
1. Introduction
Impact craters are the most prominent landform on the Moon. The largest impact craters on the Moon 
formed during the first 700 Ma since its formation (e.g., Morbidelli et al., 2012, 2018; Wilhelms et al., 1987) 
and, thus, serve as an important benchmark regarding the timing and intensity of the impactor flux dur-
ing this time period, often referred to as late accretion period. Topographic data from the Lunar Orbiter 
Laser Altimeter (Smith et al., 2010) provide insight into the morphology and morphometry of large basin 
structures; however, in particular, older basins have undergone substantial degradation processes by sub-
sequent impacts. In some cases, the typical surface expression has been majorly removed, making it diffi-
cult to estimate the original size of a given structure if the crater rim or other topographic features cannot 
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be identified unequivocally. Younger, well-preserved basins, such as Orientale, may serve as reference in 
terms of basin morphology and morphometry showing an inner depression and multiple rings (e.g., Smith 
et al., 2017; Zuber et al., 2016). In principle, it can be assumed that basin's parameters such as, for exam-
ple, the basin inner depression, spacing of the rings, and extent of the mantle uplift are related to each 
other (e.g., Baldwin, 1963; Head, 1974, 1977; Johnson et al., 2016; Miljković et al., 2015; Potter et al., 2015). 
However, strong deviations of observed parameters from the proposed systematic relationships, so-called 
impact scaling laws, suggest that either different degrees of erosion have distorted the morphometry–size 
relationships or changes in the properties of the crust related to the cooling history of the Moon affected the 
formation mechanism and, thus, also the basin morphometry and morphology. In particular, the latter has 
been shown by Miljković et al. (2016).

Due to the lack of unequivocal morphometric features as a consequence of impact-induced erosion and 
impact gardening, gravity data from the Gravity Recovery and Interior Laboratory (GRAIL) mission (Zuber 
et al., 2013) have been used as an additional parameter to estimate the size of a given basin. The majority of 
basin structures exhibit huge mass concentrations, recognizable by a strong positive Bouguer gravity anom-
aly in the center, surrounded by a negative Bouguer anomaly. Neumann et al. (2015) correlated the diameter 
of the central gravity anomaly with the diameter of observed ring structures of well-preserved basins, which 
may serve as a measure of the size of a given structure. Previously hidden basin structures that do not show 
any surface expression but are evident through their gravity field suggest an impact origin and have been 
added to the basin inventory of the Moon (Neumann et al., 2015).

Numerical modeling studies of basin formation (e.g., Ivanov et  al.,  2010; Johnson et  al.,  2018; Melosh 
et  al.,  2013; Miljković et  al.,  2015,  2016; Potter et  al.,  2015; Zuber et  al.,  2016) and modeling of crustal 
thickness (Wieczorek et al., 2013) have shown that the observed gravity signature primarily results from 
uplifted mantle material and associated crustal thinning in the central part of the basin and a concentric 
region surrounding the inner part where the crust is thicker (annular bulge) compared to the ambient 
crustal thickness. Detailed studies of the young and relatively pristine basin Orientale revealed that mass 
variations below the surface as well as the topography of the crust–mantle boundary may be more complex 
(Andrews-Hanna et al., 2018; Johnson et al., 2016; Potter et al., 2013; Zhu et al., 2015) and long-term pro-
cesses such as cooling and isostatic adjustment associated with changes in the mass distribution may not 
be negligible in the interpretation of the present-day gravity signatures of impact basins (Freed et al., 2014; 
Melosh et al., 2013).

Temperature affects the rheological behavior of rocks, most notably by modifying their resistance to plastic 
deformation. Thus, the cooling history of a body influences the basin morphology through the time-de-
pendent nature of the temperature of the crust and mantle. In the case of the Moon, where the cooling 
history shows a marked nearside–farside asymmetry (e.g., Laneuville et  al.,  2013; Spohn et  al.,  2001), 
both time location and of formation influence a basin morphology (e.g., Johnson et al., 2016; Miljković 
et al., 2015, 2016; Potter et al., 2015). As a consequence, the relationship between the size of a given basin 
and its gravity signature may also depend on when the basin was formed and where it is located.

The chronology of basin formation, based on the crater size–frequency distribution and radiogenic dating of 
Apollo sample material, has been proposed by, for example, Wilhelms et al. (1987) and Fassett et al. (2012) 
and most recently revised by Orgel et al. (2018). Coupling the formation time with thermal evolution models 
(e.g., Laneuville et al., 2013, 2018) may allow for a better understanding of the characteristic basin morpho-
metry and gravity signature as a function of basin size and formation time. Previous systematic modeling 
studies of basin formation (Johnson et al., 2018; Miljković et al., 2015, 2016; Potter et al., 2012, 2013) con-
sider different thermal profiles representing different times in the cooling history of the Moon and propose 
scaling laws relating structural data such as crustal annular bulge with basin and impactor size.

In the study, we use the observed Bouguer gravity signal of 16 basins on the lunar far side to test our mod-
els. We aim to constrain a set of model parameters that best reproduce the observed gravity signature of 
each of the basins we selected for this study. The free parameters in our models are the impactor diameter, 
the preimpact crustal thickness, and the thermal profile representing different formation times. First, we 
analyze the transient crater to evaluate changes in the basin-forming process during the excavation stage. 
Then, we relate the transient crater diameter to the Bouguer anomaly diameter to estimate the changes in 
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basin formation as a function of target temperature, crustal thickness, and impactor size. In a next step, we 
compare the Bouguer gravity anomalies from both the GRAIL mission and the numerical models of final 
basin formation. The best fit model for each basin is then found by employing a specific correlation method 
comparing the observed gravity data with the gravity signature we obtain from our formation models. The 
usage of the correlation method is not limited to a basin size. This approach allows for estimating the impac-
tor size for a given basin or, in turn, constraining the formation time if a certain impactor size is assumed.

2. Methods
To investigate basin formation processes, we conducted a systematic numerical modeling study. We use the 
well-established iSALE-2D shock-physics code (Wünnemann et al., 2006) based on the SALE hydrocode 
(Amsden et al., 1980) that was successfully employed in many modeling studies of crater formation (Col-
lins et al., 2002; Freed et al., 2014; Johnson et al., 2016; Melosh et al., 2013; Miljković et al., 2013; Potter 
et al., 2013; Zhu et al., 2015), benchmarked against other shock-physics codes (Pierazzo et al., 2008), and 
validated against experiments (Wünnemann et al., 2006). For the present study, the implemented strength, 
damage (Collins et al., 2004), and acoustic fluidization (AcFl; Melosh & Ivanov, 1999; Wünnemann & Iva-
nov, 2003) models are of particular importance.

2.1. Setup of Basin Formation Models

In our models of basin formation, we assume a half-space composed of two layers, representing the lunar 
crust and mantle. We account for different crustal thicknesses of 40 and 60 km which are thought to be 
typical for the lunar farside hemisphere (Wieczorek et al., 2013). All model parameters used in iSALE to 
describe the material behavior during crater formation and the initial thermodynamic state of the target for 
both layers are listed in Table 1 and essentially correspond to parameters used in previous studies (Collins 
et al., 2004; Ivanov et al., 2010; Potter et al., 2013). In our models, the impactor hits the planar target verti-
cally with a speed of 13 km/s. The impact speed of 13 km/s corresponds to the vertical component of the 
mean impact velocity of 18 km/s at an angle of 𝐴𝐴 45◦ (Le Feuvre & Wieczorek, 2011; Marchi et al., 2009); this 
assumption is commonly used to approximate an oblique impact, which would require a 3D simulation, 
by a 2D cylindrical symmetric model (Chapman & McKinnon, 1986; Elbeshausen et al., 2009) with the 
typical impact velocity on the Moon. We vary the impactor diameter (𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 ) between 20 and 100 km in steps 
of 10 km.

We use the Analytic Equation Of State (ANEOS; Thompson & Lauson, 1974) for dunite (Benz et al., 1989) 
for both the lunar mantle and the impactor and the ANEOS for basalt (Pierazzo et al., 2005) for the lunar 
crust to describe the thermodynamic behavior of the relevant materials. Miljković et al. (2013) and Melosh 
et al. (2013) point out that the choice of granitic or basaltic EOS does not make a fundamental difference 
in the outcome of a basin-forming process. For consistency, the chosen EOS in our study is based on pre-
vious work (Miljković et  al.,  2013,  2016). We employ material strength and failure models according to 
the implementation in iSALE by Collins et al. (2004), based on Ivanov et al. (2010), to simulate the me-
chanical response of crust and mantle against deformation. We also consider AcFl (Melosh, 1979; Melosh 
& Ivanov, 1999), which is implemented in iSALE as the so-called Block Model (Melosh & Ivanov, 1999; 
Wünnemann & Ivanov, 2003) to facilitate crater collapse as a consequence of temporary material weaken-
ing especially for craters in cold targets where the effect of thermal softening is less pronounced. The AcFl 
concept has been used in numerous previous studies of basin formation (e.g., Miljković et al., 2013; Potter 
et al., 2012, 2013; Zhu et al., 2015) and is not only essential to model the formation of peaks and rings in 
complex craters (Collins et al., 2002; Potter, 2012) but also necessary to reproduce the morphology of ba-
sins. Although it may be questionable whether AcFl is effective in the lower crust and upper mantle (e.g., 
Potter et al., 2013), we use this model here as well to make our simulation results comparable to previous 
studies. The choice of AcFl parameters follows previous models (Table 1; Potter et al., 2013; Wünnemann 
& Ivanov, 2003).

Additionally, we set an effective viscosity of 𝐴𝐴 1010  Pa s for the supersolidus impact melt that is generated upon 
impact (Johnson et al., 2016; Potter, 2012; Potter et al., 2012, 2015; Zhu et al., 2015). We note that the total 
amount of melt may not be very accurate as we use the vertical component of the mean impact velocity 
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to approximate the typical impact conditions, but we consider melt production to have little effect on the 
overall structural modifications by impacts.

