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Abstract

In this work we examine variations in mantle uplift associated with large lunar impact craters and basins between major

terranes. We analyze the Bouguer gravity anomalies of 100–650-km diameter lunar impact craters using Gravity Recovery

and Interior Laboratory (GRAIL) observations and the Lunar Orbiter Laser Altimeter (LOLA) crater database. The Bouguer

gravity anomalies of 324 large impact craters analyzed herein are primarily controlled by the uplifted crust-mantle (Moho)

interface in the central region of these impact craters, although post-impact mare deposits contribute to the gravity anomalies

of some individual craters. The central uplift of the Moho interface is primarily controlled by impact energy and increases to ˜

30 km for a 650-km crater. Further analyses of craters in the Feldspathic Highlands Terrane (FHT) with varied crustal thickness

() reveal that the onset crater diameter () with an uplifted Moho interface is dependent on the local : ˜ 146+1.1(in a unit of

km). This equation also provides a quantification of the depth-dependent attenuation of impact-induced structural uplift, using

the Moho uplift as a proxy for structural uplift. Moho uplift of large craters in the hotter South Pole-Aitken Terrane (SPA) is

not statistically different from FHT craters, consistent with the expected thermal difference between these terrains during the

pre-Nectarian period.
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Key Points: 11 

 The minimum crater diameter for which impacts result in mantle uplift depends on local 12 

crustal thickness.  13 

 The magnitude of mantle uplift is primarily controlled by impact energy and thus is 14 

correlated with impact diameter. 15 

 Statistical indistinguishability between the SPA and FHT craters provides an upper limit 16 

on the thermal difference.  17 

 18 

  19 
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Abstract 20 

In this work, we examine variations in mantle uplift associated with large lunar impact craters 21 

and basins between major terranes. We analyze the Bouguer gravity anomalies of 100–650-km 22 

diameter lunar impact craters using Gravity Recovery and Interior Laboratory (GRAIL) 23 

observations and the Lunar Orbiter Laser Altimeter (LOLA) crater database. The Bouguer 24 

gravity anomalies of 324 large impact craters analyzed herein are primarily controlled by the 25 

uplifted crust-mantle (Moho) interface in the central region of these impact craters, although 26 

post-impact mare deposits contribute to the gravity anomalies of some individual craters. The 27 

central uplift of the Moho interface is primarily controlled by impact energy and increases to ~ 28 

30 km for a 650-km crater. Further analyses of craters in the Feldspathic Highlands Terrane 29 

(FHT) with varied crustal thickness (Tc) reveal that the onset crater diameter (Dmin) with an 30 

uplifted Moho interface is dependent on the local Tc: Dmin ~ 146+1.1Tc (in a unit of km). This 31 

equation also provides a quantification of the depth-dependent attenuation of impact-induced 32 

structural uplift, using the Moho uplift as a proxy for structural uplift. Moho uplift of large 33 

craters in the hotter South Pole-Aitken Terrane (SPA) is not statistically different from FHT 34 

craters, consistent with the expected thermal difference between these terrains during the pre-35 

Nectarian period.  36 

Plain Language Summary 37 

Gravitational signatures of large impact craters and basins reveal notable mantle uplifts under 38 

the crater floor. The underlying mantle uplift is significant for lunar basins with a crater diameter 39 

larger than ~ 200 km and is one of the main characteristics of peak-ring and multi-ring basins. 40 

The magnitude of mantle uplift linearly increases with crater diameter, which itself relates to an 41 

increase in impact energy. It has been suggested that the target properties, including the crustal 42 

thickness and thermal state, affect the crater mantle uplift as well. In this study, we investigate 43 

the relationship between target properties and the crater gravitational signature by statistical 44 

analysis. The analysis provides a quantification for the effect of the crustal thickness on the onset 45 

of mantle uplift and a constraint on the thermal difference between highland and South Pole-46 

Aitken basin terranes.   47 

1 Introduction 48 

It has long been recognized that both terrestrial and lunar impact basins are associated with 49 

notable uplifts of mantle materials (Pilkington & Grieve, 1992; Cintala & Grieve, 1998). This 50 

impact-induced mantle uplift has been investigated by both laboratory (e.g., Schmidt & Housen, 51 

