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Résumé

Dans cette étude, les cratères partiellement enterrés dans la maria lunaire et

dans les plaines lisses septentrionales de Mercure ont été identifiés à l’aide de don-

nées récemment acquises concernant l’optique, l’élévation et la composition, et les

épaisseurs de coulées de lave proches des cratères partiellement enterrés ont été

estimées par modélisation numérique de leur dégradation topographique.

Au chapitre 1, je présente d’abord le contexte géologique des plaines volcaniques

de la Lune et de Mercure. Ensuite, je vais résumer toutes les méthodes qui ont été

utilisées pour estimer l’épaisseur des coulées de lave sur la Lune et Mercure, ainsi

que les progrès de la recherche sur la dégradation topographique du cratère.

Au chapitre 2, je présente les ensembles de données de télédétection utilisés dans

cette étude. Ensuite, les critères utilisés pour identifier les cratères partiellement

enterrés sont discutés. Une méthode d’estimation de l’épaisseur des coulées de lave

est proposée ultérieurement, basée sur la dégradation topographique de cratères

partiellement enterrés. L’épaisseur de coulée de lave la mieux adaptée a ensuite

été déterminée en minimisant la différence entre le profil final modélisé et le profil

observé.

Au chapitre 3, afin de résoudre l’équation de diffusion topographique, le profil

d’altitude d’un nouveau cratère d’impact est construit comme condition initiale.

Pour les cratères d’impact frais lunaires, nous avons construit un ensemble de profils

topographiques qui prennent en compte à la fois la taille des cratères et les types

de cibles. Pour les nouveaux cratères d’impact sur Mercure, nous avons construit

des profils topographiques qui incluent uniquement des cratères de transition et

complexes.

Comme décrit au chapitre 4, les épaisseurs de basalte ont été inversées en util-

isant 41 cratères de maria dont les bords sont complètement exposés. Le résultat

montre que les épaisseurs estimées en basalte mare varient de 33 à 455 m, avec
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une valeur médiane de 105 m. Nous avons ensuite calculé le volume total et le

taux d’éruption des basaltes des maria lunaires et avons constaté que le taux estimé

d’éruption des basaltes des maria atteignait un sommet de 3,4 Ga, puis diminu-

ait avec le temps, indiquant un refroidissement progressif de l’intérieur de la lune.

Nous avons également constaté que la diffusivité topographique des cratères lunaires

augmente avec le diamètre et est presque invariante dans le temps.

Au chapitre 5, je présente un résultat similaire pour Mercure. Les épaisseurs de

coulées de lave ont été inversées pour 21 cratères dont les bords ont été exposés. Le

résultat montre que les épaisseurs de coulées de lave varient de 23 à 536 m, avec une

valeur médiane de 228 m. Nous avons également calculé le volume total des coulées

de lave. Le paramètre de diffusivité topographique sur la Lune est plus faible que

sur Mercure, ce qui indique que le flux météoritique d’impact sur la Lune est moins

important.

Comme indiqué au chapitre 6, il reste quelques problèmes à résoudre à l’avenir.

Tout d’abord, j’ai utilisé une géométrie axisymétrique simple lors de la résolution

analytique de l’équation de diffusion topographique et n’ai pas envisagé un processus

de dégradation topographique entièrement tridimensionnel. Deuxièmement, les dif-

fusivités topographiques inversées présentent un large intervalle d’incertitude et ne

sont pas bien contraintes. Troisièmement, les cratères complexes ont généralement

un mécanisme de formation compliqué et un fond géologique et une morphologie de

cratère variables, ce qui entraîne une variabilité et une incertitude considérables des

relations morphométriques du cratère.

MOTS CLÉS: cratère partiellement enterré, dégradation topographique, épais-

seur des coulées de lave, morphométrie du cratère
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Abstract

In this study, partially buried craters on the lunar maria and the northern

smooth plains of Mercury were identified using recently acquired optical, elevation,

and composition data, and lava flow thicknesses near partially buried craters were

estimated by numerically modeling their topographic degradation.

In Chapter 1, I first introduce the geologic background of the volcanic plains

on the Moon and Mercury. Next, I will summarize all the methods that have been

used to estimate the lava flow thicknesses on the Moon and Mercury, as well as the

research progress on the crater topographic degradation.

In Chapter 2, I present the remote sensing datasets used in this study. Then,

the criteria used to identify partially buried craters are discussed. A lava flow

thickness estimation method is later proposed based on the topographic degradation

of partially buried craters. The best fitting lava flow thickness was then determined

by minimizing the difference between the modeled final profile and the observed

profile.

In Chapter 3, in order to solve the topographic diffusion equation, the elevation

profile of a fresh impact crater is constructed as the initial condition. For lunar

fresh impact craters, we constructed a set of topographic profiles that consider both

crater sizes and target types. For fresh impact craters on Mercury, we constructed

topographic profiles that only include transitional and complex craters.

As described in Chapter 4, the basalt thicknesses were inverted using 41 mare

craters whose rims are completely exposed. The result shows that the estimated

mare basalt thicknesses vary from 33 to 455 m, with a median value of 105 m.

We then calculated the total volume and eruption rate of lunar mare basalts, and

found that the estimated eruption rate of mare basalts peaked at 3.4 Ga and then

decreased with time, indicating a progressive cooling of the lunar interior. We also

found that the topographic diffusivity of lunar craters increases with diameter and
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is almost invariant with time.

In Chapter 5, I present a similar result for Mercury. The lava flow thicknesses

were inverted for 21 craters whose rims were exposed. The result shows that the

lava flow thicknesses vary from 23 to 536 m, with a median value of 228 m. We also

calculated the total volume of the lava flows. The topographic diffusivity on the

Moon is smaller than that on Mercury, indicating the impact flux on the Moon is

lower.

As shown in Chapter 6, there are some remaining issues that need to be solved in

the future. First, I employed a simple axisymmetric geometry when analytically solv-

ing the topographic diffusion equation and did not consider a fully three-dimensional

topographic degradation process. Second, the inverted topographic diffusivities have

a large range of uncertainty and are not well constrained. Third, complex craters

usually have complicated formation mechanism and a variable geologic background

and crater morphology, resulting in considerable variability and uncertainty in the

crater morphometric relations.

KEY WORDS: partially buried crater, topographic degradation, lava flow

thickness, crater morphometry
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Chapter 1 Introduction

1.1 Background

Impact cratering and volcanism are the two major processes shaping the surface

of the Moon and Mercury. Impact cratering created large topographic relief on the

surface, whereas volcanic products filled in the topographic lows and produced new

surfaces. Impact cratering and volcanism also act on each other as well. On the

one hand, impact cratering produced stress conditions in the crust that favour the

ascent of the magma (Michaut and Pinel, 2018). On the other hand, lavas might

either partially or completely bury a previously formed impact crater depending on

the thickness of the flow and the height of the crater rim. As a result, the observed

planetary surface morphology and the size-frequency distribution of surface craters

have been evolving due to the combined effect of crater formation and lava flow

emplacement.

The lunar maria are composed of iron-rich basalts that were originally generated

by partially melting the mantle, then driven by excess pressure at or below the crust-

mantle boundary to propagate upward through dikes, and finally extruded out to

form larger-scale, effusive plains over the lunar surface (Figure 1.1) (Head, 1976;

Head and Wilson, 2017; Wilson and Head, 1981, 2017). Radiometric measurements

of lunar samples and crater-counting of basaltic units suggest that most of the mare

basalts erupted from 4 to 1.2 Ga (Head, 1976; Hiesinger et al., 2011) with a few

exceptions of extremely old and young basaltic units being recorded. For example,

rare basaltic clasts in lunar meteorites have ages as old as 4.36 Gyr (Snape et al.,

2018), some pre-basin basalts were covered by ejecta from basins such as Imbrium

and Orientale (known as cryptomaria) (Bell and Hawke, 1984), and some isolated

irregular mare patches were dated to as young as 50 Myr in age (Braden et al.,

2014). As a first-order approximation, the volume of mare basalts can be simply

estimated as the product of their surface area and thickness. In early studies, the
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total surface area of mare basalts was estimated to be about 6.2×106 km2, covering

∼17% of the lunar surface (Head, 1975). The mare basalt thickness, however, varies

from place to place, from several meters to several kilometers.

In addition to volcanic eruptions, another process shaping the Moon’s surface is

impact cratering events resulted from the meteoroid bombardments. These craters

could be so large that they created large cracks in the crust that favour the prop-

agation of magmas. Or, these craters were later partially or completely buried by

subsequent lava flows. Finally, the youngest craters formed on today’s lunar surface.

The stratigraphic relation in the lunar maria therefore can be summarized as follows.

(1) During the very early stage, some craters may form on the highland materials, of

which the crater rims must have a highland composition. If the crater rim height is

larger than the total basalt thickness, this crater would still be observed nowadays

on the lunar surface with an exposed crater rim. Otherwise, this crater would be

buried by subsequent lava flows and can not be traced later. (2) Then, multiple

phases of lava flows with different thicknesses and FeO/TiO2 contents may erupt

and emplace on the lunar surface, accompanying with the formation of another cer-

tain number of craters. These craters formed on the mare basalts, of which the

crater rims should have a mare composition. If the crater rim height is larger than

the summed thickness of lava flows emplaced after the crater formation, this crater

would be observable with an exposed crater rim. Otherwise, this crater would be

buried by subsequent lava flows and can not be identified any more. (3) As a result,

the observed size-frequency distribution of lunar craters has been evolving all the

time due to the combined effect of crater formation and basalt emplacement. We

therefore conclude that impact craters (e.g., morphology, rim/ejecta composition,

and size-frequency distribution) could provide important clues on the stratigraphy

studies (e.g., thickness and age) of lunar maria.