Although the analysis of GRAIL data revealed that the porosity varies between 3% and 24% in the lu-
nar highland crust (Wahl et al., 2020), we did not include the porosity compaction model (Wünnemann 
et al., 2006) in our simulations. Milbury et al. (2015) showed that the contribution of porosity in the crust 
to the density contrast, and, therefore, the gravity signature is dominant for impact structures smaller than 
140 km in diameter. Bouguer anomalies of impact structures larger than 215 km in diameter are dominated 
by the mantle uplift and porosity becomes less important (Milbury et al., 2015). In our study, all investigated 
basins have mantle uplifts and are larger than 215 km with respect to their main ring diameter (Neumann 
et al., 2015). The formation process is driven by the uplift of mantle material, and, therefore, we do not ex-
pect that porosity compaction plays an important role. Additionally to the preexisting porosity in the target, 
the creation of new pore space during crater formation as a consequence of bulking due to shear or tensile 
failure is thought to have a strong effect on the gravity anomaly of impact craters. Collins (2014) shows that 
dilatancy (shear bulking) is important for relatively small complex craters typically showing negative Bou-
guer anomaly in the center. In our study, we investigate basin structures with strong positive anomalies due 
to mantle uplift. Obviously, both effects, the creation of porosity and, thus, reduction of density in the upper 

Parameter Crust Mantle

Equation of statea ANEOS basalt ANEOS dunite

Thermal parameters

 Melt temperature (K) 1,360b 1,359c

 Constant 𝐴𝐴 𝐴𝐴 in Simon approximation (GPa) 4.5b 3.01c

 Exponent 𝐴𝐴 𝐴𝐴 in Simon approximation 3.0b 2.98c

Thermal softening modelb

 Thermal softening 0.7 2.0

Shear strength of intact materiald

 Poisson ratio 0.25 0.25

 Coefficient of internal friction 1.1 1.58

 Cohesion (MPa) 31.9 5.07

 Limiting strength at high pressure (GPa) 2.47 3.26

Shear strength of damaged materiald

 Coefficient of internal friction 0.63 0.63

 Cohesion (MPa) 0.1 0.1

 Limiting strength at high pressure (GPa) 2.47 3.26

Damage modele

 Minimum failure strain for low pressure states 1 × 𝐴𝐴 10−4 1 × 𝐴𝐴 10−4

 Increase in failure strain with pressure 1 × 𝐴𝐴 10−11 1 × 𝐴𝐴 10−11

 Pressure above which failure is always compressional (MPa) 300 300

Acoustic fluidization modelf

 𝐴𝐴 𝐴𝐴𝜂𝜂 0.001 0.001

 𝐴𝐴 𝐴𝐴𝛽𝛽 200 200

 Peak vibrational velocity as a fraction of the peak particle velocity 0.1 0.1
aEOS based on Benz et al. (1989) and Pierazzo et al. (2005). bThermal parameters based on Ivanov et al. (2010). cAdapted solidus for the mantle layer from Katz 
et al. (2003) (Tm = 1,085.7°C + 132.9 (°C/GPa) P − 5.1 (°C/GPa2) P2) using the Simon approximation from Poirier (2000) in the form of 𝐴𝐴 𝐴𝐴𝑚𝑚 = 𝐴𝐴0( 𝑃𝑃𝑎𝑎 + 1)

1∕𝑐𝑐
 with 

melting temperature (𝐴𝐴 𝐴𝐴𝑚𝑚 ), solidus at normal pressure (𝐴𝐴 𝐴𝐴0 ), constant 𝐴𝐴 𝐴𝐴 , and exponent 𝐴𝐴 𝐴𝐴 . dShear strength parameters based on Potter et al. (2013). eDamage model 
parameters based on Ivanov et al. (2010). fAcFl model parameters based on Potter et al. (2013) and Wünnemann and Ivanov (2003).

Table 1 
Parameterization of Crust and Mantle Layers for iSALE-2D Simulations
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crust and uplift of higher density mantle material, are superimposed on each other in the gravity field. Nev-
ertheless, we think that mantle uplift clearly dominates the gravity signature due to the given size of basins 
in comparison to central peak craters. In addition, neglecting dilatancy allows for a better comparison of our 
results with previous studies (e.g., Miljković et al., 2013, 2016; Zhu et al., 2015).

We use iSALE in a grid-based Euler mode. Following previous studies, the resolution in our models is 
defined by the number of cells per projectile radius (CPPR). We used a resolution of 25 CPPR in all simu-
lations. Therefore, the total number of cells of the entire computational domain varies (𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖  = 20 km: 700  
cells 𝐴𝐴 ⋅ 1,104 cells [1 cell 𝐴𝐴 ≥  400 m]; 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖  = 100 km: 615 cells 𝐴𝐴 ⋅ 497 cells [1 cell 𝐴𝐴 ≥ 2 km]) and depends on crater-
ing efficiency which is a function of the size of the impactor and was chosen such that any effects resulting 
from shock wave reflections from the boundaries of the grid are negligible. In Supporting Information S1, 
we provide a resolution study (e.g., Wünnemann et al., 2008) to find the best compromise between accuracy 
and affordable computation costs for an individual model.

2.2. Preimpact Thermal Target Conditions

Previous studies (e.g., Miljković et al., 2016; Potter et al., 2013) have shown that preimpact thermal condi-
tions in the target affect the strength of material due to thermal softening. The Moon's thermal state is relat-
ed to the cooling history of the Moon; thus, it is a function of the age of the Moon. Recent studies (e.g., Orgel 
et al., 2018) confirm that the ages of farside basins larger than 300 km in diameter range between 3.81 Ga 
(the Orientale basin) and 4.31 Ga (the South Pole-Aitken basin). The studies show that most of the basins 
are formed between 4.07 and 4.26 Ga (e.g., Hertzsprung: ca. 4.09 Ga; Mendeleev: 4.13 Ga; Dirichlet-Jack-
son: 4.23 Ga; Orgel et al., 2018). To cover the time range when basins have probably formed, we split the 
main basin-forming period into three intervals and assign a characteristic thermal profile to each interval. 
Temperature profiles (Figure 1a) were obtained from thermal evolution models (e.g., Hüttig et al., 2013; 
Padovan et al., 2017; Figure 1) and are referred here as “warm,” “intermediate,” and “cold,” respectively. In 
our study, we perform numerical modeling that is appropriate for the lunar farside hemisphere, which is 
considered cooler than the Procellarum KREEP Terrane (PKT) region on the nearside hemisphere or the 
earliest epoch of the lunar formation. For comparison, Figure 1a also includes temperature profiles used by 
Miljković et al. (2016).

It is also conceivable that basins have formed in an even hotter crust and partially molten upper mantle 
during the earliest evolution of the Moon. Miljković et al. (2021) showed that impact basins formed during 
the solidification of the magma ocean have different basin morphologies compared to basins formed later in 
time. Melt layers of different thickness placed between crust and mantle affect the interior crustal signature. 
Compared to models without a melt layer, the crustal thickening region gets removed and the thickness of 
the crustal cap in the basin center gets more prominent. By including melt layers, the central basin depres-
sion is hardly resolvable at the end of the basin formation process. But basin formation considering a lunar 
magma ocean and the resulting effects on gravity signature are beyond the scope of this study.

The temperature profiles (Figure 1a) are based on thermal evolution models, in which the bulk heat pro-
ducing elements are divided in three reservoirs from the beginning, which in this case means after magma 
ocean solidification: the primary crust, an enriched KREEP layer, and the mantle. While few constraints 
exist at present on the thermal structure of the Moon across time, the availability, and, thus, distribution, 
of heat producing elements is the key driver of thermal evolution in rocky bodies. The approach taken here 
in modeling the thermal evolution captures a number of broad scale lunar features, namely the localized 
and time-limited nature of secondary crust production (i.e., volcanic activity) and the generally low mag-
netic field intensities associated with the KREEP terrane. As a reference, we use the model of Laneuville 
et al. (2013) (model 0LB in their Table 2). The resulting profiles are slightly colder than those of Laneuville 
et al. (2013), since we explicitly include the effect of melting on the reduction of heat sources in the mantle, 
following the model of Padovan et al. (2017). In these models, we adopted the anhydrous solidus parame-
terization of Katz et al. (2003).

The solidus after Katz et al. (2003) is included in iSALE-2D by the Simon approximation after Poirier (1991) 
in the form of

 21699100, 2021, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JE

006908 by C
urtin U

niversity L
ibrary, W

iley O
nline L

ibrary on [22/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Planets

LOMPA ET AL.

10.1029/2021JE006908

6 of 26

𝑇𝑇𝑚𝑚 = 𝑇𝑇𝑚𝑚0

(𝑃𝑃
𝑎𝑎
+ 1

)1∕𝑐𝑐
, (1)

where 𝐴𝐴 𝐴𝐴𝑚𝑚 is the melting temperature, 𝐴𝐴 𝐴𝐴𝑚𝑚0 melting temperature at zero pressure, 𝐴𝐴 𝐴𝐴  the ambient pressure, and 
𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 are material constants (Table 1).

As stated above, the initial thermal profile in the target influences the shear strength of the target rock and, 
thus, has a significant effect on lunar basin formation. Thermal softening is implemented in iSALE-2D 
using the strength model after Collins et al. (2004) considering a simple relationship between strength and 
temperature after Ohnaka (1995):

𝑌𝑌 = 𝑌𝑌𝑐𝑐 tanh
(

𝜉𝜉
(𝑇𝑇𝑚𝑚

𝑇𝑇
− 1

))

, (2)

where 𝐴𝐴 𝐴𝐴  is the thermally softened strength, 𝐴𝐴 𝐴𝐴𝑐𝑐 is yield strength at low temperatures, 𝐴𝐴 𝐴𝐴  is temperature, 𝐴𝐴 𝐴𝐴𝑚𝑚 is 
melt temperature (solidus), and 𝐴𝐴 𝐴𝐴 is a material constant.