1987) and numerical experiments (Potter et al., 2013; Milbury et al., 2015). On the Moon, the 52 

onset of the mantle (or more precisely the crust-mantle boundary, Moho) uplift coincides with 53 

the morphologic transition from complex craters to peak-ring basins. This coincidence has strong 54 

implications for the formation mechanism of the peak ring, which has been suggested to be 55 

controlled by the interaction between the inward collapse of crustal blocks and the underlying 56 

central uplift (Potter, 2015; Baker et al., 2016). Crater dynamic considerations imply that in 57 

addition to the impact conditions (e.g., impact energy and impactor density), target properties 58 

also influence the Moho uplift. Quantifying the effects of target parameters is thus of 59 

fundamental interest for fully understanding the impact cratering process.   60 

High resolution and precision gravity data from the Gravity Recovery and Interior Laboratory 61 

(GRAIL) mission (Zuber et al., 2013) provide an unprecedented opportunity to investigate the 62 
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internal structure of impact craters and to infer crater formation and modification processes. 63 

Unlike surface topography, which degrades over time, leading to the loss of evidence of ancient 64 

impact basins, the underlying Moho interface is better preserved and can be inferred from gravity 65 

data. GRAIL gravity data, for example, have been used to identify previously unknown impact 66 

basins (Neumann et al., 2015). GRAIL gravity also provides constraints on the diameter onset of 67 

the central Moho uplift. A global onset crater diameter of ~ 200 km has been found (Soderblom 68 

et al., 2015; Baker et al., 2017). However, there has yet to be a systematic study to investigate the 69 

effect of target properties on the Moho uplift of the impact craters.  70 

In this study, we use the Bouguer gravity anomalies of 100–650-km diameter impact craters 71 

to infer the central uplifts of the underlying Moho interface, after considering the effects of post-72 

impact mare infills. We then analyze the effects of crater diameter and crustal thickness on the 73 

Moho uplift using craters in the Feldspathic Highlands Terrane (FHT). By comparing the FHT 74 

craters with the craters in the South Pole-Aitken Terrane (SPA), we infer the effects of thermal 75 

state difference. Because we consider a wide range of impact morphologies, from complex 76 

craters to proto-basins, and from peak-ring basins to multi-ring basins (e.g., Baker et al., 2012, 77 

2016, 2017), for simplicity we refer to them all as impact craters.  78 

2 Data and Parameters  79 

2.1 Central Bouguer gravity anomaly 80 

We analyze 324 impact craters with rim diameters (Dc) of 100–650 km identified in the Lunar 81 

Orbiter Laser Altimeter (LOLA) crater database (Head et al., 2010; Kadish et al., 2011; Figure 82 

1). We use the GRAIL free-air gravity anomaly model JGGRAIL_1200C12A (Konopliv et al., 83 

2014), and then derive the Bouguer gravity model by subtracting the gravitational contribution of 84 

topography. Our Bouguer correction assumes the laterally varying crustal density model from 85 

Wieczorek et al. (2013), with the unconstrained density of the mare region interpolated from 86 

existing data points. Spherical harmonic degrees > 600 are excluded due to their low signal-to-87 

noise ratio. In the sensitivity test (3.3), we test the application of a high-pass filter 𝑙𝑚𝑖𝑛 =88 
𝜋𝑅0

𝐷𝑐
 𝑎𝑛𝑑 

2𝜋𝑅0

𝐷𝑐
 (corresponding to a block-size resolution of the crater diameter and radius, 89 

respectively) to each crater in order to remove gravity signals that are significantly larger than, 90 

and therefore irrelevant to the crater, similar to Bierson et al. (2016). Here 𝑅0 is the reference 91 

radius of the Moon and is set to 1738 km. Local Bouguer gravity model for each crater is then 92 

referenced to 60 km (i.e., maximum local crustal thickness) above the local topography. The 93 

topography model is the most recent from the Lunar Orbiter Laser Altimeter (LOLA) (Smith et 94 

al., 2016). 95 

 96 
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 97 

Figure 1. (a) Craters considered in this study located in the FHT, SPA, and Procellarum KREEP 98 