Similar to lunar maria, the northern smooth plains on Mercury are also made

of magmas that were generated by partially melting the mantle and then reached

to the surface to form large-scale, effusive lava plains (Figure 1.2) (Denevi et al.,

2013; Head et al., 2011). In composition, these magmatic materials are similar to

terrestrial basalts and komatiites based on their diagnostic characteristics in the X-

ray fluorescence data (Denevi et al., 2013; Head et al., 2011). Unlike lunar maria that

consist of individual units with different ages, the surface age within the northern

2
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As the obtained median rim height is only 58% of that for fresh lunar craters (Pike,

1977), Hörz (1978) then simply reduced all the basalt thickness estimates in De Hon

and Waskom (1976) and De Hon (1979b) by a factor of two. The resulting, revised

median mare basalt thickness on the lunar nearside was estimated to be smaller

than 300 m. Nevertheless, the classification of ages and degradation states for

the lunar highland craters in Hörz (1978) was largely qualitative, and therefore, a

quantitative topographic degradation model is here invoked to better quantify the

rim height reduction as a function of time.

High-resolution and high-quality remote sensing datasets have been acquired

from the latest planetary exploration missions. Examples are the Lunar Reconnais-

sance Orbiter (LRO) mission to the Moon that launched in 2009, and the MErcury

Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) mission

that inserted into Mercury’s orbit in 2011. In addition, the understanding of topo-

graphic degradation mechanisms of impact craters has also been greatly improved.

Both factors make it possible to reconstruct the databases of partially buried craters

on the Moon and Mercury and better constrain the lava flow thicknesses around

them. In this study, partially buried craters on lunar maria and the northern smooth

plains of Mercury were identified using recently acquired optical, elevation, and com-

position data, and lava flow thicknesses near partially buried craters were estimated

by numerically modeling their topographic degradation.

1.2 Scientific Significances

The core idea of this study is to estimate the thickness of the volcanic lava

flow through morphologic studies of impact craters. Estimating the thickness of the

volcanic materials is therefore the fundamental scientific goal of this study, and by

doing so we hope to deepen our understanding of planetary volcanism. Studying

the topographical degradation of impact craters is a necessary tool to achieve this

scientific goal. Moreover, the inversion results obtained by a crater topographic

degradation model (such as topographic diffusivity) can in turn aid our understand-

ing of the crater degradation mechanisms. Therefore, the results obtained in this

study can help to better understand the internal thermal evolution and surface

processes of terrestrial planets from two aspects: volcanism and impact cratering.

6



1 Introduction

1.2.1 Volcanism

The lava flow thickness and the resulting volume of the volcanic materials that

erupted and emplaced on the planet’s surface are of great scientific significance,

because they can constrain the thermal evolution of the planet, reveal the sources

and styles of volcanism, and contribute to the subsequent tectonic activity and

lithospheric deformation (Head, 1982; Solomon and Head, 1979, 1980). We next

explain in detail how the lava flow thickness estimation improves our understanding

on these aspects.

For the thermal evolution of the planet, once the thickness is obtained, the

volume and eruption rate of the lava flows can be calculated if the surface area

and age are known. The volume of the lava flows on the surface can reveal the

degree to which the planet is partially melted and the volume of the produced

melt, which in turn helps to understand the mineral composition and temperature

distribution within the planet. The eruption rate of the lava flow can reveal the

thermal evolution history of the planet and thus help to understand the temporal

variation of the thermal state of the planet. In particular, the estimated volume

and eruption rate of the lava flow can be used to further constrain the theoretical

thermal-chemical evolution model of the Moon and Mercury (Laneuville et al., 2013;

Padovan et al., 2017).

For the type and source of volcanic eruptions, it might be deduced from the

thickness and volume of the lava flows. The volcanic eruptions mainly have three

types: (1) a calm, fluid-type event forming effusive plains, (2) a violent, explosive

event with high gaseous content, and (3) an intermediate type between the two. If

there are multiple lava flow thickness estimates in the region, we can then produce

an interpolated isopach map, which may help us to locate the source vent where the

lava flows came from.

After the volcanic lava flows were emplaced in a large basin, a tensile stress field

may form at the edge to develop concentric circular graben, and a compressive stress

field may form at the center to produce wrinkle ridges (Hiesinger and Head, 2006).

No matter a graben or a wrinkle ridge formed, it is closely related to the thickness,

cooling, and strength of the lava flow (Freed et al., 2012). In addition, the volcanic

fillings may also result in downward deformation of the underlying crust, which is

also directly related to the thickness of the lava flows. The study of how much

7
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the crustal layer has deformed can provide us some hints on the strength, viscosity,

temperature and heat flow of the crust and thus deepen our understanding of the

thermal and dynamic evolution of the planet.

Using recently acquired high-quality and high-resolution remote sensing data,

the lava flow thickness obtained by other methods have been updated and further

improved. However, for impact craters partially buried by lava flows, the global

database has not been updated for nearly 50 years, and the effect of crater rim ero-

sion on the overestimation of lava flow thickness has never been quantitatively con-

sidered. Therefore, it is necessary to reinvestigate the lava flow thicknesses around

partially buried craters on the Moon and Mercury, and we hope to obtain a more

comprehensive understanding of the planetary volcanism.

1.2.2 Impact Cratering

As a by-product, the topographic diffusivity obtained from this study also pro-

vides an opportunity to look into the mechanisms of the crater topographic degra-

dation. This quantity, however, can only be estimated when the age of the surface

unit embaying the partially buried crater is known independently. To be more

specific, it can allow us to investigate whether or not the crater topographic degra-

dation is diameter- or time-dependent. Once the topographic diffusivity can be well

constrained, it would provide another tool to date the crater based on the crater

morphology.

On the other hand, solving the topographic diffusion equation requires the

initial elevation profiles of fresh craters, which we will construct in this study. We

will develop a more complete version for lunar craters that considers both crater

size and target type, and will build the first initial elevation profiles ever for craters

on Mercury. By doing so, we also need to update the morphometric parameters

for fresh craters on the two planetary bodies, and our updated results supersede

previous ones as we used the most recent elevation data, the same database of fresh

craters, and the same method to extract the elevation profiles for all the studied

morphometric parameters.
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1.3 Overview of Previous Methods

1.3.1 Mare Basalt Thickness

Mare basalt thicknesses have been investigated by many studies, which can be

divided into four general classes: direct measurements using elevation differences of

lava flow fronts and layering features in crater walls (Robinson et al., 2012; Schaber,

1973; Stickle et al., 2016), subsurface sounding radar using a spaceborne or ground

penetrating radar (Oshigami et al., 2014; Phillips et al., 1973; Xiao et al., 2015),

geophysical techniques based on seismology and gravity (Cooper et al., 1974; Gong

et al., 2016; Talwani et al., 1973), and investigations of impact craters, including

partially buried craters, composition of crater ejecta, and modification of the crater

size-frequency distribution (De Hon, 1974; Hiesinger et al., 2002; Thomson et al.,

2009). Each of these methods measures a different “thickness” (total thickness,

thickness of the last flow, or thickness since a crater formed), and has different

spatial and temporal resolutions. As a result, the total volume of mare basalts on

the Moon is still poorly constrained.

The most straightforward technique for estimating basalt thicknesses is the di-

rect measurement of the height of a lava flow front and layering structures in lava

tube skylights and crater inner walls. This method usually gives the thicknesses

of younger lava flows close to the lunar surface. The best documented lava flow

fronts are those that formed during the Eratosthenian period in Mare Imbrium

(Figure 1.4a). Using the shadow length measurement technique performed on the

Apollo 14–17 metric photographs and the Lunar Orbiter III images, the extensive

lava flows there were measured to be 1–96 m in thickness (Gifford and El-Baz, 1981;

Schaber, 1973; Schaber et al., 1976, 1975). More recently, much lower lava flow

fronts that are 8–11 m in thickness have also been identified in Mare Imbrium us-

ing the Lunar Orbiter Laser Altimeter (LOLA) digital elevation model (DEM) data

(Wu et al., 2018), and it becomes a consensus now that all these measured lava flow

front heights are indicative of an eruption mode with an extremely high effusion

rate (Schaber et al., 1976; Wu et al., 2018). Three lava tube skylights have been

spotted in Marius Hills, Mare Tranquillitatis, and Mare Ingenii using the Lunar Re-

connaissance Orbiter Camera/Narrow Angle Camera (LROC/NAC) images. Their

steep inner walls consist of five to eight layers that were found to be 3–14 m in thick-

9





1 Introduction

dielectric permittivity of 8.7, subsurface reflectors were identified at mean depths

of 0.9 and 1.6 km in southern Mare Serenitatis (Peeples et al., 1978; Sharpton and

Head, 1982), at a mean depth of 1.4 km in Mare Crisium (Peeples et al., 1978), and

at depths of 0.6–1.0 m in Oceanus Procellarum (Cooper et al., 1994) (Figure 1.5a).

In the 5-MHz SELENE/Lunar Radar Sounder (LRS) data, one to five basaltic layers

were detected with thicknesses of 73–460 m in nearside maria, with uncertainties of

125–400 m (Ishiyama et al., 2013; Kobayashi et al., 2012; Ono et al., 2009; Oshigami

et al., 2009, 2012, 2014) (Figure 1.5b). The Chang’E-3 Lunar Penetrating Radar

(LPR) also performed subsurface sounding experiments along its survey track on

the surface of the Moon (near 44.12◦N, 19.51◦W), and the 60-MHz observations re-

vealed multiple layering structures in the mare basalts (Figure 1.5c). Zhang et al.

(2015) found three basalt layers with thicknesses of 25, 130 and 195 m, and Xiao

et al. (2015) identified four basalt layers with thicknesses of 42, 80, 100, and 120 m.

We note that the estimated mare basalt thickness from radar observations depends

on the poorly constrained dielectric permittivity (Ishiyama et al., 2013), and that

signal artifacts produced by the radar itself could make it difficult to detect deep

seated reflectors (Li et al., 2018).