Figure 1b illustrates the reduction of yield strength with increasing temperature and pressure for the three 
thermal profiles that have been used. At depths of 40 or 60 km, the increase of yield strength indicates the 
transition from crust to mantle, followed by a decrease of strength at larger depths, which may be consid-
ered as the depth of the lithosphere. In parallel, ambient temperatures (𝐴𝐴 𝐴𝐴  ) come close to the solidus (𝐴𝐴 𝐴𝐴𝑚𝑚 ), 
thus lowering the strength (𝐴𝐴 𝐴𝐴  ) of the material to a minimum. When ambient temperatures cross the solidus, 
material loses its strength and resistance against deformation completely (Potter et al., 2015).

Figure 1. Temperature (a) and strength profiles (b) as a function of depth for three different thermal states of the 
Moon. The horizontal solid and dashed lines mark a 40 and 60 km thick crust (𝐴𝐴 𝐴𝐴𝐶𝐶 ), respectively. (a) The black curves 
(solid and dashed) indicate the solidus for a 40 and 60 km thick crust. Temperature profiles are based on thermal 
evolution models (blue, cold; yellow, intermediate; orange, warm). Solid-dotted lines (far side/M2 for 3.5 and 4.0 Ga, far 
side/M1 for 4.0 Ga) show the temperature profiles used in similar work by Miljković et al. (2016). (b) Solid and dashed 
strength profiles for the three selected temperature profiles refer to a 40 km (colored solid lines) and 60 km thick crust 
(colored dashed lines), respectively.
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Partially molten material is treated as strengthless but behaves as a viscous fluid. The effect of different 
effective viscosity on the basin formation process has been investigated by Potter (2012). Here, we follow re-
cent studies on the formation of the Orientale basin suggesting a value of 𝐴𝐴 1010  Pa s for the effective viscosity 
(Johnson et al., 2016; Zhu et al., 2015).

2.3. Lunar Basin Sizes

To reconstruct the impactor size for a given basin size, we ran 54 models of basin formation with variations 
of the impactor size and target temperature profiles with depth. The analysis of our models and comparison 
with observations is carried out in three steps: (a) we determine the size of the transient crater in our mod-
els. The results are expressed using the 𝐴𝐴 𝐴𝐴 -scaling laws (e.g., Holsapple, 1993); (b) we relate the transient cra-
ter size with structural features of the final crater such as the diameter of crustal thickening. In both steps, 
the effect of target temperature, crustal thickness, and impact energy is considered. (c) We determine the 
diameter of the gravity anomaly and compare it with the observed gravity anomaly of the 16 known basins.

To determine the diameter of transient craters in numerical simulations is not straightforward. This is be-
cause the gradual transition from shock wave-induced crater excavation into the gravity driven modification 
phase happens at different points in time along the evolving cavity. Unlike most previous studies, where the 
transient crater was estimated by the crater at the point in time when the crater volume reaches its maxi-
mum (e.g., Elbeshausen et al., 2009), we use an advanced method to estimate the transient crater diameter 
more accurately (see Supporting Information S1 and Manske et al. [2021]).

In the second step, we relate the diameter of the transient crater to the size of the final basin in our models. 
As stated above, it is not straightforward to determine the size of the final basin neither in our models nor 
at observed basin structures. The former occurs because the crater rim and major concentric faults are not 
well resolved in numerical models. Rather, there is a very gentle slope of the preimpact target surfaces into 
the basin, which makes it very difficult to determine the crater rim precisely. The latter occurs because many 
basin structures have been superimposed by later impact events or, in the case of multiring structures, it is 
not clear which morphological feature represents the actual rim diameter. Therefore, it has been suggested 
in previous studies (e.g., Johnson et al., 2016; Zhu et al., 2015) to use crustal thickness models—derived 
from satellite gravity and topography data—and the gravity signal shape itself as a measure of the size of a 
structure (e.g., Neumann et al., 2015). Both data sets reveal that the basin center contains an uplift of mantle 
material, covered by a partially thinned crust, and enclosed by a region of relatively thick crust (Neumann 
et al., 2015). Following previous approaches (e.g., Miljković et al., 2016; Potter et al., 2012, 2013), we meas-
ure the radial distance between the thickened parts of the crust (“diameter of the largest crustal thickness” 
[𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  ]) and use this parameter as a measure of basin size both in our models and for the observed basins. 
In Supporting Information S1, we describe in more detail the method we used to determine the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  in 
our hydro-code models.

The morphometric parameters in our model, such as the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  , have to be determined when the basin 
formation process is finished. However, in the numerical models, it is not clear, when the main dynamic 
motions have ceased as toward the end of a simulation small material movements take place and the target 
does not come to rest completely. Therefore, the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  value depends to some extent on the model runtime. 
In Supporting Information S1, we demonstrate that the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  value converges with the runtime in our 
models and provide estimates of the minimum runtime required to approximate 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  sufficiently.

2.4. Relationship Between Size of Bouguer Anomalies and Basin Size

Previous studies (e.g., Miljković et al., 2016; Wieczorek et al., 2013) used numerical formation and crustal 
thickness models showing that the prominent positive gravity anomaly results from a mantle uplift in the 
basin center (Figure 2, area A). With increasing radial distance, the basin center is surrounded by a thick-
ened crustal part (Figure 2, area B) which affects the gravity low. Since the shape of the Bouguer gravity 
anomaly and the subsurface are related to each other, we measure the diameter of the gravity anomaly and 
the distance between the thickened crustal parts to determine the size of a basin. To do so, we relate the size 
of the Bouguer anomaly with the thickened part of our crust, represented by the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  . To measure the 
size of the modeled Bouguer anomaly, we measure twice the distance between the anomaly minimum and 
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the basin center. We define this as the “diameter of the modeled Bougu-
er anomaly” (𝐴𝐴 𝐴𝐴′

𝐵𝐵𝐴𝐴 ). Accordingly, we define the diameter of the Bouguer 
anomaly derived from the observed gravity signatures as 𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 .

2.5. Bouguer Gravity From Observations

In the next step, the Bouguer gravity was calculated for 16 basins on 
the lunar far side and related to the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  from our models. Our ba-
sin selection is focused on impact structures with the characteristic pos-
itive anomaly in the center, surrounded by a gravity low. On the Moon's 
nearside, we can also find basins having the same “bulls-eye” patterns, 
but most of them are located within the mare regions. Since the mass 
distribution in mare regions emerges to be complex with dense basalts 
covering low-density anorthositic rock, we focus on basins located in the 
lunar highlands without any basaltic infill (Figure 3). Due to its special 
relevance and the good data basis, we also included the Orientale basin 
in our analysis. For estimating its Bouguer gravity signal (including the 
mare basaltic regions), we used the bulk density estimates provided by 
Zuber et al. (2016).

We applied a high-resolution gravity field model obtained by the GRAIL 
mission (Zuber et al., 2013), developed to spherical harmonic degree and 
order 1,500 (Park et al., 2015). The gravity field was truncated to an upper 
boundary of degree and order of 700 (corresponding to a spatial resolu-
tion of about 8 km), to account for high frequency noise and local differ-

ences in spatial resolution. We downward-continued the gravity field provided at a radius of 1,738 km to the 
mean radius of the topography (1,737.151 km). The topography was obtained by the Laser Altimeter Lunar 
Orbiter (LOLA) instrument (Smith et al., 2010) on-board of the Lunar Reconnaissance Orbiter (LRO). To-
gether with lateral variations in bulk density of the upper crust (Wahl et al., 2020), the topography was used 
to calculate the Bouguer correction.

To compare the observed gravity with the results from our models, we created azimuthally averaged radial 
profiles of Bouguer gravity for each basin. Each point in the profile was estimated by calculating the mean 

Figure 2. Schematic representation of how the parameters 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  , 𝐴𝐴 𝐴𝐴′
𝐵𝐵𝐴𝐴 , 

and 𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 for basin size measurements: 𝐴𝐴 𝐴𝐴′
𝐵𝐵𝐴𝐴 and 𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 are measured between 

the minima of the modeled and the observed Bouguer anomalies and 
𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  is measured between the thickened crustal parts in the numerical 

model. (A) and (B) indicate the relevant subsurface structures that lead to 
the positive and negative amplitudes of gravity signatures.

Figure 3. Bouguer gravity anomalies, referring to the mean radius of the topography (left) and bulk density of the upper crust (right) of the farside highlands. 
Both maps are given in Lambert conformal conic projection. The outer rims of investigated impact basins are marked with black circles; mare regions (Nelson 
et al., 2014) are surrounded in gray and were not part of the study (white areas).
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of all points with the same distance from the basin center. We also com-
puted the standard deviation (shown in the gravity profiles in Figures S9–
S24 in Supporting Information S1), which is the measure of the natural 
variability of any given point with respect to the mean value. For some 
candidates, the profile is affected by neighboring impact structures (e.g., 
Landau, D'Alembert). Here, only segments around the basins were con-
sidered, which are not influenced by interfering signals from adjacent ba-
sins (Table S2 in Supporting Information S1). The exact positions and di-
mensions of investigated basins were taken from Neumann et al. (2015).

2.6. Gravity Forward Modeling

To compare our basin formation models with the observed gravity anom-
aly, we model gravity signatures of individual basins based on the shape 
of the crust–mantle interface resulting from our numerical simulations. 
We assume a constant density in the crust and mantle to calculate grav-
ity from the given mass distribution. The gravity anomaly calculation is 
performed using the approach as described in Supporting Information S1 
of Collins (2014). To obtain a good fit with the observations, we vary the 
density of the crust (𝐴𝐴 𝐴𝐴𝐶𝐶 ) at different basins between 2,650 and 2,950 kg/𝐴𝐴 m3 
in 100 kg/𝐴𝐴 m3 steps. The mantle density remains fixed in all models with 
a value of 3,314 kg/𝐴𝐴 m3 . To eliminate the effect of the basin topography in 
the modeled gravity signature, we applied a Bouguer correction assum-
ing the density equal to the used crustal density. The advantage of this 
approach is that the modeled gravity signal contains only information 
generated by the density contrast between crust and mantle, and, there-
fore, the gravity signal reflects the shape of the crust–mantle boundary. 
It should be noted that the applied Bouguer correction using crustal den-
sities raises the amplitude of the modeled gravity signal in areas where 
mantle densities are predominant. This effect occurs mainly at the basin 
center, where the mantle comes close to the surface and the high densi-
ties predominate.