Terrane (PKT) projected on a gray-scale LOLA topography map in a Mollweide pseudo-99 

cylindrical projection centered on the farside. Dashed curves outline the three major crustal 100 

terranes. Dark gray patches are mare basalts. (b) Crustal thickness averaged in each crater area 101 

based on the first crustal thickness model of Wieczorek et al. (2013). (c) Measured central 102 

Bouguer anomalies (CBA) of craters. (d) Inverted Moho uplift (dM) in the crater central region.  103 

For each crater, the Bouguer gravity signature is characterized by a single measurement, the 104 

central Bouguer anomaly (CBA). Following Soderblom et al. (2015), CBA is defined as the 105 

difference between the area-weighted average Bouguer anomaly of the central region with a 106 

radial distance less than 0.2R (R is the crater radius) and that of the annular region from 0.5 to 107 

1R. To assist the data analysis, we estimate the uncertainty of the crater CBA values as the 108 

standard deviation of the Bouguer gravity data points (with a block size of 9 km) within the 109 

central circular region. The corresponding p-value measures the probability for a two-sample t-110 

test statistic to be more extreme than the observation under the null hypothesis that the mean 111 

Bouguer anomaly within the central circular region is less than or equal to that in the reference 112 

annulus. Small p-value casts doubt on the validity of the null hypothesis and therefore implies 113 

the CBA is indeed larger than zero. These crater parameters, as well as the other parameters in 114 

the following sections, are included in the crater parameter database (Table S1). 115 

2.2 Mare infills and central Moho uplifts 116 

The crater CBA is influenced by both post-impact mare infilling and mantle uplift. Other 117 

internal structures that influence gravity data, from the impact-induced melt (Cintala & Grieve, 118 

1998) and porosity change (Milbury et al., 2015), to post-impact breccia infills, all extend to the 119 

crater rim. This spatial scale is too large to contribute to crater CBA in the central region within 120 

0.2R. After quantifying and subtracting the gravitational effect of post-impact mare infills, we 121 

invert for the relief of the crust-mantle (Moho) interface.  122 

Quantification of post-impact mare infills requires a spatial distribution map of mare basalts 123 

(Nelson et al., 2014). For a typical farside mare crater, Poincaré basin (Figure 2), we estimate the 124 
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mare coverage within the central region (inside 0.2R) to be 85% and mare coverage within the 125 

surrounding annular region (with a radial distance of 0.5R to R) to be 27%. The thickness of the 126 

mare basalts is uncertain, but the maximum thickness can be determined by the difference 127 

between the observed and modeled fresh-crater depth (using scaling relationship from Pike, 128 

1977; Kalynn et al., 2013; see details in Ding et al., 2018). Assuming a mare density of 3,150 129 

kg/m
3
 and varied local crustal density (2,690 kg/m

3
 for Poincaré basin), we calculate the 130 

gravitational attraction due to mare infills in the spherical domain using the opensource software 131 

SHTools (Wieczorek & Phillips, 1998; Wieczorek & Meschede, 2018). The corresponding 132 

maximum estimate for the CBA value due to mare infills is 49 mGal. This calculation has been 133 

conducted for all the craters, yielding maximum CBA estimates due to mare infilling (Table S1). 134 

 135 

 136 

 137 

 138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 

 147 

 148 

 149 

 150 

Figure 2. (a) Topography and mare basalt distribution 151 

(red contours) for Poincaré basin; (b) Estimated 152 

maximum thickness of potential mare infills; (c) 153 

Modeled gravity attraction due to (b). The dark-gray 154 

circle indicates the central region (<0.2R) for CBA 155 

calculation. The surrounding annular region extends 156 

from 0.5 to 1R and is indicated by light-gray circles 157 

 158 

Next, we invert the Bouguer anomaly for the Moho relief, and derive the amount the Moho is 159 

uplifted (𝑑𝑀) within each crater. The inversion for the Moho relief is conducted using SHTools 160 

and the variable crustal density model from Wieczorek et al. (2013) again. But in this inversion, 161 

we update the gravity model with higher precision and resolution, which permits a higher 𝜆1/2 162 
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value of 120 (in comparison with 80 in Wieczorek et al., 2013) for the high-frequency filter. This 163 

high-frequency filter, which is required for the inversion algorithm to converge, is characterized 164 

by 𝜆1/2, the spherical harmonic degree at which the high-frequency filter reaches a value of 0.5. 165 