Geophysical techniques based on gravity and seismology data have also been

used to investigate basalt thicknesses. These methods depend on the density contrast

between mare and highland materials, and therefore can provide the total basalt

thickness. Using the seismic refraction data collected at the Apollo 17 landing site,

the total basalt thickness near the Taurus-Littrow valley was estimated to be 1.4

km (Cooper et al., 1974) (Figure 1.6a). During the Apollo 17 mission, a Bouguer

anomaly was also recorded by the traverse gravimeter experiment (TGE) at the

Taurus-Littrow landing site, which can be explained by the presence of a 1 km-thick

laccolith of mare basalts (Talwani et al., 1973). Derived from the Doppler tracking

data of the Lunar Prospector, two Bouguer anomalies were found in the Marius

Hills volcanic complex, which may imply two local lenses of basaltic materials with

thicknesses of 3.0–3.3 and 6.2–12.9 km, respectively (Kiefer, 2013). With newly

acquired gravity data from the Gravity Recovery and Interior Laboratory (GRAIL)

mission, the total basalt thickness on the western nearside hemisphere (19◦S–45◦N,

68◦W–8◦W) was estimated to be 740 m on average, with one-sigma upper and lower

bounds of 1.62 km and 100 m (Gong et al., 2016) (Figure 1.6b). Though the seismic
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Impact craters excavate materials from depths of about one-tenth of their diam-

eter and thus provide a window on the composition of materials below the surface

(Croft, 1980; Melosh, 1989). For craters in the maria, the presence (or not) of

anorthositic highland materials in the ejecta blanket constrains the total thickness

of mare basalts at the impact site. An example is seen in the Clementine-derived

FeO content map shown in Figure 1.7a, where the crater Timocharis excavated low-

FeO content materials (dark) under the mare region (bright). Using the spectral

images collected by Lunar Orbiter, Galileo Earth/Moon Encounter, Clementine Ul-

traviolet/Visible (UV/VIS), Chang’E-1 Interference Imaging Spectrometer (IIM),

SELENE/MI, and Chandrayaan-1/Moon Mineralogy Mapper (M3), lava flows in

four nearside maria (Oceanus Procellarum, Serenitatis, Humorum and Imbrium)

were estimated to be 17–2000 m thick (Budney and Lucey, 1998; Chen et al., 2018;

Thomson et al., 2009; Weider et al., 2010; Wu et al., 2018), and the total thick-

nesses in six farside basins (Apollo, Ingenii, Poincare, Freundlich-Sharonov, Mendel-

Rydberg, and South Pole-Aitken) were inferred to be 31–3640 m (Pasckert et al.,

2018; Taguchi et al., 2017; Yingst and Head, 1997), with uncertainties of 0.6–360 m.

Mare basaltic flooding can also affect the size-frequency distribution of craters

found on a geologic unit. During the emplacement of lava flows, some portion of

the smallest craters are completely buried. The existence of such a discontinuity

in the crater size-frequency distribution can be used to estimate the flow thickness

(Hiesinger et al., 2002; Neukum and Horn, 1976) (Figure 1.7b). This method re-

turns the thickness of the uppermost, youngest lava flows. For seven nearside mare

regions (Oceanus Procellarum, Imbrium, Tranquillitatis, Humorum, Cognitum, Nu-

bium, and Insularum), modifications of the crater size-frequency distributions have

been identified in the Lunar Orbiter IV images, and the basalt thicknesses therein

were estimated to be 20 to 220 m with an uncertainty of 8 m (Hiesinger et al.,

2002). For several farside large basins (Lacus Luxuriae, Buys-Ballot, Campbell,

and Kohlschütter, Apollo N, and Moscoviense), this feature was also found in their

crater size-frequency distribution plots derived from the SELENE/Terran Camera

(TC) images, and the inferred basalt thicknesses range from 13 to 60 m (Haruyama

et al., 2009; Morota et al., 2009, 2011b).

There are several other methods that were seldom used in the basalt thickness

estimation, including those based on the exposed crater depth (e.g., Williams and
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Zuber (1998) and Yingst and Head (1997)) and the morphology of intrusive volcanic

domes (Michaut, 2011).

YINGST AND HEAD: VOLUMES OF LUNAR FARSIDE LAVA PONDS 10,915 

Rex = depth of excavation 
R i = crater rim crest depth Rex = (.33) R i [St6ffler et al., 1975] 
D r = crater rim crest diameter h = pond thickness Rex(l) < h < Rex(2 ) 

where 

Ri = 0.196 (D r 1.01) for D r < 15 km 
R i = 1.044 (D r 0.301) for D r > 15 km 

[Pike, 1977] 

Crater ejects both highland 
and mare material 

Crater. ejects only mare material • 
X• Dr a Dr • 

highland I 
Figure 4a. Determining pond thickness by depth/diameter 
relationships of optically mature superposed craters, where h 
is the average pond thickness, D r is crater rim crest diameter, R i 
is depth from the rim crest to the crater floor, and Rex is the 
depth of excavation of the crater [StSffier et al., 1975]. Those 
craters with dark ejecta (mare material) provide a minimum 
depth estimate, while those larger craters with bright ejecta 
(interpreted to be underlying highland material) yield a pond 
thickness overestimate. Depth/diameter relationships are 
based on calculations by Pike [1977]. 

3. Results and Interpretation 

The South Pole-Aitken Basin 

The lunar farside South Pole-Aitken impact basin is an 
extremely large (-2000-2500 km diameter) pre-Nectarian age 
structure [Stuart-Alexander, 1978; Wilhelms et al., 1979] 
(Figures 1 and 2). Because of its age, the large number of 
superposed impact craters and basins, and the general state of 
degradation, its exact diameter, and the location of its basin 
rings are difficult to determine [Wilhelms, 1987; Head et al., 
1993]. Recent Clementine data suggest a maximum depth of 
about 13 km and a probable diameter of 2500 km [Spudis et al., 
1994; Zuber et al., 1994]. 

R e = depth of rim based on pre-existing topography Re = Ri__ Ra 
R a = crater depth from pre-existing topography D r = crater rim crest diameter hr = Lr (tan ©) 
h i = average pond thickness h i = R e __ h r 
h r = shadow-measured rim height hc = Ri __ hr 

where 

sunlight R i = 0.196 (D r 1.01) for D r < 15 km 
• R i = 1.044 (D r 0.301) for D r > 15 km 
• [Pike, 1977] 

Dr 

\ ...... k i ....... /- L• 
..... re ' ' ' ' ' • I highland materi• ' • : ' '•a 

Figure 4b. Determining pond thickness using partially bur- 
ied crater depths and rim heights, where h i is the average pond 
thickness, h r is the crater rim height based on shadow meas- 
urements, h c is the original depth of the crater from the preex- 
isting topography, Re is the calculated rim height from preex- 
isting topography, L r is the measured rim shadow length, and 
© is the angle between the surface and the incident sunlight. 
Other variables are as previously noted. 

I Df = crater floor diameter 
D r = crater rim crest diameter 
D v = mare pond diameter 
Ri = crater rim crest depth 
h = pond thickness 

h = R i (D v -- Dr) / (D r -- Dr) 
[From Whitford-Stark, 1979] Top view 

D r 

Side view •. Dv >• 
material---• ß ß .h ...... R i mare rial ----•X < I >/ • 

hi•;hland material Df 
Figure 4c. Determining pond thickness using partially 
filled craters [Whitford-Stark, 1979]. D v is the measured flat- 
floor diameter, while D/represents the calculated original flat- 
floor diameter and h is the deposit thickness. Other variables 
are as previously noted. 

Areas and volumes. Fifty-two individual lava ponds 
have been mapped within the basin (Figure 2); their character- 
istics are presented in Table 1. Of these 52 deposits, 12 were 
determined to display features consistent with multi-eruptive 
phases; the remainder are estimated to be single eruptive 
phases. Individual South Pole-Aitken lava pond areas are 
shown in a frequency distribution plot in Figure 7a; those 
interpreted to be single eruptive phases are shown in Figure 
7b. Ponds associated with the Australe basin (Figure 1), the 
easternmost portion of which overlaps slightly into the older 
South Pole-Aitken basin in some reconstructions, are not 
included in this study and are reported on elsewhere [Hiesinger 
et al., 1996]. 

The total area covered by all 52 of the South Pole-Aitken 
lava ponds is about 205,000 km 2, less than 5% of the total 
area of exposed lunar maria. Lava pond areas range from 130 
km 2 to 38,140 km 2 but are concentrated toward the lower end of 
this range. About 52% have areas less than 2000 km 2. The 
vast majority of the South Pole-Aitken ponds are located in the 
central and northern half of the basin, and are Imbrian-aged 
[Stuart-Alexander, 1978; Wilhelms et al., 1979]. For the basin 

sunlight Lf + L s = length of shadow h = pond thickness 

L = Lf + L• 
h = L (tan O) 

of mare flow 

Lf Ls highland material 

Figure 4d. Determining pond thickness using shadow meas- 
urements of flow front scarps, where L s represents the measured 
length of the shadow, L/is the distance from the high point of 
the flow to the edge of the flow, © is the angle between the sur- 
face and the incident sunlight, and h is the average thickness 
of the flow. 

(a)

(b)

(c)

(d)

Figure 1.8: A diagram showing how to estimate the mare basalt thickness in the crater

interior: the technique based on the exposed crater depth (a) (Yingst and Head, 1997)

and the method based on the extrapolated crater floor elevation (b–d) (Taguchi et al.,

2017). In (a), the basalt thickness is equal to the difference between the total crater depth

(Ri) and the exposed crater depth (hr). In (b) and (c), the red solid lines are the observed

profiles and the black dashed lines are the extrapolated profiles. In (d), the lines 1–2 and

3–4 correspond to the elevation profiles in (b) and (c), respectively.