2.7. Model Fitting

In a final step, we directly compare the forward models based on the iSALE simulations with the observed 
gravity signature of basins. All investigated basins exhibit the Bouguer gravity anomaly with a pronounced 
positive peak at the basin center surrounded by a negative annulus (Figures 2 and 4a).

To find the best fit model from the suite of models with varying impactor diameter, crustal thickness, ther-
mal profile, and crustal density, we correlate the modeled Bouguer gravity signal with the observed anomaly 
(Figure 4a). Classical quantitative correlation minimizes the area between the two curves with small areas 
indicating high correlation of the signals. However, this method does not necessarily consider the similari-
ties of the signals in terms of their shape.

A well-established and more sophisticated method, for example, in seismology, to analyze the similarity of 
signals in a time–amplitude space, is the dynamic warping (DW) method (Müller, 2007, 2015), here applied 
to the distance–gravity space. In this method, described in more detail in Supporting Information S1, the 
Euclidean distances between the measured and the modeled signal are calculated pointwise. The obtained 
Euclidean distances are stored in a single distance matrix first. In a next step, we obtain a cumulative dis-
tance matrix (Figure 4b) from the single distance matrix which contains the sum of Euclidean differences 
of each pair of data points. This matrix is a measure for the similarity between the signals. Starting from 
the upper right corner in the accumulated matrix, the alignment path (Figure 4b) follows the smallest cu-
mulative distances. The quality of the path is expressed by the accumulation of values for all cells it runs 
through. The warping path (“DW-path”) is “good” if its total value is low and “bad” if its value is high. The 

Figure 4. Schematic representation of using the DW-method for gravity 
forward modeling. (a) Measured gravity (“GRAIL gravity”) and modeled 
gravity (“iSALE gravity”) as a function of distance from basin center. Dots 
represent the gravity values between which the Euclidean distances are 
calculated in the DW-method. (b) Cumulative distance matrix with the 
optimal warping path (white line) as result of the DW-analysis. The matrix 
represents the accumulated distances that have been measured between all 
data points. The DW-path is derived by backtracking the smallest values in 
the cells, starting in the upper right and ending in the lower left corner of 
the matrix.
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total value of an optimal warping path is named as “DW-distance.” A small DW-distance is also a measure 
for a good similarity.

Diagonal running parts of the path indicate segments where the measured and modeled signals are run-
ning parallel and, thus, are highly similar regarding their trend. Vertical and horizontal running parts of 
the DW-path indicate changes between the trends of the signals relative to each other. In combination with 
the color distribution, which represents the cumulative distances (blue, small distances; yellow, large dis-
tances), we can judge whether we obtained a good or bad fit: we obtain a good fit when the DW-path runs 
diagonally through the entire matrix and is surrounded by a constant blue color pattern. The cells in the 
matrix turn yellow toward the upper left and lower right matrix corners. A continuous blue color implies 
that no distances are added to the last cumulative value. The diagonal running path represents high similar-
ity between the signals. For all basins, we set the maximum of the color bars to the value that corresponds 
to 20𝐴𝐴 % of the maximum cumulative distance value that is stored in the matrix (percentage scale next to the 
color bar in Figure 4b and Figures S9–S24 in Supporting Information S1) to obtain a better comparability 
between the DW-matrices. The analysis is computationally very efficient (to fit all basins, we need typical-
ly 45–60 min) and is applicable to large data sets of models (here: 3,456 gravity fits have been analyzed). 
The use of the DW-method itself is not limited by a smallest basin size. But in our case, we are interested 
in basins with prominent Bouguer anomalies characterized by a positive peak in the center and gravity 
lows at the sides. Therefore, the lower limit of basin size is defined by the smallest basin that still exhibits 
mantle uplift and, as a consequence, for which we found a gravity anomaly with a peak in the center and 
negative annulus around. Numerical models that do not provide crustal thickening anymore tend to be 
difficult to analyze because the negative anomaly is not so pronounced anymore. The smallest basins we 
investigated are Birkhoff, Galois, Milne, D'Alembert, and Poczobutt (Figures S9, S14, S16, S21, and S23 in 
Supporting Information S1).

3. Results
Our systematic numerical modeling study aims at finding relationships between the size of the observed 
basins and the mass of the impactor as a function of crustal thickness and thermal state of the Moon. Our 
results are constrained by the observed gravity anomaly and the proposed formation age of basins. Our 
results are constrained by the observed gravity anomaly and the proposed formation age of basins, which is 
comparable to the previous studies that only referred to impact basin sizes via the crustal thickness profiles 
(e.g., Miljković et al., 2016; Neumann et al., 2015).

3.1. Lunar Basin Sizes

In order to investigate whether the preimpact target temperature effects the excavation phase and the for-
mation of the transient crater, we plot the scaled transient crater diameter 𝐴𝐴 𝐴𝐴𝐷𝐷 as a function of the gravi-
ty-scaled size 𝐴𝐴 𝐴𝐴2 for the three different thermal profiles and two crustal thicknesses (Figures 5a and 5b). The 
solid lines indicate 𝐴𝐴 𝐴𝐴2 –𝐴𝐴 𝐴𝐴𝐷𝐷 scaling relationship for Ottawa sand and competent (nonporous) rock according 
to, for example, Schmidt and Housen (1987), Holsapple and Schmidt (1987), and Melosh (1989). Note, the 
scaling line for nonporous rock has been proposed as the best experimental analog to predict transient cra-
ter size in solid rocks (Holsapple, 1993). First, we observe that our modeled transient crater diameters do not 
exactly follow the trend suggested by scaling but are closer to the line for nonporous rock than Ottawa sand. 
This is in agreement with previous studies (Miljković et al., 2016; Potter et al., 2015). The transient crater 
sizes in our models fall into two regimes: impactors larger than 40 km follow a steeper trend than smaller 
impactors. The two different scaling regimes are due to the layered target structure composed of crust and 
mantle with significantly different strength properties (see Figure 1b). With the increasing impactor size, 
the transient crater is increasingly more affected by the stronger mantle than the weaker crust. As we con-
sider only impactors larger than 20 km in diameter, the transition between the two cratering regimes is only 
visible in Figure 5 for 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 <  40 km in diameter. We speculate that for smaller impactors the 𝐴𝐴 𝐴𝐴𝐷𝐷 -trend in our 
models will roughly follow the scaling line for nonporous rock again but probably downshifted. The crustal 
thickness (Figures 5a and 5b) has some influence on 𝐴𝐴 𝐴𝐴𝐷𝐷 in our models but does not change the overall trend.
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Second, our models show that 𝐴𝐴 𝐴𝐴𝐷𝐷 also depends on the initial temperature of the target. Generally, the tem-
perature effect on 𝐴𝐴 𝐴𝐴𝐷𝐷 is small for cold (blue circles) and intermediate (yellow circles) targets but much more 
pronounced for the warm case (orange circles). Although our results are a bit more scattered in case of the 
thinner crust (40 km) in comparison to the thicker crust (60 km), we find for both crustal thicknesses that 
for larger impactor diameters (𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 ≥  40 km), where cratering is controlled by the properties of the mantle, 
the scaled crater diameter 𝐴𝐴 𝐴𝐴𝐷𝐷 is smaller for the warm case than for the cold/intermediate case. In contrast, 

𝐴𝐴 𝐴𝐴𝐷𝐷 is slightly larger for the warm case in comparison to the cold/intermediate case for smaller impactors  
(𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 ≤  40 km), where cratering is affected by the strength properties of both crust and mantle. We explain 
this by the fact that strength in the crust and upper mantle does not differ significantly for the six different 
cases (two crustal thicknesses and three temperature profiles) shown here.

Next, we investigate the influence of the preimpact thermal state of the target on the final crater size. As 
stated above, we use the diameter of the largest crustal thickness (𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  ) as a measure of final crater size. 
Figure 6 shows the transient crater diameter 𝐴𝐴 𝐴𝐴𝑡𝑡 , 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  , 𝐴𝐴 𝐴𝐴′

𝐵𝐵𝐴𝐴 , and the ratios of 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  and 𝐴𝐴 𝐴𝐴𝑡𝑡 and 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  
and 𝐴𝐴 𝐴𝐴′

𝐵𝐵𝐴𝐴 as functions of impactor size (see also Table S1 in Supporting Information S1). All values are shown 
for the three different thermal profiles and the two crustal thicknesses.

As for 𝐴𝐴 𝐴𝐴𝑡𝑡 (Figures 6a and 6f), 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  (Figures 6b and 6g) and 𝐴𝐴 𝐴𝐴′
𝐵𝐵𝐴𝐴 (Figures 6c and 6h) increase with in-

creasing impactor size for both crustal thicknesses. The effect of the initial target temperature is more pro-
nounced the larger the impactor diameter. Generally, impacts into a warm target result in larger 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  
and 𝐴𝐴 𝐴𝐴′

𝐵𝐵𝐴𝐴 values compared to impacts into cold (blue) and intermediate (yellow) targets (Figures 6b, 6c, 6g, 
and 6h). Interestingly, this is the opposite trend that we observe for the transient crater diameter, where 𝐴𝐴 𝐴𝐴𝑡𝑡 
tends to be smaller for warm targets than for intermediate/cold targets.

The temperature effect on crater formation becomes most obvious when plotting the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ∕𝐴𝐴𝑡𝑡 -ratio as 
a function of impactor size (Figures 6d and 6i). As in the 𝐴𝐴 𝐴𝐴2 –𝐴𝐴 𝐴𝐴𝐷𝐷 -representation, the two cratering regimes 

Figure 5. Scaled crater diameter (𝐴𝐴 𝐴𝐴𝐷𝐷 ) as a function of gravity-scaled size (𝐴𝐴 𝐴𝐴2 ) for models with crustal thicknesses of 
40 km (a) and 60 km (b) and different thermal conditions in the target (blue, cold; yellow, intermediate; orange, warm). 
The upper x-axis shows the corresponding impactor diameter (𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 ) if the gravitational acceleration is 𝐴𝐴 𝐴𝐴  = 1.62 m/𝐴𝐴 𝐴𝐴2 
and the impact velocity 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖  = 13 km/s.
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are visible: for 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 ≥  40 km, ����∕�� is larger in the warm case than in the cold/intermediate case. For 
𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 ≤  40 km, the dependency of the ratio on temperature is less pronounced but the ����∕�� tends to be 

smaller for warm than for intermediate/cold targets.

𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  as a function of 𝐴𝐴 𝐴𝐴′
𝐵𝐵𝐴𝐴 can be approximated by linear functions depending on the crustal thicknesses 

(equations in Figures 6e and 6j). From this relationship, we can derive the mean ����∕�′
�� -values as 0.88 

(𝐴𝐴 𝐴𝐴𝐶𝐶  = 40 km) and 0.84 (𝐴𝐴 𝐴𝐴𝐶𝐶  = 60 km), around which the ratios of ����∕�′
�� in Figures 6e and 6j are scat-

tered (dashed lines). For this fitting, we neglect the thermal states since the data points are very close to one 
another.

The crustal thickness affects 𝐴𝐴 𝐴𝐴𝑡𝑡 , 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  , and the ratios ����∕�� and ����∕�′
�� much less, which is in 

agreement with Miljković et al. (2016). The two cratering regimes can be also distinguished by the mor-
phology of the transient crater (see Figure S3 in Supporting Information S1): the shape of the transient 

Figure 6. Results for two crustal thicknesses (a–e: 40 km, f–j: 60 km) and three thermal states (see legend). As a 
function of impactor size are shown: 𝐴𝐴 𝐴𝐴𝑡𝑡 (a, f), 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  (b, g), 𝐴𝐴 𝐴𝐴′

𝐵𝐵𝐴𝐴 (c, h), and the ratios of 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  and 𝐴𝐴 𝐴𝐴𝑡𝑡 (d, i) and 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  
and 𝐴𝐴 𝐴𝐴′

𝐵𝐵𝐴𝐴 (e, j).
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crater changes from flat (Figures S3a2–S3c2 and S3a3–S3c3 in Supporting Information S1) to bowl shaped 
(Figures S3f2–S3i2 and S3f3–S3i3 in Supporting  Information  S1), resulting in smaller transient craters 
with increasing impactor size for intermediate and warm thermal profiles. In comparison with Miljković 
et al. (2016), deviations regarding the size of the transient craters may result from the modified calculation 
of the transient crater diameter (after Manske et al., 2021) and the different thermal profiles for the lunar 
far side. However, apart from these small discrepancies, our results for the farside modeling regarding the 

𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 −𝐴𝐴𝑡𝑡 relationship are in agreement with Miljković et al. (2016).

3.2. Comparison of Modeled and Observed Gravity Signatures

Our systematic study of basin formation allows for a direct comparison with 16 existing basin structures on 
the lunar far side to find the models and corresponding set of parameters (impactor diameter, crustal thick-
ness, and temperature profile) that best match the observations. We compare the observed gravity signal of 
each basin with the gravity signatures we determined for all models. Based on the analysis of the DW-matrix 
(e.g., Figure 7; blue colors indicate high similarity), we calculate the DW-path and the classical correlation 
(area between the curves). The model with the smallest value for both is considered as the best fit model. 
Both correlation parameters are listed for each basin in Table S3 in Supporting Information S1. Table 2 lists 
the best fit models, the corresponding set of parameters (impactor diameter, thermal profile, crustal thick-
ness and density, and structure models are shown in Figures S9–S24 in Supporting Information S1), and 
derived diameter measurements.

As an example, we present our model for the Orientale basin (Figures 7d–7f). Orientale basin is one of 
the most studied basins (e.g., Johnson et al., 2016; Potter et al., 2013; Zhu et al., 2015) and shall serve as a 
benchmark to verify our approach here. Our analysis shows that an impactor with a size of 80 km and a cold 
lunar target with a 60 km thick crust and a velocity of 13 km/s reproduce the observed gravity anomaly of 
the Orientale basin the best (kinetic impact energy 𝐴𝐴 𝐴𝐴𝑘𝑘𝑘𝑘𝑘𝑘−𝑟𝑟𝑟𝑟𝑟𝑟  = 7.5 𝐴𝐴 ⋅ 1025  J). This result is in agreement with 
the study of Potter et al. (2013), who suggest an impactor diameter of 80 km at an impact velocity of 15 km/s 
(𝐴𝐴 𝐴𝐴𝑘𝑘𝑘𝑘𝑘𝑘  = 1.3 𝐴𝐴 ⋅ 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘−𝑟𝑟𝑟𝑟𝑟𝑟 ). The study from Zhu et al. (2015) predicts an impactor size of 100 km and a velocity of 
12 km/s (𝐴𝐴 𝐴𝐴𝑘𝑘𝑘𝑘𝑘𝑘  = 1.6 𝐴𝐴 ⋅ 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘−𝑟𝑟𝑟𝑟𝑟𝑟 ). The best fit model matches the gravity signal for both assumed crustal thick-
nesses of 40 and 60 km arguing that Orientale is located at the border between the lunar highlands and the 
PKT. Both studies investigate the formation process of Orientale and have the same thermal profiles with 
a gradient of 10 K/km. The study of Johnson et al. (2016) focuses on Orientales ring structures and fault 
zones. They propose an impactor diameter of 64 km assuming a 53 km thick crust, a higher thermal gradi-
ent of 14 K/km, and an impact speed of 15 km/s (𝐴𝐴 𝐴𝐴𝑘𝑘𝑘𝑘𝑘𝑘  = 0.7 𝐴𝐴 ⋅ 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘−𝑟𝑟𝑟𝑟𝑟𝑟 ).

For the Orientale and Hertzsprung basins, Figure 7 shows measured (solid black line) Bouguer anoma-
lies (Figures 7a and 7d) compared with the corresponding iSALE models in dashed black line (Figures 7b 
and 7e). The matrices derived from the DW-analysis (Figures 7c and 7f) show the similarity between the sig-
natures. The DW-path (white solid line; Figures 7c and 7f) follows the smallest distances and is a measure 
for the similarity between the compared signals. The almost diagonal shape of the DW-path together with 
blue colors indicates a high similarity between the signals. Small kinks occur due to small offsets between 
the signals. Outside the basin center, the minima of both Bouguer anomalies are positioned close to each 
other (Figures 7a and 7d). This shows that the measured gravity signal is related to the downward tilted 
crust between 240 and 330 km from the crater center for the Orientale basin (Figure 7b) and the stretched 
thickened part of the crust for the Hertzsprung basin (Figure 7e).

The matrix representation enables a comparison between the best fit models of all basins among another 
because the maximum of the color bars in Figures 7c and 7f is limited to the value corresponding to 20

𝐴𝐴 % of the maximum cumulative distance value that is stored in the matrix. In both figures, the DW-path 
runs nearly diagonal. But differences between the best fit models are visible in the color distribution and 
the length of the DW-path: in Figure 7f, the blue is darker which represents the smaller distances, and the 
yellow areas around the DW-path show a nicer “waist” compared to the yellow areas in Figure 7c. Further-
more, the smaller DW-path value given in Figure 7f leads to the conclusion that the best fit model for the 
Orientale basin is better than the best fit model for the Hertzsprung basin. Based on the color pattern and 
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the length of the DW-path, the quality of the parameters associated with the best fit models (𝐴𝐴 𝐴𝐴𝑡𝑡 , 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  and 
𝐴𝐴 𝐴𝐴′

𝐵𝐵𝐴𝐴 ) can be evaluated.

3.3. Diameter Comparisons

The observed gravity signal reflects the present-day mass distribution, which is the result of mass displace-
ment during the basin formation process and long-term isostatic equilibration and cooling effects. To relate 
observable parameters with modeling data, we show in Figure 8, the transient crater diameter 𝐴𝐴 𝐴𝐴𝑡𝑡 from our 
models as a function of the observed diameter of the Bouguer anomaly 𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 . At first glance, there appears 

Figure 7. Comparison of the modeled (dashed black line) and measured (solid black line) Bouguer anomalies (a, 
d) with the corresponding iSALE model (b, e) for the Orientale and Hertzsprung basins. The color patterns of the 
accumulated distance matrix (c, f) derived from the DW-analysis show the similarity between the signatures. The 
DW-path (white solid lines) follows the smallest distances in (c) and (f) and its diagonal shape visualizes the similarity 
between the compared signals. The value of the DW-distance is also a measure for the offset between the signals.
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No.

Basins Center coordinatesa Formation time Best fit model parameters Modeled basin diameters

Nameb
Latitude 

(°N)
Longitude 

(°E) Agec (Ga) Periodd𝐴𝐴 𝐴𝐴 e
𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 

(km)
𝐴𝐴 𝐴𝐴𝐶𝐶 (kg/

m3)𝐴𝐴 𝐴𝐴𝐶𝐶 (km)
𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 

(km)
𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  

(km)
𝐴𝐴 𝐴𝐴𝑡𝑡 

(km)
𝐴𝐴 𝐴𝐴′

𝐵𝐵𝐴𝐴 
(km)