We find, however, that our results (Section 3) are insensitive to the correction for post-impact 166 

mare basalts or the 𝜆1/2 value.  167 

The Moho uplift 𝑑𝑀 is measured as the difference between the area-weighted Moho relief in 168 

the central region with a radial distance < 0.2R and that of the reference annular region from 0.5 169 

to 1R, spatially similar to the definition of the crater CBA (Soderblom et al., 2015). 𝑑𝑀 values 170 

are provided in Table S1.  171 

2.3 Candidate control parameters 172 

The candidate control parameters for 𝑑𝑀 include the impact energy and target properties, 173 

most notably crustal thickness and target temperature (Figure 3). The impact energy (affected by 174 

a combination of impact velocity, size and angle) cannot be directly measured, but is correlated 175 

with Dc. At the same time, 𝑑𝑀 is observed to correlate with Dc (e.g., Soderblom et al., 2015; 176 

Baker et al., 2017), suggesting that impact energy is a primary control of 𝑑𝑀.  177 

The influences of target properties on 𝑑𝑀 are more nuanced and require additional analysis to 178 

constrain. Impact hydrocode simulations suggest that decreasing crustal thickness (Tc) enhances 179 

the Moho uplift (Milbury et al., 2015), whereas the effect of crustal porosity on the Moho uplift 180 

is limited. The thermal effects are multifold. A hotter target yields lower material strength and 181 

viscosity with enhanced impact melting, and thus is expected to result in larger Moho uplift 182 

(Potter et al., 2013). Simultaneously, more significant post-impact viscoelastic relaxation in a 183 

hotter target tends to reduce the Moho uplift (Kamata et al., 2015). The net outcome of these two 184 

mechanisms requires further quantification, but may result in little to no appreciable change in 185 

the Moho uplift. An additional complication in interpreting our results is that a hotter thermal 186 

state results in a larger crater for a given impact energy (Miljković et al., 2013, 2016), and 187 

therefore indirectly influences the relationship between dM and Dc.  188 

We analyze the GRAIL data to constrain the influences of each of these target properties. We 189 

derive Tc from the first model of Wieczorek et al. (2013), obtaining values that range from 15 to 190 

65 km (Table S1). To consider different thermal states, we compare FHT and SPA (Section 3.2). 191 

While PKT almost certainly has yet another thermal state, the paucity of PKT craters (Figure 1) 192 

makes it impossible to conduct statistical analysis for this region. Crater ages from Losiak et al. 193 

(2009) are also included in Table S1. Although crater age is expected to correlate with the target 194 

temperature (at the time of crater formation) and thus the Moho uplift, the dominance of a single 195 

pre-Nectarian age prohibits the quantification of crater age effects.  196 
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Figure 3. Flow chart showing candidate control parameters on the crater CBA and central Moho 197 

uplift. Green colors indicate availability of direct observations, while gray colors indicate 198 

parameters that can only be inferred.  199 

3 Results and Discussions 200 

3.1 FHT: Effect of crustal thickness and implications 201 

To examine the effects of crustal thickness on Moho uplift, we consider 232 craters in the 202 

FHT. We fit these data to a two-slope model that assumes the CBA values are equal to zero for a 203 

crater diameter (Dc) less than the onset diameter Dmin, but linearly increase when Dc > Dmin 204 

