 b). 
For the 40 km scenario ( Fig. 6 c, d), the surface peak shock

ressures (of crust, mantle and impactor material; Fig. 6 d) exceed

5 GPa from the basin center consistently out to a distance of

50 km. Around the peak ring zone ( ∼150–200 km radial distance),

rust is the dominant unit. Here, peak shock pressures vary by

pproximately one order of magnitude, with juxtaposition of no-

ably different shock levels at depth (e.g., 20–25 GPa and > 45 GPa

t a radial distance of 150 km). Of the material shocked below

5 GPa in the peak ring zone, around 85% is shocked below 15 GPa

 Fig. 7 c). Around the basin rim zone (210–240 km radial distance)

eak shock pressures decrease with ∼95% of material (relative to

 45 GPa shock pressure) shocked below 15 GPa ( Fig. 7 d). 

.3. Original depth of peak ring and rim material 

Figs. 8 and 9 illustrate the (a, c) original and (b, d) final location

or peak ring and basin rim material down to a depth of 6 km for

he 20 km and 40 km crustal scenarios, respectively. For the 20 km

rust ( Fig. 8 ), peak ring material originates ( Fig. 8 a) mainly in the

antle, down to a ∼70 km depth and up to 100 km from the basin

enter. In the 40 km scenario ( Fig. 9 a) the main origin of peak-ring

aterial is the lower half of the crust (30–40 km depth), with only
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Fig. 6. Distribution of material tracers (impactor: red; crust: blue; mantle: green) – left panels – and peak shock pressure tracers – right panels – for the impact of a 

40 km diameter body at 15 km/s into a (a, b) 20 km crust and (c, d) 40 km crust. Note the vertical exaggeration. White space indicates the absence of tracer particles. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

p  

c  

T  

r  

f  

d  

t  

H  

v  

t  

m  

t  

i

 

t  

S  

H  

1  

l  

∼  

o  

r  

t  

O  
a small fraction from the upper mantle. Consequently, the greater

origin depth of the peak ring materials in the 20 km case explain

the higher peak shock pressures, relative to the 40 km crustal case

( Fig. 6 ). 

Basin rim materials are sourced ( Figs. 8 c, 9 c) from similar

depths ( ∼30 km) in both crustal scenarios and, therefore, have

similar peak shock pressures ( Fig 6 ). These depths are comparable

to the excavation depth (31 km) and are noticeably shallower than

the peak ring material origin. As with the peak ring material, the

majority of rim material was displaced to the rim and was not

originally in-situ (i.e., not present at the rim pre-impact). Over

90% of material is emplaced at the rim within the first 10 min of

impact through deposition from the ejecta curtain and overturned

rim (see supplementary videos S3 and S4). The remaining material

is emplaced via collapse of the central uplift after ∼30 min. Origin

depths for both the peak ring and rim material are far shallower

than that of the transient crater (maximum depth of ∼132 km). 

4. Discussion 

4.1. Spectral and compositional interpretation 

M 

3 data ( Baker and Head, 2015 ) suggest that the Apollo basin

peak ring is dominated by Class C spectra (spectrally dominated by
yroxene absorptions) as it contains < 95% plagioclase and has no

lear 1.25 μm plagioclase absorption signature ( Cheek et al., 2013 ).

he 40 km crust scenario presented here demonstrates that peak

ing material is dominated by anorthosite (crust) that, at the sur-

ace, experienced peak shock pressures in excess of 35 GPa ( Fig. 6 c,

). This is high enough for plagioclase to lose its 1.25 μm absorp-

ion band and, therefore, match the observations of Baker and

ead (2015) . Additionally, the 20 km crust scenario, which exca-

ates relatively more mantle material toward the surface, suggests

he peak ring would be dominated by this mafic-rich mantle

aterial. M 

3 analysis of craters near the Apollo peak ring suggests

he presence of Mg-rich material ( Klima et al., 2011 ), further

mplying a more mafic, rather than plagioclase, composition. 

The mafic-dominated composition of Apollo could be due to

he size of impact (i.e., sampling depth) and its location within

PA, which consists of two Mg-rich pyroxene units (OPX-A and

ET-A; Moriarty and Pieters, 2016 ). Using coordinates of 53.2 °S,

91.1 °E for the center of SPA (based on best-fit topographic el-

ipses; Garrick-Bethell and Zuber, 2009 ), Apollo is situated ∼340 to

840 km from SPAs center. Numerical modeling of the formation

f SPA ( Potter et al., 2012 ) suggested a transient crater with a

adius of 420 km. Apollo basin may, therefore, straddle the SPA

ransient crater and modification zone ( Fig. 1 ) - though others, e.g.,

htake et al. (2014) , suggest that the SPA melt pool, an analogy
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Fig. 7. Fractional volume of (a, c) peak ring and (b, d) basin rim material shocked below P s , relative to the total volume shocked below 45 GPa for a 40 km diameter body 

impacting at 15 km/s into a (a, b) 20 km crust and (c, d) 40 km crust. The number of tracers sampled in each peak ring and rim zone is ∼20 0 0. 
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or the transient crater, had a smaller radius of 315–343 km. Such

ositioning means the Apollo impact may have formed in a target

ominated by SPA excavated ( Moriarty and Pieters, 2016 ) upper

antle material, possibly differentiated, with thinner crust toward

PAs center (the south-west side of Apollo). Additionally, scaling

aws suggest that SPA ejecta thickness around the Apollo impact

ite could have been up to ∼20 km (Equation 3 of McGetchin et al.,

973 ; exponent −2.8 from Fassett et al., 2011 ) at the sub-impact

oint of the Apollo basin. These results strongly suggest that

he Apollo impact occurred on the ejecta deposits and collapsed

rustal material of the SPA basin. 