1 Birkhoff 58.9 213.4 𝐴𝐴 4.29+0.035−0.047
PN W 20 2,950 40 141 110 141 141

2 Fitzgerald-Jackson 25.1 190.6 𝐴𝐴 4.26+0.044−0.063𝐴𝐴 PN(∗) I 60 2,950 40 423 398 366 432

3 Dirichlet-Jackson 13.4 201.8 𝐴𝐴 4.23+0.022−0.026𝐴𝐴 PN(∗) I 40 2,950 40 301 223 245 272

4 Coulomb-Sarton 51.2 237.5 𝐴𝐴 4.23+0.025−0.030
PN I 40 2,750 40 262 223 246 271

5 Fowler-Charlier 39.5 218.0 N.D.f PN I 30 2,950 40 225 169 188 221

6 Galois −14.0 207.7 N.D.f PN I 20 2,850 60 135 75 129 151

7 Landau 42.2 240.8 N.D.f PN I 30 2,950 60 171 151 190 191

8 Milne −31.25 112.8 N.D.f PN I 20 2,850 40 166 115 133 151

9 Mendeleev 5.5 141.1 𝐴𝐴 4.13+0.044−0.064 N; N/𝐴𝐴 PN(∗) I 50 2,950 60 326 277 311 312

10 Korolev −4.4 202.2 𝐴𝐴 4.11+0.021−0.025 N; N/𝐴𝐴 PN(∗) I 50 2,950 60 314 277 311 312

11 Hertzsprung 2.0 231.0 𝐴𝐴 4.09+0.030−0.027 N; N/𝐴𝐴 PN(∗) I 60 2,950 60 376 346 342 382

12 Orientale −20.1 265.2𝐴𝐴 3.81+0.0081−0.008 LI C 80 2,750 60 564 484 434 523

13 D'Alembert 51.05 164.8 N.D.f N.D.f I 20 2,750 60 130 75 129 151

14 Harkhebi 40.0 98.6 N.D.f N.D.f I 30 2,950 60 181 151 190 191

15 Poczobutt 57.7 260.4 N.D.f N.D.f W 20 2,950 40 123 109 137 141

16 TOPO-22 49.4 179.0 N.D.f N.D.f W 40 2,950 40 249 221 257 261
aCenter coordinates for the basins adapted from Neumann et al. (2015), Table 1. bBasin nomenclatures are approved by the International Astronomical Union 
(IAU) or suggested by Neumann et al. (2015). cFrom Orgel et al. (2018), Table 2. dPeriods from Wilhelms et al. (1987); if indicated with (*) periods taken from 
Fassett et al. (2011). eW, warm (ages ca. 4.4 Ga); I, intermediate (ages ca. 4.1 Ga); C, cold (ages ca. 3.8 Ga). fN.D., not determined.

Table 2 
Ages of Selected Lunar Farside Basins and Corresponding Numerical Model Parameters

Figure 8. Modeled transient crater diameter as a function of observed Bouguer diameter. Colors of circles indicate the 
used thermal profiles in the models; styles of the circles depict different crustal thicknesses. Annotated numbers are 
related to the basins listed in Table 2.
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to be an almost linear relationship between 𝐴𝐴 𝐴𝐴𝑡𝑡 and 𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 . Any effects due to different thermal profiles and 
different crustal thicknesses, as the 𝐴𝐴 𝐴𝐴2 -𝐴𝐴 𝐴𝐴𝐷𝐷 representation revealed (Figure 5), are barely noticeable.

As shown in Figure 6 for 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 ≤  40 km the dependency of 𝐴𝐴 𝐴𝐴𝑡𝑡 on temperature is less pronounced than for 
larger impactors. Our best fit models predict impactors 𝐴𝐴 𝐴 50 km for 11 basins. Only five basins (No. 2, 9, 10, 
11, and 12; Table 2) are formed by impactors of 50, 60 and 80 km in diameter, for which the temperature 
effect should be relevant. As noted above, the temperature effect of the warm and intermediate profile is 
very small (No. 2, 9, 10, and 11) and those four craters follow the linear trend (Figure 8). Only the Orientale 
basin (No. 12) was formed in a cold target and this is the only example that slightly deviates from the line-
ar relationship between 𝐴𝐴 𝐴𝐴𝑡𝑡 and 𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 . Given the small number of basins formed by large impactors in cold 
targets, it is difficult to provide a clear trend that may depend slightly on target temperature. If we set the 
transient crater 𝐴𝐴 𝐴𝐴𝑡𝑡 in relation to the minimum of the modeled signal 𝐴𝐴 𝐴𝐴′

𝐵𝐵𝐴𝐴 , we can see a temperature effect 
that is particularly noticeable for impacts into warm material with large impactors (Figure 8, power laws for 
the three thermal states). The power laws are mainly dependent on the temperatures in the target, whereas 
the effect of crustal thickness is secondary.

Our data set consists of 16 𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 -values, and, therefore, we are not able to derive individual thermal trends 
for the observed structures. For our observed basins, we fitted a power law,

𝐷𝐷𝑡𝑡 = 1.99𝐷𝐷0.86
𝐵𝐵𝐵𝐵 (3)

to the available data neglecting the temperature effect. Combining this power law (Equation 3) with Fig-
ure 6 allows for estimating the impactor size from the observed Bouguer anomaly diameter 𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 . To give 
an example, the observed gravity anomaly with 𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴  = 400 km leads to a 𝐴𝐴 𝐴𝐴𝑡𝑡 of 344 km (Figure 8 and Equa-
tion 3). Figure 6 then suggests for a transient crater diameter of 344 km an impactor size between 60 and 
70 km, depending on the thermal field and crustal thicknesses. The corresponding 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  ranges between 
400 and 500 km.

In the following step, we relate the observed gravity signature to the subsurface structure (crustal thickness 
model) from our models. Analogous to the calculations, we have performed for the ����∕�′

�� ratio (Fig-
ures 6e and 6j), we fitted a linear function,

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 0.85𝐷𝐷𝐵𝐵𝐵𝐵 (4)

to the available data neglecting the temperature effect and the crustal thickness (Figure 9a). Figure 9b de-
picts the ratio of the observed 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  and 𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 from our models as a function of impactor size. Given the poor 
database that is dominated by basins that have been formed by 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 <  40 km, it is difficult to derive reliable 
trends distinguishing between models with different crustal thicknesses and thermal profiles. For most ba-
sins, the ����∕��� -ratio falls between 0.7 and 1.0 and, therefore, plots around the mean ����∕��� -ratio 
of 0.85 according to the assumed linear relationship (Equation 4).

3.4. Chronological Classification of the Models

The thermal state at the time of impact is related to the cooling history of the Moon. In Figure 10, we show 
the ����∕��� -ratio as a function of literature-ages based on crater counting. Here, we refer to model ages 
from the most recent work on basin dating by Orgel et al. (2018). Their data are aligned with absolute ages 
and the chronostratigraphic periods suggested by Wilhelms et al. (1987). Following Wilhelms et al. (1987), 
we categorize basins into periods: the time intervals from 4.55 to 3.92 Ga (“Pre-Nectarian” [PN] period), 
from 3.92 Ga (formation of Nectaris basin) to 3.85 Ga (“Nectarian” [N] period), from 3.85 Ga (formation of 
Imbrian basin) to 3.80 Ga (“Lower Imbrian” [LI] period), and from 3.80 Ga (end of formation of Orientale 
basin) to 3.20 Ga (“Upper Imbrian” [UI] period). In Table 2, we list the 16 basins with the associated periods 
after Wilhelms et al. (1987) and for some basins recommended formation periods after Fassett et al. (2012), 
together with new absolute model ages from Orgel et al. (2018).

Depending on the availability of dating information, we classify our basins into three types, which are ba-
sins that have (a) an absolute model age and an suggested formation period based on the crater chronology 
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(e.g., Orientale), (b) no absolute model age but an entry in the crater chronology (e.g., Galois), or (c) neither 
an absolute model age nor an entry in the crater chronology (e.g., D'Alembert).

Vertical dashed lines in Figure 10 mark the time periods after Wilhelms et al. (1987). The hatched circles 
indicate the availability of absolute ages from crater counting (type a) for these basins. The data points are 
plotted at the estimated ages by Orgel et al. (2018). To give an example, Fitzgerald-Jackson (No. 2) is plotted 
at an age of 4.26 Ga according to Orgel et al. (2018). Basins that have no age are shown as open circles. For 
some basins (e.g., Milne [No. 8]), no absolute model ages are available but a classification regarding their 
formation period (type b). Suggested formation periods after Wilhelms et al. (1987) and Fassett et al. (2012) 
are indicated with horizontal lines crossing the data points. If no information about the formation period is 
available (basins No. 13, 14, 15, and 16), the period is shown from 4.55 to 3.20 Ga, to set a possible time range 

Figure 9. (a) DLCT as a function of 𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 with the corresponding linear fit. Colors of circles indicate the adopted 
thermal profiles in the models. Dashed or solid circles represent the two crustal thicknesses. Annotated numbers are 
related to the basins listed in Table 2. (b) Ratio of ����∕��� as a function of impactor size. Dashed black line indicates 
the mean ratio of ����∕��� (=slope of the linear function).
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of formation (type c). For the types b and c, the data points plot at the age related to the thermal profiles 
(3.8, 4.1, and 4.4 Ga). The colors of the circles indicate the used thermal profiles in the numerical models. 
Basins which are formed on a young and hot Moon plot close to 4.55 Ga, whereas basins formed later and 
in an already cooler lunar environment plot close to 3.80 Ga.

For 8 out of 16 basins, we have age determination from crater counting (Table 2 and hatched circles in Fig-
ure 10). The distribution in Figure 10 shows that models with intermediate and cold temperatures can be 
assigned to the respective ages of approximately 4.1 and 3.8 billion years. For this period, the largest number 
of basins is available, which are also dated with absolute ages. The temperature profiles used in the basin 
formation models correspond to the age information from Orgel et al. (2018): for the intermediate temper-
ature profile, the ages spread from 4.09 Ga (Hertzsprung [No. 11]) to 4.26 Ga (Fitzgerald-Jackson [No. 2]). 
Birkhoff (No.1) has an assumed age of 4.29 Ga (Orgel et al., 2018) and is close to this range, but our best 
fit model suggests a warm thermal profile that was used in our simulation. The only basin that has been 
modeled with a cold thermal profile is Orientale (No. 12), which is also in line with the formation time after 
Orgel et al. (2018). The models for which no absolute age is available (type b) match the periods proposed by 
both Wilhelms et al. (1987) and Fassett et al. (2012) (e.g., Fowler-Charlier [No. 5]; Milne [No. 8]).

This figure clearly shows that an intermediate thermal setting was used for the modeling of the majority 
of the basins and that all basins can be classified in the period between 4.4 and 4.1 Ga. The temperature 
profiles we used in the models are related to the thermal evolution of the Moon and are in agreement with 
the results from crater counting analyzes.