(Figure 4a). We estimate Dmin to be 213±34 km. The best-fit value and uncertainty are given by 205 

the mean and standard deviation of 1,000 resampled datasets using a bootstrap re-sampling 206 

method. Our best-fit value is similar with Soderblom et al. (2015), but the uncertainty is larger 207 

because we consider a smaller number of craters. For the linearly increasing portion of the two-208 

slope model, we find a slope of 0.86±0.17 mGal/km. Because of the linear relationship assumed 209 

for Dc > Dmin craters, the best-fit Dmin is sensitive to the CBA values of impact craters much 210 

greater than 200 km.  211 

The onset of CBA > 0 is better quantified by a limited portion of craters with CBA values 212 

close to zero. For statistical robustness, we use the p-values of the crater CBAs to divide the 213 

craters into two groups: positive CBA group (p-value less than 0.05; red dots in Figure 4b) and 214 

negative CBA group (other craters; gray dots). We apply a linear discriminant analysis to find a 215 

linear decision boundary between the two groups, using Tc and Dc as control parameters. The 216 

coefficients of the decision boundary Dmin = cTc + d are estimated to be c = 1.1±1.2 and d = 217 

146±46 km, with uncertainties estimated by bootstrap re-sampling. The Dmin value estimated by 218 

the linear discriminant analysis is smaller than that in the two-slope model, though the results 219 

agree within error. The positive best-fit value for c, the parameter describing the dependence on 220 

Tc, is consistent with physical considerations and numerical simulations (Milbury et al., 2015) 221 

that predict that it is harder for impacts to induce Moho uplift in a thicker crust than in a thinner 222 

crust, though this is only a 1-sigma detection and should be considered with appropriate caution. 223 

As CBA mainly represents the central Moho uplift, this decision boundary quantifies the effect 224 

of crustal thickness on the onset of central Moho uplift.  225 
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For the craters with CBA > 0, we analyze the magnitude of the uplift 𝑑𝑀. The usage of Dc − 226 

cTc – d as the predictor parameter ensures that the central Moho uplift dM starts from zero, and 227 

that the effects of Tc and Dc are consistently included. We find a regression coefficient, e, of 228 

0.068±0.005. This model is robust as it is insensitive to the reference radius of the gravity model, 229 

post-impact mare correction, and high-frequency filter in the gravity inversion (see Section 3.3). 230 

The outliers in Figure 4c are discussed in Section 3.3. It is worth noting that a direct two-variable 231 

linear regression for Dc and Tc yields a positive regression coefficient for Tc that is inconsistent 232 

with physical considerations and the previous linear discriminant analysis. However, a high p-233 

value for Tc suggests that the effect of Tc is insignificant (verified by correlation analysis and 234 

feature selection, e.g., relaxed lasso regression). This indicates that it is impossible to quantify 235 

the contribution of Tc variations to the Moho uplift using these data and a two-variable linear 236 

regression. This is likely due to the combined effects of large scatter in the data and limited data 237 

for large craters.  238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

Figure 4. (a) Two-slope model (blue curve and shaded 248 

region) for the CBA values (gray dots) of the FHT 249 

craters. (b) Linear classification of the FHT craters: red 250 

dots are positive CBA group (p-value < 0.05); gray 251 

dots are negative CBA group. Blue line is the estimated 252 

decision boundary with shaded uncertainty region. 253 

Cross marks indicate misclassified points. (c) Linear 254 

regression for the FHT craters with positive CBAs 255 

plotted in (b). Notable outliers (different from those in 256 

b) are marked by their crater ID numbers in Table S1. 257 

Model and parameter uncertainties are standard 258 

deviations (i.e., 68% confidence intervals).  259 

 260 

 261 

Using Tc as a proxy for the varied crustal layer depth (z) beneath one single crater, the Moho 262 

uplift dM represents the depth-dependent structural uplift due to this impact event (Figure 5). For 263 

a given impact diameter Dc, the minimum layer depth z0 with zero structural uplift is determined 264 

by the decision boundary Dc = cz0 + d. By further assuming that the structural uplift follows the 265 
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observation-based linear relationship dM = e(Dc − cz – d) (Figure 5c), we calculate a second 266 

critical depth z1 when the uplifted crustal or mantle material in the crater central region reaches 267 

the surface. The exposure of deep materials may provide insights into the lunar composition and 268 

stratification, although the central-peak and peak-ring materials are most commonly used 269 