The numerical models demonstrate that a more mafic (i.e.,

ower crust and mantle) surface composition is more likely in the

hinner crust scenario, i.e. closer to the SPA center. The size of the
mpact is great enough to excavate material from ∼30 km, so in

he case of the 20 km crust, this would include mantle material,

ence the more mafic compositions on the south-west side of

pollo, closer to the center of SPA. The peak ring in the interior

f Apollo basin is therefore likely composed of inwardly collapsed

ower crustal material that experienced peak shock pressures in

xcess of 35 GPa, consistent with remote sensing observations.

dditionally, the south-west portion of Apollo is situated within

he SPA main Fe anomaly zone ( ∼10 wt%) ( Jolliff et al., 20 0 0 ),

hich would further enhance mafic signatures around Apollo.

he numerical models reported here suggest significant thinning

f the crust beneath Apollo to ∼1–2 km. Gravity Recovery and

nterior Laboratory data ( Wieczorek et al., 2013; Baker et al.,

017 ) suggest it could be slightly thicker ( ∼5 km). Nevertheless,
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Fig. 8. Origin (left panels) and final (right panels) location of (a, b) peak-ring material and (c, d) basin rim material for a 40 km diameter body impacting at 15 km/s into a 

20 km crust. 
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this demonstrates that the Apollo basin would have some of the

thinnest crustal material on the Moon. 

4.2. Thermal structure 

The thermal profile used in this work has mantle temperatures

at the solidus between depths of ∼120 and ∼360 km ( Fig. 4 ). This

thermal profile was chosen to represent a cool SPA sub-surface

structure. With an estimated age of ∼4.3 Ga ( Morbidelli et al.,

2012 ), SPA is the oldest confirmed lunar basin-forming impact.

The impact would have created a large volume of melt ( ∼10 7 km 

3 ;

Potter et al., 2012 ) that would have likely undergone differentia-

tion ( Hurwitz and Kring, 2014; Vaughan and Head, 2014 ). Given

a 4.3 Ga age for SPA, Apollo (based on its inferred age Wilhems,

1987; Fassett et al., 2012 ) is likely to have formed ∼20 0–30 0 Myr

after SPA. Investigation of melt differentiation dynamics ( Vaughan

and Head, 2014; Cassanelli and Head, 2016 ), suggests that cooling

of the SPA melt zone is unlikely to have lasted beyond a few

million years, making it unlikely that the SPA melt sheet was

molten when Apollo formed . 

Impacts using an even cooler thermal profile (TP2 from

Potter et al., 2013 ; Fig. 4 ), with mantle temperatures below the

solidus were also carried out, but the target was found to be

too strong to produce the features associated with Apollo. These

basins were either too deep topographically or had crustal excesses

(rather than deficits) at the basin center. The preferred thermal

profile fits well with the thermal estimates for the younger Ori-

entale ( Potter et al., 2013; Zuber et al., 2016; Johnson et al., 2016 )

and Schrödinger basins ( Kring et al., 2016 ) suggesting the same

or a cooler, stronger target, when compared to Apollo, for these

younger basins. 
.3. Schrödinger comparison 

Apollo is not the only significant, well preserved, impact struc-

ure within SPA that may provide insight into SPA structure and

volution. Schrödinger basin, located in the opposite SPA sector

elative to Apollo, is ∼20 0–30 0 Myr younger ( Wilhelms, 1987;

hoemaker et al., 1994 ) and approximately two-thirds (320 km)

he diameter of Apollo. It is also commonly discussed as a poten-

ial site for future exploration ( Bunte et al., 2011; O’Sullivan et al.,

011; Burns et al., 2013; Potts et al., 2015 ). Despite the smaller

ize of Schrödinger and its greater distance from the center of SPA

900 km), Kaguya remote sensing observations identified olivine

xposures in its peak ring ( Yamamoto et al., 2012 ); olivine expo-

ures were not identified within Apollo ( Yamamoto et al., 2010 ;

amamoto et al., 2012 ). M 

3 analysis of the Schrödinger olivines, in

onjunction with Lunar Reconnaissance Orbiter camera and Lunar

rbiter Laser Altimeter data analysis, however, suggests they are

roctolite (olivine and plagioclase), rather than true dunites ( > 90%

livine), and, therefore, sourced from the crust rather than the

antle ( Kring et al., 2016 ). The Schrödinger basin, as with Apollo,

ormed in the unit described by Moriarty and Pieters (2016) to

e HET-A (localized areas exhibiting mafic signatures and het-

rogeneously mixed with more feldspathic areas outside the

PX-A zone, but inside the topographic basin rim of SPA). Unlike

chrödinger, Apollo is also partly located within the OPX-A region

nd, therefore, may have sampled (possibly differentiated) SPA

ransient crater material. 