Numerical models that predict impacts into a 40  km thick crust are performed for the basins Birkhoff, 
Fitzgerald-Jackson, Dirichlet-Jackson, Coulomb-Sarton, Fowler-Charlier, Milne, Poczobutt, and TOPO-22. 
To evaluate the results, we compare our preimpact thickness of 40 km with the crustal thickness profiles 
from Miljković et al. (2016, Supporting Information S1). Our assumed thickness is in agreement with their 
thicknesses for the range between 35 and 45 km for all basins, except Fitzgerald-Jackson and Dirichlet-Jack-
son with thicknesses of 50 km and Fowler-Charlier a thickness of ca. 48 km. Their crustal thicknesses are 
in between our assumed values of 40 and 60 km.

Figure 10. ����∕��� -ratio as a function of time. The lower x-axis shows the ages related to the thermal evolution 
model; the crater chronology periods (Wilhelms et al., 1987) are indicated at the upper x-axis and by vertical dashed 
lines. Colors of circles and lines indicate the used thermal profiles in the models. The size of the circles represents 
used impactor diameters in the numerical models; line styles of the circles represent different crustal thicknesses. 
The hatched circles indicate that absolute ages from crater counting are available (Orgel et al., 2018). Horizontal lines 
through each data point indicate the period into which the basins are categorized after Wilhelms et al. (1987) and 
Fassett et al. (2012) when no ages from Orgel et al. (2018) are available.
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The basins Galois, Landau, Mendeleev, Korolev, Hertzsprung, Orientale, D'Alembert, and Harkhebi are 
modeled by assuming a 60 km thick crust. A comparison to Miljković et al. (2016) shows that the crustal 
thickness models predict thicker crusts compared to the presented basins before. Nevertheless, their pre-
dicted crusts range around 45–55 km in thickness, whereas our models assume 60 km. This comparison 
can only serve as a rough classification, since the crustal thickness models assume an average global crustal 
thickness of 34 km and, thus, comparisons with our local models with a 60 km thick crust are difficult. The 
crustal thickness models certainly suggest a larger variety in thickness between the investigated basins. 
Nevertheless, our results show that the effect of crustal thickness is small even if we assume the two ex-
treme scenarios of a 40 and a 60 km thick crust.

4. Discussion
4.1. Bouguer Gravity of the Lunar Highlands From Observational Data

The high resolution of the applied GRAIL gravity model allows for a detailed analysis of the mass distri-
bution of individual impact basins. To achieve the most accurate results calculating Bouguer gravity, we 
introduced locally variable bulk densities of the surface terrain of the upper few kilometers with an average 
of 4 km of the lunar crust.

In contrast to basin formation models providing absolute thicknesses of the crust, the Bouguer gravity 
anomalies may be interpreted to show the shape of the crust–mantle interface. Since the vertical mass 
distribution inside a planetary body derived from gravity data remains ambiguous, the crust–mantle inter-
face cannot be assigned to a certain depth without defining further constraints, such as the average crustal 
thickness and the bulk density of the mantle rock.

Unlike previous work (e.g., Freed et al., 2014; Miljković et al., 2016; Zhu et al., 2015), our study focuses only 
on the gravity record of basins located in the lunar highlands, not showing any basaltic infill. Due to its 
special relevance being one of the youngest and best preserved basins on the Moon, we decided to include 
Orientale in our analysis, even though basaltic rock can be found in the center. Here, we use bulk density 
estimates provided by Zuber et al. (2016) for calculating the related Bouguer anomaly.

Mare basaltic regions on the Moon appear to be complex in their interior structure. Even if reliable assump-
tions for the bulk density of mare basalts may be derived from the laboratory examination of lunar rock 
samples, as well as from grain densities derived from global spectrometer data (together with the assump-
tion of very low porosity for mare basalts), the main difficulty is the exact thickness of the mare basaltic 
infill. If an incorrect portion of the upper masses is subtracted from the gravity field signal when calculating 
the Bouguer correction, the resulting crust–mantle interface changes its shape (e.g., the expression of the 
mantle uplift in the center of lunar basins may be distorted). A detailed spatial distribution map of the ba-
saltic rock is needed to estimate the amount of mare infill (Ding et al., 2021). By comparing the observed 
crater depth with the depth derived from scaling laws, assumptions on the mare thickness can be made. 
Ding et al. (2021) findings on mare basalt deposit distribution (e.g., only in the center or the whole crater re-
gion) may help to calculate more reliable Bouguer gravity anomalies of lunar nearside basins and to extend 
our forward modeling to impact structures filled with mare basalts.

4.2. Gravity Forward Modeling

To fit the observed and modeled gravity signatures, we use average constant densities in the crust between 
2,650 and 2,950 kg/𝐴𝐴 m3 , and a constant density in the mantle of 3,314 kg/𝐴𝐴 m3 . The proposed crustal densities 
were chosen larger than today's average bulk density of the upper highland crust of 2,530 kg/𝐴𝐴 m3 (Wahl 
et al., 2020), assuming a lower porosity of the crustal rock at time of basin formation. Alternatively, it is also 
possible to use the density distribution in the crust and mantle from the iSALE simulation, which is rather 
complex. The density field represents the thermodynamic state immediately after impact: the subsurface 
of the structure is significantly heated as a consequence of shock compression and in particular an an-
vil-shape region underneath the central part is typically molten. The crustal densities in the heated and par-
tially molten area tend to be lower than the assumed preimpact and observed postimpact densities because 
of thermal expansion. Especially inside the peak ring-radius, high crustal densities are observed (Wahl 
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et al., 2020), probably caused by cooling and recrystallization of impact melt, which is not taken into ac-
count in the models. We assume here that after cooling and recrystallization of impact melt the present-day 
density field may be better approximated by a mean crustal density as proposed above. Figure 11 shows the 
gravity anomalies of the Orientale basin derived from the density distribution at the end of an iSALE simu-
lation (Figure 11b, right panel) and assuming a constant density (Figure 11b, left panel). Figure 11a shows 
the observed gravity (dashed line) in comparison with gravity responses from the iSALE model for the two 
different assumptions regarding the density distribution shown below (green and black solid lines). The 
lower amplitude of the gravity signature on the right side results from heated material with a lower density. 
The assumption to use a constant density accounts for the density increase as a consequence of cooling 
and recrystallization with time. Note, the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  , most important for the present study, remains the same, 
independent of the density distribution that has been assumed in the model.

Furthermore, the density of the crust may be modified through subsequent impacts. The mean best fit crus-
tal densities 𝐴𝐴 𝐴𝐴𝐶𝐶 from our model (Table 2) are larger compared to the present-day densities of the highland 
crust, having a global mean of about 2,530 kg/𝐴𝐴 m3 (Wahl et al., 2020). However, impact cratering changes 
the initial porosity, and hence the initial bulk density of the crust (e.g., Milbury et al., 2015; Soderblom 
et al., 2015; Wahl et al., 2020). Smaller craters formed subsequently in the basin area presumably increased 
the porosity of the crustal material, which is why observed present-day densities are lower compared to the 
resulting densities from our numerical models.

Apart from cooling, basins may also have experienced isostatic adjustment (e.g., Freed et al., 2014; Melosh 
et al., 2013) which may lead to a modification in basin morphometry and change in gravity signature over 
time. The models, however, represent the pristine basin structures and their gravity right after formation. 
Our best fit models do not account for structural isostatic effects, for example, uplift processes, after the ba-
sin has formed. However, full equilibration may not have been reached at all basins. Freed et al. (2014) stud-
ied the effect of isostatic relaxation and showed that the basin center and the crustal annulus experiences 

Figure 11. Section through the iSALE model (b) of the Orientale basin with constant densities in the target  
(𝐴𝐴 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀  = 3,314 kg/𝐴𝐴 m3 , 𝐴𝐴 𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  = 2,750 kg/𝐴𝐴 m3 ) (left) and the modeled density distribution (right). In (a), the related gravity 
signals (green and black solid lines) in comparison to the observed gravity (dashed line) are shown.
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uplift due to a flexural uplift of the surrounding crust and the accompanying uplift of the basin floor during 
the cooling process. For two example basins, Freundlich-Sharonov and Mare Humorum, they show that 
the isostatic adjustment and cooling process only causes an increase in the amplitude in the center of the 
anomaly, whereas the position of the gravity minimum remains unchanged. In our analysis, the location of 
the Bouguer minimum is significant because its distance to the basin center defines the Bouguer diameter 
and our main findings regarding the proposed impactor size should not change significantly after isostatic 
adjustment.

The presented gravity forward modeling approach is limited by assuming vertical impacts producing axially 
symmetric basin structures. Recent simulations with iSALE-3D (Collins et al., 2020) suggest that oblique 
impacts may alter the mantle deformation beneath the basin center. As a consequence, an offset might 
occur between the center of the Bouguer anomaly, which is related to the mantle uplift, and the center of 
the crater, defined by the position of the crater rim. The deformation of the mantle uplift could lead to an 
asymmetry in the gravity signature but we expect that this effect is minor compared to the uncertainties in 
our azimuthally averaged gravity profiles. In the future, we plan to conduct 3D simulations to investigate 
the effect of impact angle on the asymmetry of the gravity signature relative to the center of a basin. Howev-
er, previous modeling and observational studies on the position of the central peak relative to the geometric 
center have shown that deviations can occur either in downrange or uprange direction (Shuvalov, 2003) and 
generally seem to appear rather randomly (Ekholm & Melosh, 2001), likely because of preimpact geological 
heterogeneities. Nevertheless, it cannot be excluded that the impact angle causes some systematic excursion 
of the gravity signature out of the geometry center.