(Cintala & Grieve, 1998; Tompkins & Pieters, 1999; Kring, 2009). The numerical models of 270 

Potter et al. (2013) overestimate z0 and z1 by a factor of ~2 and the structural uplift (dM) by a 271 

factor of ~ 4 (Figure 5b–c), likely due to lower strength parameters used in their hydrocode 272 

models.  273 

   274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

Figure 5. (a) Predicted structural uplifts at varied 288 

layer depths (z) for a typical 300-km diameter 289 

crater. (b) Two regimes of structural uplift 290 

controlled by the layer depth and crater diameter. 291 

(c) Predicted structural uplift at a depth z for 292 

200–350 km diameter craters. Dashed lines are 293 

models from Potter et al. (2013).  294 

 295 

 296 

3.2 SPA: Effect of temperature and implications 297 

We apply the same statistical analysis to the 51 SPA craters we examined. Figure 6 shows no 298 

statistical difference between the SPA and FHT craters, although the crater CBA for Dc less than 299 

213 km is -4.6±1.7 mGal. This slightly negative CBA is likely due to lower porosity in the SPA 300 

(Milbury et al., 2015; Ding et al., 2018). The similar size-dependent behavior of SPA and FHT 301 

crater CBAs indicates that the SPA thermal state effects are limited on Moho uplift.  302 
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 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

Figure 6. Similar to Figure 4 but for SPA 320 

craters (dots). (a) Two-slope model and (c) 321 

linear model for SPA craters are shown in 322 

magenta color, which matches well with the 323 

results for FHT craters (blue color). Besides, 324 

(b) the decision boundary for FHT craters 325 

(blue) also well separate SPA craters.  326 

 327 

 328 

To further interpret this result, we consider the thermal history of the SPA region. Comparing 329 

with FHT, this region’s thermal state is influenced by two factors: impact heating from the SPA 330 

impact and lack of radiogenic heating due to impact excavation of crustal materials (Figure 7a). 331 

SPA impact heating has been modeled to last ~100 Ma after the initial impact (Rolf et al., 2017). 332 

The decrease in radiogenic heating can be estimated by the time-dependent radiogenic heating of 333 

uranium (U), thorium (Th) and potassium (K), assuming a Th concentration of 1 ppm, a Th/U 334 

ratio of 3.7 and a K/Th ratio of 460 for the lunar crust (Laneuville et al., 2018). Heat generation 335 

rates and half-lives of the radiogenic elements are from Turcotte & Schubert (2014). The 336 

radiogenic heat rate is then multiplied by the excavated thickness of crustal materials (Texc) in 337 

SPA to yield the surface heat flux. We consider Texc ranging from 10 to 35 km; the lower limit is 338 

from gravity analysis (Wieczorek et al., 2013; Taylor & Wieczorek, 2014), while the upper limit 339 
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is derived from hydrocode simulations (Potter et al., 2012; Zhu et al., 2019). Combining the 340 

effects of impact heating and lack of radiogenic heating, we find that the surface heat flux in 341 

SPA was greater than that in the FHT for the first ~90 Ma after the SPA formation, but less than 342 

FHT afterwards (Figure 7a). The reference FHT thermal evolution path is from Laneuville et al. 343 

(2013). 344 

To relate these thermal states to target properties for individual impact craters requires 345 

knowing the timing of each impact. Because the precise dating of impact craters is not available, 346 

we use the standard cumulative crater density function (Neukum et al. 2001; Figure 7b) to 347 

normalize the surface heat flux, yielding the average heat fluxes sampled by the SPA and FHT 348 

craters in the entire pre-Nectarian period (Figure 7c). We consider the pre-Nectarian period from 349 

the SPA formation age to 3.9 Ga. Although the age of SPA basin is found to be 4.25–4.3 Ga 350 

from isotopic dating and crater counting (Orgel et al., 2018; Garrick-Bethell et al., 2020), the age 351 

is uncertain due to the debatable source of the dated samples and uncertainty in the early 352 

cratering chronology. So here we test a range of 4.1–4.45 Ga for the SPA formation age.  353 