The partially buried craters studied above are usually small in size and lo-

cated within the lunar nearside maria. Even if the crater floor is flooded by mare

basalts, as is the exterior distal ejecta, the interior basalt thickness (and hence the

volume) is thought to be trivial since the area of the crater interior is much smaller

than that of the exterior, large-scale mare plains. In cases such as mare basalts in

large nearside basins and lava ponds in small farside craters, however, we might be

also interested in the basalt thickness interior to the crater rim, which can be esti-

mated as the difference in the current total and exposed crater depths (Figure 1.8a)

(Whitford-Stark, 1979). For instance, using the Clementine LIDAR data, Williams
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and Zuber (1998) first derived the basin depth-diameter ratio for several unburied

basins, which they thought have the same degradation states as the studied partially

buried basins (Grimaldi, Serenitatis, Humorum, Smythii, Nectaris, Orientale, Cri-

sium, and Imbrium). They then applied this technique to estimate the total basalt

thicknesses therein, which were found to vary from 0.56 to 4.70 km. Based on the

crater depth-diameter ratio for fresh lunar craters (Pike, 1977), Yingst and Head

(1997) calculated the thicknesses of lava ponds inside the South Pole-Aitken basin to

be 0.1–1.6 km using the Apollo and Clementine topography data. However, we note

that Yingst and Head (1997) did not consider the degradation of the crater rim, and

that although Williams and Zuber (1998) considered this effect, the determination

on the degradation states may be subjective and not that quantitative.

However, the obtained crater depth-diameter ratio may not be applicable to

basins that have a rolling, complex crater floor, or to basins that underwent signif-

icant viscous relaxation since their formation (Kamata et al., 2015). One way to

retrieve the topography of the flooded crater floor is based on the extrapolation of

that of nearby, unflooded regions (Figures 1.8b–d). For example, the southern part

to the second inner ring of Apollo basin is buried by lava flows with no partially

buried craters or penetrating craters being found. Assuming the buried terrain has

the same surface slope as is the exposed region exterior to the basalts, the basalt

thickness there was estimated to be 0–900 m using the SELENE/TC DTM (Taguchi

et al., 2017). This method, however, is too simplified, and it may not be convincing

to predict the topography of the buried crater floor in this way.

Intrusive magmatic materials on the Moon preferentially move along horizontal

boundaries with large density and rigidity contrasts such as the interface between

mare basalts and the underlying lunar crust. As a result, a lunar dome could form

on the surface due to the intrusion of underlying magma (Figure 1.9a) (Michaut

et al., 2016; Wöhler et al., 2009). The shape of the intrusive magma can be de-

scribed by a dynamic model involving the physical parameters of the magma and

the overlying elastic layer (e.g., density, Young’s modulus and Poisson’s ratio) and

most importantly, the intrusion depth of the magma, i.e., the total basalt thickness

(Figure 1 in Michaut (2011)). Since the materials overlying the intrusive magma

deform elastically, it can be assumed that the overlying dome has the same shape

as the underlying intrusive magma. The total basalt thickness can thus be inverted
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Figure 1.10: A partially buried crater (77.79◦N, 110.41◦W; D =18.0 km) inside the north-

ern smooth plains (a). This a rim-completely-exposed crater. Two partially buried craters

(82.59◦N, 85.82◦W; D =21.3 km; 83.15◦N, 75.88◦W; D =14.5 km) at the smooth plains-

heavily cratered terrain boundary (b). The one in the center is a rim-completely-exposed

crater, and the one on the lower right is a rim-partially-exposed crater. These two craters

are taken from Ostrach et al. (2015).

inside the northern smooth plains, on which a wrinkle ridge formed later. Along the

smooth plains-heavily cratered terrain boundaries in Figure 1.10b, there are one rim-

completely-exposed crater and one rim-partially-exposed crater of which part of the

rim was breached by lavas. For a partially buried crater, the lava flow thickness can

be obtained from the difference between the total rim height and the exposed rim

height. For a completely buried crater, the lower limit of the lava flow thickness is

given by the total rim height. Head et al. (2011) identified completely buried craters

within the northern smooth plain of Mercury using the MESSENGER/Mercury Dual

Imaging System (MDIS) images, and the presence of completely buried craters with

diameters greater than 100 km indicates that the lava flow thickness is at least

1–2 km. Later, as more images were acquired by MESSENGER/MDIS, Ostrach

et al. (2015) did a more complete search on the partially and completely buried

craters within the northern smooth plains, and then estimated surrounding lava

flow thicknesses based on the crater rim height. For the completely buried craters

with diameters of 25–157 km, the initial crater rim heights were estimated to be

0.7–1.8 km, which provides lower limits for lava flow thicknesses in these regions.

For the partially buried craters with diameters of 8–157 km, the initial crater rim
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viscosity, Young’s modulus, and Poisson’s ratio of the lava flow), making it difficult

to use this model for lava flow thickness inversion.

1.3.3 Crater Degradation on the Moon

A AB

B BC C

Figure 1.12: Examples of craters with different degradation states on the Moon. From

Class A to D, craters are getting older and older (Basilevsky, 1976).

Using telescope observations, it has long been recognized that impact craters

on the Moon degrade with time (e.g., Baldwin (1949), Pohn and Offield (1970),

Basilevsky (1976)). Based on the morphorlogical characteristics of the inner wall,

rim crest, and ejecta deposits, several criteria were proposed to categorize lunar

craters into different degradation states in a qualitative way. As an example, Figure

1.12 shows how craters degrade with time. For the freshest crater A, the surface

slope is large and the crater rim is sharp. The debris flow and fresh boulders are

clearly visible on the inner wall and crater ejecta. For the fresh crater AB, the slope

of the surface is still very large whereas the crater rim is a little bit subdued. A few

boulders are still visible on the crater wall and ejecta. For the crater B with the

intermediate state, the slope becomes smaller and the crater rim is subdued. We

can hardly see any rocks on the surface. For the older crater BC, the surface slope is

even much smaller, the edge is highly subdued, and the surface rocks are not visible
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any more. For the oldest crater C, it has a gentle surface relief, the crater rim is

almost invisible, and the surface rocks are not discernible (Basilevsky, 1976).
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Figure 1.13: The temporal evolution of crater shape for craters with diameters of 300 m

(a) and 1 km (b) at different degradation states (Fassett and Thomson, 2014). These are

model calculations based on using a topographic diffusion model and assumed diffusivity-

time products of 25, 5750, 8750, 11275, 13500, 14975, and 16450 m2.

A major breakthrough in the theoretical modeling of the crater degradation

process was achieved by using the classical diffusion equation (e.g., Culling (1960),

Culling (1963), Soderblom (1970)), and recent efforts have been made to improve

this model with improved knowledge of lunar crater morphology and high-quality

topography datasets of the Moon (e.g., Richardson (2009), Fassett and Thomson

(2014), Xie and Zhu (2016), and Minton et al. (2019)). It can now be concluded

that the topographic degradation of lunar craters is mainly controlled by a com-

bination of diffusive and non-diffusive processes. Micrometeoroid bombardments,

thermal expansion and contraction, and seismic shaking are usually thought to be

representative of a diffusive process, whereas mass-wasting events on steep slopes,

and deposition of charged dust particles are considered as non-diffusive processes

(Fassett and Thomson, 2014). Although the emplacement of ejecta from nearby

craters was thought to be a non-diffusive process by Fassett and Thomson (2014),

Minton et al. (2019) pointed out that this could be a diffusive process for small

lunar mare craters. We note that during daytime part of the crater is illuminated

by the sunlight and the other part is in the shadowed region. However, when we

extracted the elevation profile of a crater, we actually took the azimuthal averages.

Therefore, the illumination condition should not have any significant effect on our

degradation model. We also note that although the thermal expansion and contrac-
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than that on the Moon.

1.4 Objectives and Outlines

In this thesis, an improved method was developed for estimating the thickness

of the lava flows on the Moon and Mercury based on the elevation profile of partially

buried impact craters. By applying topographic diffusion theory, the evolution of

a partially buried crater can be modeled through time, both before and after the

emplacement of the lava flows. The modeled final elevation profile depends on the

initial crater topographic profile, the lava flow thickness, the time durations between

crater formation, flooding and the present, and the topographic diffusivity. By com-

paring the observed profile with a series of modeled profiles, the lava flow thickness

can be estimated at the location of the partially buried crater. Our study improves

upon previous works in several ways. First, the previous databases of partially

buried craters were constructed several decades ago (De Hon and Waskom, 1976;

De Hon, 1979b), and new remote sensing data with unprecedented spatial resolu-

tion and quality have since been acquired. Second, crater degradation modeling has

been improved through the years (Fassett and Thomson, 2014), and high precision

digital elevation models allow us to better characterize the morphology of both fresh

and degraded impact craters. Third, based on the best-fitting parameters from the

degradation model, we are able to investigate how the topographic diffusivity varies

with both time and crater size.

The structure of this paper is organized as follows. First, in Chapter 2 all the

remote sensing datasets and the derived data products that will be employed in

this study are presented, the identification criteria of partially buried craters will

be given, and the lava flow thickness estimation method will be described. Then, in

Chapter 3 the procedures to derive the initial elevation profiles for fresh craters are

presented. As a by-product, the crater morphometric parameters are also analyzed.

Next, in Chapter 4 we describe our results for the thickness of mare basaltic lavas on

the Moon, followed by analyses of their spatial and statistical characteristics. In this

chapter, our results are also compared with those derived using other techniques,

the cumulative volume and eruption rate of lava flows are then described, and the

scale dependence of the crater degradation process is investigated. In Chapter 5,

we present similar results for lava flow thicknesses on Mercury, and we also analyze
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the difference in volcanism and impact cratering between the Moon and Mercury.

Finally, we conclude in Chapter 6 by discussing several remaining issues, as well as

the outlooks for other applications of the crater degradation model.
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Chapter 2 Data and Methods

2.1 Overview

In this section, we will present the remote sensing data being used in this study

and the method we developed to estimate lava flow thicknesses (Figure 2.1). First,

we will use multiple remote sensing data to identify the partially buried craters. An

initial profile of a fresh crater will be needed for the initial condition for the crater

degradation model, and this is described in detail in Chapter 3. Based on the rim

composition (highlands or maria) we will need to decide the type of the initial profile

being used later for partially buried craters on the Moon. Finally, we will develop a

degradation model that depends upon a total of six parameters. Output from this

model is then compared with the observed topographic profile.