4.3. Lunar Basin Sizes

The results show that changes in basin formation and the final basin size depend mainly on target tem-
perature and impactor size. Differences in the derived linear functions for the ����∕�′

�� -ratio (equations 
in Figures 6e and  6j) are rather minor, and thus, our chosen crustal thicknesses have only a secondary 
effect on the basin formation process. In Figure 6, we see no significant outliers in the data for 𝐴𝐴 𝐴𝐴′

𝐵𝐵𝐴𝐴 and 𝐴𝐴 𝐴𝐴𝑡𝑡 , 
whereas the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  values tend to scatter (e.g., 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖  = 50 and 60 km, 𝐴𝐴 𝐴𝐴𝐶𝐶  = 40 km). This scattering is more 
pronounced in the ratio plots where 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  is involved. These inaccuracies can be related to difficulties 
associated with the determination of 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  . We obtain an average standard deviation of 5 km by consid-
ering all models (see Supporting Information S1 for determination of 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  ). For large basins, the crustal 
thickening is not very pronounced and the inwards dipping crust does not allow for a clear determination 
of the crustal bulging and, thus, the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  .

A parameter that can be determined easily in our models is the 𝐴𝐴 𝐴𝐴′
𝐵𝐵𝐴𝐴 -value. We derive a mean standard de-

viation for all models of 4 km. From our numerical modeling study, we can predict the ����∕�′
�� -ratios 

of 0.84 and 0.88.

These constant ratios imply that the position of the gravity signal is directly coupled to the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  and 
increases proportional to an increase of 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 . The ratio shows that the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  does not exactly match the 
position of 𝐴𝐴 𝐴𝐴′

𝐵𝐵𝐴𝐴 but is slightly shifted toward the basin center. The position of 𝐴𝐴 𝐴𝐴′
𝐵𝐵𝐴𝐴 is closely related to the 

transition zone from the inner basin area to the area where the crust regains its original thickness. This is 
in contrast to the predicted position of the thickest part of the crust in crustal thickness models, which is 
located below the Bouguer minimum. This finding demonstrates that it is important to consider the basin 
formation process with its changing thermal state and impactor properties to study the inner basin structure 
and size. Compared to crustal thickness models (e.g., Wieczorek et al., 2013), our models predict a more 
lateral extent of the crust toward the basin center and a complex basin structure characterized by: crustal 
thinning across the central part (mantle uplift) surrounded by an annular bulge; larger basins show an anvil 
shaped uplift structure with less pronounced crustal thickening. In these cases, the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  corresponds to 
the inwards dipping crustal structure. Therefore, it has to be distinguished between whether parameters de-
scribing the subsurface structure (e.g., 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  ) have been determined from crustal thickness models derived 
from the observed gravity data or numerical simulation of basin formation constrained by the observed 
gravity data. We consider the latter to be more accurate as the formation process controlled by a tempera-
ture dependent rheology is taken into consideration as an additional constraint. The former only considers 
a rather simple assumption of the shape of the uplifted mantle for the interpretation of the observational 
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data record, whilst the latter takes into account constraints given by the crater formation process allowing 
for more complex mantle uplift morphologies.

4.4. Diameter Comparisons

The 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  as a function of the modeled gravity minimum position (𝐴𝐴 𝐴𝐴′
𝐵𝐵𝐴𝐴 ) is temperature dependent (Fig-

ures 6c and 6h) and we propose linear relationships (Figures 6e and 6j). From these relationships, we de-
rived the mean ����∕�′

�� ratios as 0.88 and 0.84. Accordingly, we relate the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  to the diameter of the 
observed Bouguer anomalies (𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 ; Figure 9) and determine an average ratio of 0.84, which is in agreement 
with the ratios from the models.

For most basins, the ����∕��� ratio plots around the mean ����∕��� ratio. However, for impactor diam-
eters of 20 km, the ratio varies between 0.55 and 0.9. It has to be noted that the observed Bouguer profile for 
the basins with the smallest ratios of 0.55–0.6 (Galois, No. 6; D'Alembert, No. 13; see also Figures S14 and 
S21, respectively, in Supporting Information S1) deviates from the typical anomalies. The gravity signature 
may be distorted by subsequent impacts and/or more complex regional geological settings. In addition, the 
corresponding iSALE models do not show a distinct crustal annulus, which leads to an error-prone and 
imprecise determination of the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  value and, therefore, limits the applicability of measuring 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  , 

𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 , and 𝐴𝐴 𝐴𝐴′
𝐵𝐵𝐴𝐴 .

A 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  /𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 -ratio of approximately 0.9 implies that the thickened crustal annulus in the numerical 
model corresponds to the minimum of the observed gravity anomaly. This suggests that the shape of the 
negative gravity amplitude reflects the mass distribution in this area. Our modeling studies provide evi-
dence for this in Hertzsprung (No. 11), TOPO-22 (No. 16), Poczobutt (No. 15), Coulomb-Sarton (No. 4), 
and Orientale (No. 12) basins. Crustal thickness models are shown in Figures S19, S24, S23, S12, and S20 in 
Supporting Information S1.

By comparing our results with data from Miljković et al. (2016), we obtain differences in the estimated im-
pactor diameter for a given basin. The average differences between the impactor sizes are 23𝐴𝐴 % ; for the basins 
6, 7, and 9–12, we obtain differences of more than 30𝐴𝐴 % in impactor size. The reasons for this are due to sev-
eral respects: differences in thermal profiles, different impact velocities, and the usage of crustal thickness 
models to find models for observed structures. In order to guard against misunderstandings, it should be 
noted that the thermal profiles we use are relatively cold compared to the profiles in Miljković et al. (2016). 
The terms “warm,” “intermediate,” and “cold” refer here only to the lunar far side, the terms in Miljković 
et al. (2016) refer to the nearside, a global mean, and the far side hemisphere.

Compared to previous work, we also obtain different basin diameters, and, therefore, it is expected that the 
impactor diameters are different. This discrepancy emphasizes that it is difficult to determine the size of a 
basin clearly and/or to decide what is the right feature to be chosen as a proxy for the size.

4.5. Chronological Classification

We assume that the Bouguer minimum of the observed anomaly will not change its position significantly, 
and, therefore, the long-term modification processes do not entirely alter observational constraints mak-
ing them less applicable. Based on this, our main finding is that during the cooling history of the Moon 
similar-sized impacts produced different gravity signatures and associated subsurface modifications of the 
crustal structure, and differences in basin size and other morphometric parameters. In other words, if the 
impactor size (for a constant density and velocity) would be known, our models allow for estimating the 
point in time in the cooling history of the Moon. Further implications of this study could be to translate 
geological ages of lunar basins to a projectile distribution with age.

However, since we assume only three different thermal profiles (corresponding to three different cooling 
ages) and the crustal thickness is not entirely negligible and certainly varies across the lunar highlands, this 
finding comes with large inaccuracies but is in principle in line with predicted formation ages from crater 
chronology age determinations. For basins for which we only have the formation period, we can model all 
basins in the estimated time frames (e.g., Fowler-Charlier [No. 5] with an intermediate profile [4.1 Ga] in 
the Pre-Nectarian system). It was also possible to model basins with ages from newer age dating methods. 
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As an example, we can ascribe the Orientale basin with a proposed age of 3.81 Ga in the Lower Imbrian 
phase and a cold thermal profile (3.8 Ga) in our simulations.

5. Conclusion
Our study shows that the size and morphometry of a basin depends foremost on impactor properties, such 
as the impactor size, mass, and the impact velocity; however, as shown here and in previous studies (e.g., 
Miljković et al., 2016; Potter et al., 2015), target properties, such as crustal thickness and thermal state, have 
a nonnegligible effect on the basin formation process.

Our numerical modeling study shows that even small differences in thermal evolution affect the basin for-
mation process. Note, we do not account for the temperature contrast between the lunar nearside and far 
side that has been studied elsewhere (e.g., Miljković et al., 2016) but focus on the thermal evolution of the 
lunar lithosphere and its effect on basin formation on the far side.

Typical morphological characteristics of many basins have been partly or completely removed by subse-
quent impacts, aggravating the determination of morphological characteristics on the surface. We use the 
diameter of the largest crustal thickness (𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  ) as a measure of basin size because this region is better 
preserved than surface morphology and it can be easily measured in impact simulations. We show that 

𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  correlates with the diameter of the Bouguer gravity signature (𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 ) and, thus, can be considered as 
a parameter that is controlled by impactor size, thermal state of the target, and crustal thickness. Compared 
to the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  , the position of the gravity minimum can be defined unambiguously and is less error-prone.

Present-day Bouguer gravity anomalies characterize basin structures, both well preserved and severely al-
tered, and thus are a powerful tool to measure the size of these structures. For 16 lunar farside basins, we 
introduced the DW method as an efficient way to compare the gravity signals from the numerical models 
with the observed data. The DW-path and the DW-matrix allow for a quantitative estimate of the similarity 
between the gravity signals and, thus, of the accuracy of the fit. In our study, the smallest basins are formed 
by impactors of 20 km in diameter which are the smallest impactors we considered in our numerical mod-
eling. The size of the corresponding basins is between a minimum 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  of 75 km and the smallest 𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 
of 123 km.

As a result from our gravity modeling, we estimate a range of impactor sizes and possible thermal states of 
the Moon upon impact that explains the formation of the present-day impact structure. In our simulations, 
we coupled thermal evolution models with the formation time of a basin and, therefore, were able to per-
form a chronological classification of our investigated basins. This classification is consistent with the ages 
and periods determined by crater chronology and dating.

The relationship between 𝐴𝐴 𝐴𝐴𝐵𝐵𝐴𝐴 and the 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  supports the use of gravity anomalies as a measure of basin 
size. The change in gravity anomalies as a function of the initial temperature conditions in the target as well 
as a function of impactor sizes shows that the time of the impact plays an essential role for the size of the 
present-day anomaly.

The comparison with crater dating in our study clearly shows that taking temperature into account, impact 
structures can be classified according to their age. In further studies, it should be investigated to what extent 
previous impacts have changed the thermal field locally, which could affect the basin formation process of 
subsequent impacts. In addition, a better quantitative understanding of how isostatic relaxation processes 
and the cooling of impact heated matter has altered the pristine gravity signature of basins.

Data Availability Statement
The modeling in this work has been done using the iSALE “Dellen” shock-physics hydrocode. Stable re-
leases of iSALE are available via https://isale-code.github.io/. Data and Supporting Information S1 used in 
this study are accessible in the repository Lompa et al. (2021). There, data can be accessed for each figure.
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