We consider the temperature-induced Dc variability to quantify the thermal effect, assuming 354 

the other two thermal mechanisms (Section 2.3) yield no appreciable net effect. Impact 355 

hydrocode modeling by Miljković et al. (2016) suggests that while Dc is sensitive to the thermal 356 

state, the transient crater diameter Dt depends only on the impact energy. The scaling 357 

relationship Dt = fDc
g
 is thus useful for estimating Dc in varied target thermal state. Miljković et 358 

al. (2016) find f1 = 2.92 and g1 = 0.77 for the nearside with a surface temperature gradient of 20 359 

K/km (corresponding to a surface heat flux of 60 mW/m
2
 assuming a crustal heat conductivity of 360 

3 W/m/K), and f2 = 2.48 and g2 = 0.84 for the FHT with a surface temperature gradient of 10 361 

K/km (corresponding to 30 mW/m
2
). Assuming that the coefficients f and g are linearly related to 362 

the surface heat flux, we can estimate the change of Dc with surface heat flux. Figure 7d shows 363 

the expected average crater diameter for an impact into SPA as a function of SPA formation age 364 

for a nominal impact event that would form a 300-km FHT crater (assuming the average heat 365 

flux in Figure 7c). CBA values for the FHT and SPA craters are statistically insignificant, 366 

requiring Dc* to lie within an uncertainty range of ~35 km. The overlap in thermal models 367 

(Figure 7d) is consistent with the similarity in the observed CBA values. No additional 368 

constraints on Texc and the SPA formation age is obtained, although larger Texc and earlier SPA 369 

formation age are preferred.   370 

 371 

  372 
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 373 

Figure 7. (a) Modeled SPA thermal evolution (magenta) that includes the increased heat from 374 

the SPA impact and the loss in radiogenic heating of a 10–35 km crust from the FHT thermal 375 

evolution path (blue), assuming a SPA formation age of 4.25 Ga. (b) Cumulative crater density 376 

(with a crater diameter larger than 1 km per area of 1 km
2
) from Neukum et al. (2001). (c) 377 

Average surface heat flux sampled by impact craters in the pre-Nectarian period as a function of 378 

the formation age of SPA, ranging from 4.1 to 4.45 Ga. (d) The expected crater diameter Dc
*
 for 379 

an impact with the same energy that would form a 300-km FHT crater, in the hotter SPA region, 380 

plotted against the SPA formation age. The overlap between the gray and magenta regions 381 

suggest that the observed statistical similarity is consistent with the modeled thermal difference. 382 

3.3 Model sensitivity and other influential factors 383 

Although individual CBA and dM values are dependent on the details of the gravity modeling 384 

and inversion, our statistical results are robust. Table 1 shows the sensitivity of the estimated 385 

coefficients to key steps of the derivation of the crater CBA and dM data. While the correction for 386 

post-impact infills and the change of 𝜆1/2 value in the gravity inversion does not show a 387 

noticeable effect, the use of the laterally varying crustal density model from Wieczorek et al. 388 

(2013) is critical: if a uniform crustal density of 2,550 kg/m
3
 is used instead of the variable 389 

crustal density model, Dmin and d would become systematically smaller. In addition, SPA would 390 

seemingly be associated with smaller Dmin because of regional higher crustal density. Application 391 

of local high-pass filter to each crater strengths the crater-scale variability, particularly in the 392 

SPA region. But those crater-scale variability is related to not only deep Moho uplift, but also 393 

near-surface materials (e.g., mare). The results with the larger 𝑙𝑚𝑖𝑛  =  
2𝜋𝑅0

𝐷𝑐
  is greatly influenced 394 
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by near-surface materials: SPA craters show much lower Dmin, likely due to more extensive 395 

surface mare distribution.  396 

Table 1. Model sensitivity to parameters 397 

Model Settings  a, mGal/km Dmin, km c d, km e, 10-2 

Reference 

(Section 3.1) 