Meanwhile, we need to extract the elevation profile of a crater from a digital

elevation model or raw altimetry data. In doing so, we need to first remove atypical

features in the background region such as impact craters that formed after the lava

flows erupted. A radial elevation profile is then produced by azimuthally averaging

the elevations in the studied region. However, at distances far from the crater, the

elevation profile may be contaminated by geology processes unrelated to the crater

being investigated, and in these cases, we need to define a maximum range within

which the elevations are considered to be valid.

The lava flow thickness can be obtained by finding those parameters that gen-

erate a model that best fits the observation. Using the acquired best-fitting model

parameters, a better understanding of volcanism and impact cratering on the planet

will be obtained.





2 Data and Methods

2.2 Data

2.2.1 The Moon

Multiple remote sensing datasets are used in this study, which can be catego-

rized into four main classes: optical images, topographic data, surface composition,

and radar sounding observations. The first three types of data are used to iden-

tify partially buried craters over the lunar surface. The topographic data are used

to extract the radial profiles of fresh craters and partially buried craters for initial

crater profile modeling and basalt thickness estimation, respectively. The composi-

tional data are used to determine the target materials (mare/highland) over which

a partially buried crater formed, and to derive the dielectric permittivity for the

estimation of the actual depth of subsurface reflectors in radar images. The radar

sounding data are used to compare with the mare basalt thickness estimates from

partially buried craters.

The final global LROC/WAC mosaics with a spatial resolution of 100 m/pixel

are used in our study, which have been photometrically corrected with favorable

solar incidence angles of 55◦–75◦ for morphology recognition (Robinson et al., 2010;

Speyerer et al., 2011) (Figure 2.2). Previous studies suggested that at least ten

pixels are needed to identify a small lunar crater unambiguously (Fa et al., 2014;

Fassett, 2016; Robbins et al., 2014), therefore we restrict our analysis to craters

larger than 1 km in diameter.

Recent, widely-used lunar topographic datasets include the LRO/LOLA digi-

tal elevation model (Smith et al., 2010) and the SELENE/TC stereo-image derived

digital terrain model (Haruyama et al., 2012). With a vertical accuracy of 1 m and

covering the entire lunar surface, the LOLA DEM provides a geodetically accurate

global control network, and the gridded data products were produced with a nom-

inal spatial resolution of 29.6 m at the lunar equator (Smith et al., 2010). The

SELENE/TC DTM has a vertical accuracy of 10 m, covers the non-polar region

(< 60◦N/S), and has a higher spatial resolution of 10 m (Haruyama et al., 2012). To

combine the advantages of these two datasets, a SELENE-LRO merged digital ele-

vation model (SLDEM) was generated by Barker et al. (2016) by co-registering the

TC DTM to the LOLA geodetic framework. The resulting dataset covers latitudes

between 60◦N/S with a spatial resolution of 59 m and a vertical accuracy of 3–4
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Figure 2.2: The LROC/WAC mosaic used for the Moon in this study: 60◦S–60◦N (a),

60◦N–90◦N (b), and 60◦S–90◦S (c).

m (Barker et al., 2016). In this study, the SLDEM was used as the elevation data

for latitudes equatorward of 60 degrees (Figure 2.3a), and the LOLA DEM with a

spatial resolution of 60 m was used for higher latitudes (Figures 2.3b and c).

The elevation data used by De Hon in his series of studies in the late 1970s come

from three sources (De Hon, 1979b). As the first choice, he used the Lunar Topo-

graphic Orthophotomap to calculate rim heights where Apollo 15–17 mapping pho-

tographs were available. This data product consists of contours with an interval of

100 m and has an elevation uncertainty of 30–115 m (The Defense Mapping Agency,

1973). In regions beyond those imaged by the Apollo mapping cameras, the author

used the Lunar Astronautical Chart derived from Earth-based telescopic photogra-

phy or measured the shadow lengths in the Lunar Orbiter frames to extract rim

heights. The Lunar Astronautical Chart has a sparser contour interval of 300 m
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Figure 2.3: The elevation data used in this study: SLDEM for 60◦S–60◦N (a), LOLA for

60◦N–90◦N (b) and 60◦S–90◦S (c).

(Aeronautical Chart Information Center, 1973), and both derived elevations have an

uncertainty of 100 m (De Hon, 1979b). It should be noted that the above elevation

uncertainties of the LTO, LAC, and LO data are nominal values, and that the re-

sulting, measured morphometric parameters could have an uncertainty as large as

700 m in regions with significant relief (see Table 1 in Pike (1974)). In comparison

with these early topographic datasets used by De Hon, the newly acquired SLDEM

and LOLA data have much better spatial resolution (2–5 times higher), coverage

(globally covered) and accuracy (8–40 times higher). Therefore, the basalt thickness

estimates given by our study should be considered to supercede those obtained by

De Hon’s pioneering studies over four decades ago (De Hon and Waskom, 1976;

De Hon, 1979b).

Using multi-spectral data collected by the SELENE/Multiband Imager (Ohtake
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et al., 2008) and the Clementine Ultraviolet/Visible camera (Eliason et al., 1999),

FeO and TiO2 abundance maps can be calculated (Lucey et al., 2000; Otake et al.,

2012). The uncertainties of the FeO abundance are 0.8 wt.% for the MI and 1.0

wt.% for the UVVIS datasets, whereas the uncertainties for TiO2 are respectively

0.4 wt.% and 0.9 wt.%. The recently released MI mineral abundance mosaics cover

the lunar surface between 50◦N/S with a spatial resolution as high as 60 m/pixel and

include photometric corrections using surface topography (Lemelin et al., 2016). The

UVVIS composition maps have a lower spatial resolution of 200 m/pixel and are not

topographically corrected, but they have better coverage at latitudes higher than 50◦

in comparison to the MI maps (Eliason et al., 1999). Therefore, in this study we will

use the MI abundance maps for regions equatorward of 50 degrees latitude (Figures

2.4a and 2.5a) and the UVVIS composition maps at higher latitudes (Figures 2.4b

and c, and Figures 2.5b and c).

Table 2.1: A summary of the remote sensing data used in this study for the Moon.

Class Datasets Resolution Coverage Uncertainty Reference

Optical LROC/WAC 100 m/pixel Global – Speyerer et al. (2011)

Elevation SLDEM 60 m/pixel ⩽60◦N/S 4 m Barker et al. (2016)

LOLA 60 m/pixel >60◦N/S 1 m Smith et al. (2010)

TiO2 MI 60 m/pixel ⩽50◦N/S 0.8 wt.% Lemelin et al. (2016)

UVVIS 200 m/pixel >50◦N/S 1.0 wt.% Lucey et al. (2000)

FeO MI 60 m/pixel ⩽50◦N/S 0.4 wt.% Lemelin et al. (2016)

UVVIS 200 m/pixel >50◦N/S 0.9 wt.% Lucey et al. (2000)

Radar LRS Along-track: 600 m – – Kobayashi et al. (2012)

Range in vaccum: 75 m

The SELENE Lunar Radar Sounder operated at a center frequency of 5 MHz

with a bandwidth of 2 MHz, resulting in a 75-m range resolution in vacuum. After

surface clutter reduction with synthetic aperture radar (SAR) processing techniques,

the final released data have an along-track resolution of 600 m (Kobayashi et al.,

2012). The LRS data provide the received backscattered echo as a function of

time delay. The data formats include the one-dimensional A-scope plot (where the

radar echo strength at a given location is plotted against time delay), and the two-

dimensional SAR-processed image (where the radar echo strength is plotted with

the along-track distance and the time delay). To convert apparent depth, which is

the product of half the time delay and the speed of light in vacuum, to actual depth,

the vertical profile of dielectric permittivity (often assumed to be constant) for the
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Figure 2.4: FeO abundance maps used in this study: MI for 60◦S–60◦N (a), Clementine

for 60◦N–90◦N (b) and 60◦S–90◦S (c).

studied region is required.

Two derived data products are also used in this study to aid our understand-

ing of the geological context of partially buried craters. A mare basemap derived

from the monochromatic and color ratio images from the LROC/WAC and Clemen-

tine/UVVIS datasets provides the locations of regions flooded by mare basalts

(Nelson et al., 2014). The boundaries of individual basaltic units defined by the

LROC/WAC and Clementine/UVVIS data products are also used to determine the

surface unit that embayed the partially buried crater (Hiesinger et al., 2006, 2011;

Morota et al., 2009, 2011a; Pasckert et al., 2018). The absolute model age of each

unit was previously derived from the crater-counting results (Hiesinger et al., 2006,

2011; Morota et al., 2009, 2011a; Pasckert et al., 2018).

A summary of the remote sensing data used for the Moon is shown in Table
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Figure 2.5: TiO2 abundance maps used in this study: MI for 60◦S–60◦N (a), Clementine

for 60◦N–90◦N (b) and 60◦S–90◦S (c).

2.1. The data resolution, coverage, uncertainty and the corresponding reference are

given.

2.2.2 Mercury

The remote sensing datasets used for Mercury can be divided into three cat-

egories. For the surface reflectance, optical images acquired by the Mercury Dual

Imaging System camera onboard the MESSENGER spacecraft were used. For the

surface composition, a color ratio image produced by the MDIS images with multi-

ple wavelengths was used to aid our understanding of the geological context of the

region. For the surface topography, the elevations measured by the Mercury Laser

Altimeter onboard the MESSENGER spacecraft were used to extract the elevation
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profiles of both fresh and partially buried craters.
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Figure 2.6: The MDIS mosaic used in this study (45◦N–90◦N).