Schrödinger and Apollo have similar inferred pre-impact crustal

hicknesses (25–40 km), but Schrödinger has a shallower exca-

ation depth (19–23 km) and peak ring material from no more

han 26 km deep ( Kring et al., 2016 ). Schrödinger is, therefore,
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Fig. 9. Origin (left panels) and final (right panels) location of (a, b) peak-ring material and (c, d) basin rim material for a 40 km diameter body impacting at 15 km/s into a 

40 km crust. 
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ampling on average a shallower part of the lunar subsurface than

pollo. The identification of (troctolitic) olivine at Schrödinger,

ut not at Apollo, suggests that the subsurface structure of SPA

s a heterogeneous composition of melted layers ( Morrison, 1998 ;

amamoto et al., 2012 ). Such heterogeneity may exist across Apollo

tself based on the distribution of anorthositic and mafic material.

he Apollo peak ring, based on the numerical models, samples

aterials from 30 + km depth, however peak ring materials are

ot interpreted as mantle (e.g., Klima et al., 2011 ). This implies

hat the mafic content (on the thinner-crust, south-western side

f the basin), may represent primary crust ( Petro et al., 2010;

lima et al., 2011 ) or a more magnesian-rich lower crustal region

 Klima et al., 2011 ), possibly associated with the SPA transient

rater and melt pool cooling and differentiation. 

.4. Exploration 

Given the structure of Apollo basin inferred from this and

revious studies, exploration of Apollo would greatly enhance un-

erstanding of the SPA terrane and early lunar processes. Sampling

pportunities for both mafic and anorthositic materials, in close

roximity, would be possible in the basin peak ring. Some of the

ore mafic units in the peak ring could have originated beneath

he crust and sampled mantle, a cumulate pile, or primary crust.

mportant goals for future missions to the SPA terrane would

e: 1) analysis of sub-SPA mantle material; 2) assessment of the

ineralogy of peak rings to constrain basin numerical models; 3)

nalysis of the mineralogy and age of farside mare basalts derived

rom unsampled deep mantle and erupted through thin-to-

onexistent crust; 4) mineralogy and petrology of unique farside

aterials; 5) geophysical structure of a peak ring basin; and 6) fur-
her understanding of the nature of the SPA basin. If chosen as the

anding destination for the Chinese Chang’ e-4 mission ( Wang and

iu, 2016 ), Apollo basin would represent a superb opportunity to

tart addressing these goals and be the first mission to sample ma-

erial not only within SPA but on the lunar farside. Due to the size

f SPA, exploration of Apollo would be complemented by any fu-

ure exploration of Schrödinger ( O’Sullivan et al., 2011; Burns et al.,

013; Potts et al., 2015 ) as well as the proposed MoonRise sample

eturn mission to the SPA interior ( Jolliff et al., 2017 ). Together,

amples from Apollo and Schrödinger basin would represent

aterial from opposite sectors of SPA and would help to constrain

he (probable) mineralogical heterogeneity across the basin. 

. Conclusions 

Apollo basin is the largest definitive impact structure within

he largest confirmed impact basin on the Moon, South Pole–

itken (SPA). Numerical modeling of the formation of the Apollo

eak-ring basin demonstrates that the final basin structure would

ave been greatly dependent on the impact site crustal thickness

nd material composition. This, in turn, would have been depen-

ent on the formation of the SPA basin; spectral and numerical

odeling studies imply Apollo may straddle the transient crater

nd modification zone of SPA. The numerical models, constrained

y gravity-derived crustal profiles, demonstrate the Apollo basin-

orming impact would have excavated material down to a depth of

30 km. Thinner crust ( ∼20 km) to the south and west of Apollo

hould lead to the excavation of sub-crustal material, possibly

xposing it in the Apollo peak ring. The near-surface material in

he modeled peak ring, using a 20 km crust, is mainly represented

y greatly shocked ( > 45 GPa) mantle. No definitive mantle ma-
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terial has been identified at Apollo using remote sensing data,

suggesting that material at such depths may represent a mafic-rich

primary crust or cumulate pile. A dearth of pure anorthosite in M 

3 

data at the Apollo peak ring is likely explained by the magnitude

of the impact, shocking crustal material above 15–25 GPa, erasing

the anorthosite 1.25 μm absorption band. This suggests, there-

fore, that the Apollo impact occurred on the ejecta deposits and

collapsed crustal material of the SPA basin and could help place

constraints on the location, size and geometry of the SPA transient

cavity. Comparisons with observations at Schrödinger basin, on the

opposite side of SPA, suggest that the SPA subsurface structure is

likely to be heterogeneous, and may exhibit smaller-scale hetero-

geneity across individual features, such as Apollo. Future missions

to Apollo, which may include the Chinese Chang’e-4 mission,

would provide crucial data for further understanding Apollo and

the structure and evolution of the South Pole–Aitken basin. 
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