FHT 0.86±0.17  213±34 1.1±1.2 146±46 6.8±0.5 

SPA 0.87±0.14 217±20 3.3±1.6 115±46 8.0±0.6 

Uniform crust 

density 

FHT 0.97±0.13 166±13 1.0±2.1 124±78 6.9±0.5 

SPA 1.23±0.17 156±15 3.9±1.7 96±47 8.6±1.1 

High-pass filter 

𝑙𝑚𝑖𝑛 =
𝜋𝑅0

𝐷𝑐
   

FHT 0.88±0.18 208±33 N/A 

SPA 0.80±0.13 200±20 

High-pass filter 

𝑙𝑚𝑖𝑛 =
2𝜋𝑅0

𝐷𝑐
   

FHT  0.75±0.16 217±35 

SPA 0.53±0.11 178±20 

Mare infills 

corrected 

FHT 0.85±0.18 216±34 1.1±1.2 144±45 6.8±0.5 

SPA 0.92±0.33 229±28 3.3±1.6 116±46 7.8±0.7 

𝜆1/2=80 FHT N/A 6.9±0.5 

SPA 8.1±0.5 

 398 

The outliers in Figures 4c and 6c are craters with gravity signatures that are not well 399 

explained by Moho uplift. By looking at individual craters, we find that most of the high-CBA 400 

outliers are explainable by the existence of mare, cryptomare, or co-existence of two impact 401 

craters (i.e., double impact). Among them, the Szilard North crater (with a crater ID number of 402 

259) overlaps with a smaller Szilard crater (132), and the Moscoviense crater (311) overlaps with 403 

Moscoviense North (323). The TOPO-13 (272), Schrödinger (296), Lorentz (302), and Schiller-404 

Zucchius (303) craters are associated with mare basalts that are likely thicker than in other 405 

craters. The rest, Milne (286) and Balmer-Kapteyn (287) (as well as TOPO-13 and Schiller-406 

Zucchius) craters, are associated with high-density cryptomare materials (Whitten & Head, 407 

2015), contributing to the large CBA. Our interpretation that mare infilling explains much of the 408 

observed variability in the CBA values is supported by the fact that we observe far fewer low-409 

CBA outliers in the data. The extremely low-CBA craters, including the Mutus-Vlacq (313) and 410 

Kohlschutter-Leonov (316) craters, are probably not impact craters but rather topographic 411 

depressions surrounded by thick impact ejecta (Byrne, 2016).  412 

In addition to crater diameter, crustal thickness and thermal state, impact characteristics 413 

including impact energy (size, velocity and impact angle) and impactor composition also 414 

influence the crater CBA and Moho uplift. Shorter-wavelength variability in the target material 415 

properties, thermal state and crustal thickness not included in our analysis may contribute to the 416 

CBA variability, too. The effects of crater age and non-homogenous thermal evolution of the 417 

Moho uplift requires more comprehensive numerical simulations and more precise dating of 418 

impact craters.  419 
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4 Conclusions 420 

By linking the gravity signatures of large impact craters to the lunar crustal thickness and a 421 

lunar thermal evolution model, we investigate the effect of crustal thickness and thermal state on 422 

the onset and magnitude of impact-induced Moho uplift.  423 

The onset of the Moho uplift is primarily controlled by the crater diameter, and is likely 424 

negatively influenced by crustal thickness. The dependence on the crustal thickness implies 425 

structural uplift attenuation with depth. The gravity observations reveal less structural uplift than 426 

numerical results of Potter et al. (2013), likely due to lower strength parameters used in the 427 

hydrocode models.  428 

The statistical similarity between the FHT and SPA craters suggests that the thermal 429 

difference of the two terranes is not significant enough to introduce a noticeable difference in 430 

Moho uplift. Existing impact simulation results are consistent with the SPA thermal models.  431 

Extremely high CBA observations exist for mare craters, double craters, and craters with 432 

cryptomare, while extremely low CBA observations imply topographic lows not associated with 433 

impact craters.  434 
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