The final released MESSENGER/MDIS global mosaics were produced with a

spatial resolution of 166 m/pixel. The data products have four separate versions

with different incidence angles: moderate incidence angle, low incidence angle, east

illumination, and west illumination, and the one with moderate incidence angle is

shown in Figure 2.6 (Denevi et al., 2016). Images with moderate incidence angle

(about 74◦ with respect to the surface normal) highlight the surface morphological

structures, those with low incidence angle feature the reflectance variations, and

those with east and illumination conditions (usually with high incidence angles)

are helpful when identifying structures with large relief such as craters and wrinkle

ridges. Considering that images with different viewing geometries (thus different

light and shadow contrasts) can provide complementary information on the recogni-

tion of surface features, all of these four versions of global mosaics are used in this

study.
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Figure 2.7: The MLA elevation data used in this study (45◦N–90◦N). This is an interpo-

lated DEM.

The topography of the surface of Mercury has been acquired by the Mercury

Laser Altimeter and the MESSENGER Dual Imaging System stereo images. The

MESSENGER spacecraft observed the surface of Mercury along a highly elliptical

orbit with a periapsis of 200 to 400 km and an apoapsis of 15,000 km, and only

the northern hemisphere has densely distributed laser footprints of MLA (Sun and

Neumann, 2015). The resulting, interpolated DEM is presented in Figure 2.7. The

MLA transmits eight pulses per second at the wavelength of 1064 nm with a width

of 6 ns. The size of the footprint is 15–100 m in diameter, and the gap between two

adjacent nadir points is roughly 400 m (Zuber et al., 2012). The returned signal is

sent to three matching filters. The first matching filter is designed for flat surfaces,

so the impulse response is set to 8.5 ns, which is close to the transmitted pulse

width. The convolved signal with this filter is sent to two threshold discriminators

(high and low), which have range biases of 3.57 m and 4.64 m and are designated

as channel IDs 0 and 1. The second matching filter is designed for surfaces with

moderate roughness, and the impulse response is set to 63 ns, which is larger than

the transmitted pulse width. The convolved signal with this filter is sent to one
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low-threshold discriminator, which has a range bias of 16.04 m and is designated

as channel ID 2. The third matching filter is designed for surfaces with large topo-

graphic relief, and the impulse response is set to 283 ns, which is much larger than

the transmitted pulse width. The convolved signal with this filter is sent to another

one low-threshold discriminator, which has a range bias of 52.91 m

and is designated as channel ID 4. As a result, once a signal is transmitted, mul-

tiple pulses with different time delays may be detected by the receiver, and hence

multiple elevations may be deduced. The above mentioned parameters (e.g., sur-

face elevations, mission elapsed time, longitude and latitude of the nadir point, and

channel ID) were recorded in the MLA Reduced Data Records (RDR). The MLA

gridded DEM records (MLA GDR) were produced by interpolating the RDR data

with a spatial resolution of 250 m/pixel, covering the > 55◦N region (Becker et al.,

2016; Neumann et al., 2016).

The MDIS-derived DTM data were produced with a spatial resolution of 665

m/pixel and a global coverage. The offset between the MDIS-derived DTM and the

MLA GDR can be as large as 1.0 km in the northern hemisphere, possibly due to

the changes in camera focal length of MDIS arising from the complicated thermal

environment experienced by the spacecraft that orbits Mercury (Neumann et al.,

2016). We notice that, no matter the MDIS-derived DTM or the MLA GDR is used

as the elevation data, this 1-km offset is unimportant as the crater degradation is

controlled by the relative elevation difference (i.e., slope) instead of the absolute

value of the elevation.

We next compared the elevation data and profiles derived from MLA RDR,

MLA GDR and MDIS DTM for a given crater (51.88◦N, 54.26◦W; D=29.6 km)

(Figure 2.8). The spatial distribution of the channel ID, the measured elevations as

a function of radial distance, and the spatial distribution of the measured elevations

are respectively shown in Figures 2.8a, b and c. The two-dimensional MLA GDR

and MDIS DTM are presented in Figures 2.8d and e. The azimuthally averaged

elevation profiles extracted from MLA RDR, MLA GDR and MDIS DTM are plotted

in Figure 2.8f. When comparing the MLA RDR data with the MLA GDR data, we

found that (1) there are lots of artificial stripes in the MLA GDR map that result

from the interpolation processing, and that (2) the two data are offset by roughly

600 m due to the fact that the MLA RDR assumed a reference radius of 2439.4 km
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Figure 2.8: An example illustrating the differences between the RDR, GDR and MDIS

elevation datasets. A typical partially buried crater (D=29.6 km) is shown here. In (a),

the red, green and blue dots denote the nadir points of the MLA with channel IDs equal

to 0, 1, and 2, respectively, overlain on a MDIS image. In (b), the elevation is shown

as a function of the radial distance from the crater center. In (c–e), the two-dimensional

elevations measured by MLA RDR, MLA GDR and MDIS DTM are plotted, respectively.

The black fans show the region where the elevations were extracted for the elevation profile

of the partially buried crater. In (f), the azimuthally averaged radial profiles extracted

from the MLA RDR, MLA GDR and MDIS DTM are plotted.

38



2 Data and Methods

for Mercury whereas the MLA GDR used a value of 2440.0 km. When comparing

the MLA RDR data with the MDIS DTM data, a systematic offset of 600 m also

exsits, but more importantly, the topographic relief in the MDIS DTM data has

been significantly suppressed.

As seen from the comparison above, the MLA RDR have a much better per-

formance in preserving the original surface topography, and therefore in this study

we decided to use the MLA RDR data to calculate the radial elevation profile. We

took the following steps to do so: (1) we imported the MLA RDR data in a table

form, and ranked all the records by mission elapsed time (in seconds); (2) if multiple

records have the same mission elapsed time, we sorted them by pulse number; (3)

if multiple records have the same pulse number, we ranked them by channel ID; (4)

finally, we only used the data record with the lowest channel ID as it has the small-

est range bias (for example, if one transmitted pulse returns three channel IDs=0,

2 and 4, we will only use the record with channel ID=0). It should be noted that,

however, most of the data records have channel IDs equal to 0 or 1, and that in

practice, measurements with channel ID equal to 4 are usually unreliable. Using the

studied region in Figure 2.8 as an example, channel IDs with 0 and 1 account for

over 95% of the total measurements.

As we do not have any samples from Mercury, it is difficult to construct a quan-

titative relationship between mineral content and its surface reflectance. Currently,

we use a RGB composite map produced by the MDIS multi-band images to qual-

itatively divide the surface of Mercury into different regions (Figure 2.9) (Denevi

et al., 2016). This was done by implementing a principle component analysis (PCA)

on the MDIS images at 430, 750 and 1000 nm, and assigning red, green, and blue

to the second component, the first component, and the 430 nm to 1000 nm ratio.

The resulting image product covers the entire the surface of Mercury with a spatial

resolution of 665 m/pixel. Note that this mosaic was created to emphasize color

differences on Mercury’s surface by simply applying a mathematical analysis, and

it is not linked to the abundance of any specific type of elements/minerals/rocks.

Nevertheless, we did notice that the smooth plains appear in yellow and the heavily

cratered terrain appears in blue. We also note that although element ratios on the

surface of Mercury acquired by the MESSENGER/X-Ray Spectrometer (XRS) can

also show spatial variation in composition, they are poor in resolution (42–3200 km)
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Figure 2.9: The false color composite map used in this study (45◦N–90◦N). Note that this

mosaic was created to emphasize color differences on Mercury’s surface by simply applying

a mathematical analysis, and it is not linked to the abundance of any specific type of

elements/minerals/rocks. Nevertheless, we did notice that the smooth plains appear in

yellow and the heavily cratered terrain appears in blue.

and thus were not used in this study (Schlemm et al., 2007).

The smooth plains on Mercury are characterized by sparsely distributed craters,

a flat surface topography, and a well-defined boundary with surrounding terrains

(Trask and Guest, 1975). Using the MDIS images, MDIS DTM and MLA GDR,

Denevi et al. (2013) mapped the boundary of the smooth plains on Mercury based

on these characteristics mentioned above. In order to date the surface of the northern

smooth plains, Ostrach et al. (2015) randomly divided the entire region into four

subregions and obtained crater-size frequency distributions for each. They found

that no matter how they divided the region, they always obtained the same surface
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age of 3.7 Gyr for all the subregions. Therefore, the last episode of volcanism within

the northern smooth plains must have taken place at 3.7 Ga and have flooded

the entire region. Ostrach et al. (2015) also found that in some cases a larger

completely buried crater is surrounded by many much smaller completely buried

craters, indicating that multiple phases of volcanic eruption must have occurred in

the region. However, the authors did not find a deflection point in the obtained

crater-size frequency distributions, which suggests that the temporal gap between

two successive phases must be short.

A summary of the remote sensing data used for Mercury is shown in Table

2.2. The data resolution, coverage, uncertainty and the corresponding reference are

given.

Table 2.2: A summary of the remote sensing data used in this study for Mercury.

Class Datasets Resolution Coverage Uncertainty Reference

Optical MDIS 166 m/pixel Global – Denevi et al. (2016)

Elevation MLA RDR Along track: 400 m >45◦ 3–5 m Sun and Neumann (2015)

Composition MDIS 665 m/pixel Global – Denevi et al. (2016)

2.3 Identification of Partially Buried Craters

On the Moon, partially buried craters are those whose crater ejecta are partially

covered by lava flows whereas the crater rim is partially protruding above the sur-

rounding lavas (De Hon, 1974). By this definition, two criteria are proposed for the

identification of a partially buried crater: (1) the transition between crater ejecta

and post-impact lava flows should be abrupt and well-defined, and (2) the extent

of the exposed proximal ejecta should be smaller than one crater radius. The first

criterion is a result of the fact that ejecta deposits grade smoothly from continuous

to discontinuous deposits. Lava flows that embay the crater simply truncate the

preexisting ejecta. The second criterion is a result of the fact that continuous ejecta

of unburied lunar craters usually extend about one crater radius from the crater rim

(Moore et al., 1974).
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Figure 2.10: Examples of a typical partially buried crater Brayley (D=14.6 km) and

a normal, unburied crater Rosse (D=11.9 km) on the Moon. LROC/WAC reflectance,

SELENE/MI derived TiO2 content, and SLDEM elevation maps for Brayley (a–c) and

Rosse (d–f) are shown in the top, middle, and bottom rows, respectively. The right

column plots selected individual radial profiles (AB and CD) of reflectance (g), and the

azimuthally averaged radial profiles of TiO2 content (h) and elevation (i), for Brayley

(solid black lines) and Rosse (solid red lines). In (a–f), the red stars denote the locations

of crater centers. In (b), (c), (e) and (f), the solid black lines give the boundaries where

the azimuthally averaged radial profiles were extracted. In (a–c), the white and black

arrows indicate the boundaries of the crater ejecta. In (c) and (f), the white boxes are

areas excluded when calculating elevation profiles. In (g–i), the black and red arrows point

to the manually identified ejecta boundaries for Brayley and Rosse, respectively, and the

solid blue lines denote the crater radius and the predicted continuous ejecta radius for

unburied crater ejecta. All the profiles are plotted with the radial distance normalized by

crater radius, and the elevation profile is plotted with the vertical elevation normalized by

crater diameter. The rim crest elevation of Brayley was set to be 0, and the crater profile

of Rosse was shifted vertically to have the same rim crest elevation as Brayley.
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Evidence for these two diagnostic characteristics can be found easily in the

reflectance, composition, and elevation maps of impact craters. As an example, in

Figure 2.10, the partially buried crater Brayley (20.89◦N, 36.93◦W; D=14.6 km)

and the unburied crater Rosse (17.95◦S, 34.99◦E; D=11.9 km) are selected here for

a detailed comparison. Both craters are simple craters with a bowl shape and a

similar size. The ejecta boundary of Brayley is seen to have an abrupt boundary

in the reflectance, TiO2 content, and elevation data (arrows in Figures 2.10a–c). In

contrast, the crater ejecta of Rosse gradually degrade to the background terrain,

and the ejecta boundary is not well defined (Figures 2.10d–f). The ejecta radii of

Brayley (black) and Rosse (red) were obtained by using the abrupt changes in the

reflectance, TiO2 content, and elevation radial profiles (Figures 2.10g–i). For the

crater Brayley, the radial profiles reach the background level at about 1.4 times the

crater radius (black arrows), whereas for the crater Rosse, the ejecta boundaries

(red arrows) are difficult to determine but are with no doubt larger than those of

Brayley.

Because the crater diameters of Brayley and Rosse are similar, a comparison of

the exposed rim heights derived from the elevation profiles can provide additional

evidence on the burial of Brayley’s ejecta by lava flows (Figure 2.10i). In this study,

the azimuthally averaged radial profile of the crater is used to calculate its rim

height, which is defined as the elevation difference between the rim crest and the

background terrain as averaged within 2.5–3 crater radii from the crater center. The

exposed rim height of Brayley is estimated to be 415 m, in comparison with 512 m

for Rosse. Since Brayley is about 2.7 km larger and also appears morphologically

younger (shaper rim crest and more prominent streaks of fresh boulders in the crater

inner wall) than Rosse, the most likely explanation for the smaller exposed rim height

of Brayley is the emplacement of lava flows exterior to the crater rim.

For partially buried craters on Mercury, the identification criteria are almost

the same, except that the continuous ejecta extent is usually 0.8 times the crater

radius (Gault et al., 1975). In Figure 2.11, we present a typical partially buried

crater (54.26◦N, 51.98◦E; D=29.6 km) and an unburied crater (82.64◦N, 42.73◦W;

D=26.7 km). For the partially buried crater, we found a clear, well-defined boundary

between the crater ejecta and surrounding lava flows (Figures 2.11a and b). For the

unburied crater, the ejecta blanket has a diffusive, continuous transition to the
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Figure 2.11: Examples of a typical partially buried crater (D=29.6 km) and a normal,

unburied crater (D=26.7 km) on Mercury. MDIS reflectance, MDIS RGB color composite,

and MLA elevation maps for the partially buried crater (a–c) and the unburied crater (d–f)

are shown in the top, middle, and bottom rows, respectively. In (a–f), the red stars denote

the locations of crater centers. In (a) and (b), the white arrows indicate the boundaries of

the exposed crater ejecta. In (c) and (f), the solid black lines give the boundaries where

the azimuthally averaged radial profiles were extracted.
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background region and does not have a clear boundary (Figures 2.11d and e). Con-

sidering the facts that the optical and color ratio images are poor in spatial resolution

and that a large shadow region exists inside the high-latitude unburied crater, we

did not produce azimuthally averaged radial profiles for the surface reflectance and

composition. Nevertheless, the azimuthally averaged elevation profiles can still be

extracted from the MLA RDR data for these two craters. By looking for the abrupt

change in slope along the radial profile, the ejecta boundary of the partially buried

crater was found at about 1.25 times the crater radius (black arrow), which is with

no doubt smaller than that of the unburied crater at about 2.05 times the crater

radius (red arrow) (Figure 2.12).
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Figure 2.12: Azimuthally averaged elevation profiles for the partially buried crater

(D=29.6 km) (black) and the unburied crater (D=26.7 km) (red) shown in Figure 2.11.

The black and red arrows point to the manually identified ejecta boundaries for the two

craters, and the solid blue lines denote the crater radius and the predicted continuous

ejecta radius for an unburied crater. The elevation profiles are plotted with the radial

distance normalized by crater radius and with the vertical elevation normalized by crater

diameter. The rim crest elevation of the partially buried crater was set to be 0, and

the crater profile of the unburied crater was shifted vertically to have the same rim crest

elevation as the partially buried crater.

In addition, we can find that the exposed rim height of the partially buried

crater is 286 m, which is much smaller than that of the unburied crater with a value

of 801 m. Considering the fact that the partially buried crater is larger than the

unburied crater in size by ∼3 km, we infer that the smaller exposed rim height of
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the partially buried crater is due to the burial of lava flows.

2.4 Lava Flow Thickness Estimation Method

2.4.1 Model Descriptions

Given an initial crater profile, we can make use of a topographic degradation

model to determine how the profile varies with time. Micrometeoroid bombardment

is thought to be one of the major processes that degrade craters. It can be modeled

as a diffusive process, where ejecta that are newly excavated by small craters trigger

downslope movement under the influence of gravity. Other processes, such as seismic

shaking and ejecta fragment emplacement, can also be modeled as diffusive processes

and may be more important for craters on asteroids and small craters on the lunar

maria (Minton et al., 2019; Richardson et al., 2005). The topographic diffusion

model assumes that the volume flux on a sloped surface is proportional to the

topographic gradient, as shown below (Culling, 1960):

−→q = −κ · ∇H (2.1)

where κ is topographic diffusivity, H is elevation, ∇ denotes gradient.

Based on the mass conservation law, we can then obtain that (details can be

found in Culling (1960)):
∂H

∂t
= −∇ ·

−→q (2.2)

Based on Equations 2.1 and 2.2, the topographic diffusion equation can be

deduced as (Culling, 1960):
∂H

∂t
= κ∇2H (2.3)

Equation 2.3 is a diffusion equation widely used in thermal physics, and in the

cylindrical coorodinate it can be written as:

∂H

∂t
= κ(

∂2H

∂r2
+

1

r

∂H

∂r
) (2.4)

We can then separate H(r, t) as H(r, t) = R(r)T (t) where r is radial distance

and t is time, and rewrite the diffusion equation:

1

R
(
d2R

dr2
+

1

r

dR

dr
) =

1

a2T

dT

dt
(2.5)
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The solution of R(r) is R(r) = J0(µr/L), where J0 is the Bessel function of the

first kind and zeroth order. The boundary condition requires that R(L)=0 where L

is the maximum value of r, so it yields J0(µ) = 0 where there is an infinite number

of constants µk. Then, for the temporal part of the solution T (t), we have

dTk

dt
+

µ2
kκ

L2
Tk = 0 (2.6)

, and it has the solution:

Tk(t) = Ak exp(−µ2
kκ/L

2t) (2.7)

Therefore, the product solution is

Hk(r, t) = AkJ0(µkr/L) exp(−µ2
kκ/L

2t) (2.8)

The total solution will be the sum of a series of Hk:

H(rnd, t) =
∞
∑

k=1

AkJ0(µkrnd) exp(−κtR−2µ2
k) (2.9)

where rnd is the radial distance from the crater center normalized by crater radius R

as the crater shape is diameter-depdendent. Ak is a coefficient that can be written

as (Duffy, 2016):

Ak = 2

∫ L

0

rndH(rnd, 0)J0(µkrnd)drnd/(L
2J2

1 (µkL)) (2.10)

where J1 is the first-order Bessel function and H(rnd, 0) is the initial crater profile.

We can then develop a method for determining the thickness of lava flows that

partially bury a crater. This method uses an initial crater topographic profile, and

crater degradation is accounted for by use of a diffusive topographic degradation

model. Topographic degradation occurs both before and after the emplacement of

the lava flows. Model parameters include the initial diameter of the crater (Dinit), the

time at which the crater formed (tc), the time when the lava flows were emplaced (tl),

the thicknesses of the lava flows exterior and interior to the crater rim (Text and Tint),

and diffusion parameters that determine the rate of the topographic degradation

between crater formation and lava emplacement (κc) and after lava emplacement

(κl). Model parameters are then determined by minimizing the root-mean-square
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difference (σ) between the modeled final topographic profile (Hfinal) and the observed

profile (Hobs):

σ =

√

√

√

√

N
∑

i=1

[

Hfinal

(

Dinit, Text, Tint, κctc, κltl, z0; i
)

−Hobs

(

i
)]2

/N (2.11)

where z0 is a vertical offset between the modeled final and the observed profiles, and

i is the ith of N points along the profile. Though we can also solve for the thickness

of the lava flows that erupted interior to a crater’s rim, this will not be discussed

further.

To obtain the final modeled profile, we need two steps of crater degradation.

Before the eruption of the lava flow, the initial condition is the topographic profile of

the newly formed, fresh crater. After the lava flow emplacement, the initial condition

is the topographic profile of the crater that was just flooded by the lava flows, and

then the present-day profile can be solved. Once the observed profile and a series of

modeled profiles are acquired, the lava flow thickness can be estimated by finding

those parameters that minimize the difference between the modeled and observed

profiles.

The first step in estimating the initial topographic profile of a partially buried

crater on the Moon is to determine whether the crater formed on a mare or highland

target. This is necessary because the initial crater profile for fresh lunar craters is

slightly different in the highlands and maria. The composition of the rim and proxi-

mal ejecta of the identified crater is used to determine the composition of the target,

and here we used the FeO content as an indicator. The FeO content of mare materi-

als is typically greater than 18 wt.%, whereas that of the highland crust is typically

less than about 10 wt.% (Heiken et al., 1991). We use the intermediate value of

14 wt.% to discriminate between the two target compositions. For Mercury, we do

need to distinguish between fresh craters that formed on the northern smooth plains

and the heavily cratered terrain, as the two have similar crater shapes (Susorney

et al., 2016).

Next, we need to extract the azimuthally averaged radial elevation profiles

of the partially buried craters. In this study, the studied region is defined as a

circle that extends three crater radii from the crater center. We first excluded

atypical topographic features (larger than half of the crater radius in dimension) in

the studied region such as small young impact craters, rilles, and faults, and then
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extracted the elevations in the remaining area. If there are too many of them, we

otherwise defined a fan-shaper region with no atypical topographic features, and

then only extracted the elevations therein. For lunar craters, the radial profiles

of craters smaller than 18 km in diameter were binned with a width of 100 m,

whereas for craters larger than 18 km in diameter, the radial profiles were binned

within 300 equally spaced annuli. For craters on Mercury, the bin width was set

to 500 m, given that the gap between two adjacent MLA nadir points is about

400 m. Finally, we defined a maximum radial range for each profile by looking for

any abrupt changes in slope that might result from either a non-flat initial surface

or post-impact modification processes. Only the elevations with radial distances

smaller than this maximum range are compared with the modeled profiles when

estimating the lava flow thickness. Among the 74 mare craters with rims completely

exposed to be studied, 11 of them have maximum radial ranges smaller than two

crater radii. Among the 21 rim completely exposed craters to be studied on Mercury,

7 of them have maximum radial ranges smaller than two crater radii.

When performing the numerical inversion for the best-fitting parameters and

uncertainties, one would ideally like to perform a global exhaustive search of the

parameter space. Given the number of free parameters and their extensive ranges,

however, this task would have been computationally prohibitive. In order to reduce

the computation time, a global optimization algorithm using the sequence quadratic

polynomial (SQP) technique (Schittkowski, 1986) was used to search for the best-

fitting model parameters in the six-dimensional parameter space. This method uses

a series of quadratic polynomial functions to approximate the nonlinear objective

function, and the global optimal solution is found by searching along the direction

with the largest gradient in the model parameter space. In this study, the Global

Optimization Toolbox in MATLAB (MATLAB Documentation, 2017) was used to

solve this optimization problem. In our lunar study, the standard error of the crater

profiles selected for inversion varies from 1 to 6 m with a median value of 3 m. As

the maximum tolerable RMS misfit for the objective function should be close to this

value, it is then set to 5 m in this study. Once the objective function is below this

value, the search for the global minimum stops. If not, the search continuous until

the maximum iteration number is reached, which is set to 50 in this study.

We tested the applicability of this optimization algorithm in two different ways.
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First, we conducted a forward simulation of a 3-Gyr-old, 10-km-diameter lunar mare

crater that was embayed by basalt flow with an assumed thickness of 43 m, and then

ran the global optimization toolbox to search for the basalt thickness. The result

shows that the obtained basalt thickness differs only by 1 m with respect to the true

value. Second, we varied the number of starting points used to initialize the opti-

mization in the toolbox where each starting point consists of initial guesses for the

six parameters in Equation 2.11. We increased the number of starting points from 20

to 100, and set the initial values to be uniformly distributed in the parameter space.

We found that, although different starting points gave slightly different results, the

final results were all within the uncertainties obtained from our numerical inver-

sion, as described below. Therefore, we can conclude that this global optimization

toolbox converges adequately to the global minimum.

2.4.2 Model Setup

First, we need to clarify that we used the products of diffusivity and time

between crater formation and lava flow emplacement Kc = κctc and after lava flow

emplacement Kl = κltl as model parameters, instead of only using diffusivity or time

alone. This is because the product of the two completely determines the topographic

degradation, and we have few constraints on either the ages or diffusivities. For

simplicity, and with no impact on our determination of the thickness of the lava

flow exterior to the crater, we assume that any lava flows interior to the crater

rim were emplaced at the same time as those exterior to the rim. There could

be lava flows in the crater interior (with no breaches on the crater rim) because

there are fractures created under the crater floor during the formation of the crater.

As a result, these fractures result in favourable stress conditions for the ascent of

the magmas, making them easier to reach the crater floor. Besides, there could

be multiple basaltic flows that were emplaced on top of the crater ejecta, but can

not be traced because all the subsurface basaltic units were buried by the surface

basaltic layer. Therefore, we assumed that they were emplaced at the same time in

order to reduce the number of parameters and thus simplify our inversion model.

Nevertheless, this assumption does not affect our estimated basalt thickness in any

significant manner.

Our estimation method quantifies the misfit between the observed and modeled
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profiles as a function of six model parameters. We first introduce how we param-

eterize them for partially buried craters on the Moon. The initial crater diameter

(Dinit) must be smaller than the final diameter (Df), and we investigated a range

from 0.6Df to Df with a step size of 0.1 km. The exterior lava flow thickness (Text)

must be less than the initial rim height (hr), so we investigated values from 0 to

hr with a step size of 1 m. The interior lava flow thickness needs to be less than

the depth of the crater floor below the rim crest (dcf), and we investigated values

up until this value with an interval of 1 m. The topographic profile of a partially

buried crater was initially shifted to a vertical position where the background (2.5 to

3 crater radii) elevation is 0, and later the vertical offset parameter z0 was allowed

to vary from the lowest elevation (hr–dcf) to the highest elevation (hr) along the

profile with a step size of 1 m. The upper limit of the product of diffusivity and

time after crater formation (Kmax = Kc +Kl) is more difficult to constrain a priori.

Nevertheless, it was suggested that the diffusivity could be expressed as the product

of the diffusivity at a reference scale (e.g., 1 km) and the crater diameter to the

power of about 1 (Xie et al., 2017). In our simulations, Kmax for crater formation

was assumed to be equal to 5.5×3900×Df m2 where 5.5 m2/Myr is a reference diffu-

sivity for a 1 km crater (Fassett and Thomson, 2014) and 3900 Myr is an upper limit

for the crater age in our study (Stöffler and Ryder, 2001). We used a step size of 500

m2 for the diffusivity-time product. After performing our simulations, we checked

to ensure that our chosen maximum value for the product did not correspond to the

best-fitting value, and that the maximum value was sufficient to obtain an error bar

for the diffusivity-time product.

For Mercury, the model setup is almost the same as the Moon, except for the

parameter Kmax. We multiplied the lunar Kmax value by a factor of five for Mercury,

as studies have shown that the topographic diffusivity on Mercury could be twice

the strength of that on the Moon (Fassett et al., 2017) and that the heavily cratered

terrain may have an age of 4.0–4.1 Gyr (Marchi et al., 2013). Nevertheless, we have

checked the inversion results to make sure that this model setup has allowed us to

fully explore the parameter space.

Two of the outputs from the lava flow thickness estimation model are the best-

fitting products of diffusivity and time before (Kc = κctc) and after (Kl = κltl) the

emplacement of lava flows. If an age for the lava flow can be obtained, such as from
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crater counting, then it would be possible to determine the absolute value of the

topographic diffusivity. In particular, the average diffusivity since the eruption of

the lava flow is given by κl = Kl/tl. Furthermore, if we assume that the diffusivity

was constant at all time (κc = κl), then we can estimate when the crater formed

(tc = (Kc +Kl)/κl).

2.4.3 Uncertainty Analyses
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Figure 2.13: The initial profiles considering the uncertainty in initial rim height. The red

profile corresponds to the best fitting initial rim height, and the blue and black profiles

correspond to the best fitting initial rim height plus and minus one root-mean-square

misfit.

The largest source of uncertainty in our numerical inversions is by far related to

the natural variability of the rim height of the initial fresh crater. We first quantified

this by performing three inversions: one using the nominal initial topographic profile

for fresh craters, and two using initial topographic profiles where the rim height was

modified by the ±σ natural variability as quantified in Table 3.7 for the Moon and

Table 3.15 for Mercury. The best-fitting model parameters for these three cases were

obtained using the procedure described above. Not surprisingly, the thickness of the

lava flow exterior to the
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Figure 2.14: The three inversion results (a, c, and e) and the corresponding unvcertaty

ranges of lava flow thicknesses (b, d, and f). The first row corresponds to the best fitting

initial rim height, and the second and third rows correspond to the best fitting initial rim

height plus and minus one root-mean-square misfit.
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crater for the two modified initial crater profiles differs with respect to that for the

nominal profile by the uncertainty in the initial rim height. An example is shown

here with an initial diameter of 45.2 km. The best fitting initial rim height thus

is 1168 m (red), and the root-mean-square misfit of the initial rim height-crater

diameter relation is 286 m, so another two initial profiles with initial rim heights of

1454 (blue) and 882 (black) m are generated (Figure 2.13). Figures 2.14a, c and e

then show the three inversion results, and the corresponding lava flow thicknesses

obtained using three different initial profiles are 455, 783, and 218 m.

After obtaining the best-fitting parameters for the three initial topographic

profiles, for each case we next used a simplified one-dimensional search to determine

the uncertainties of the six model parameters. With the model parameters set to

the best-fitting values, the misfit was calculated by varying a single parameter.

The 1-σ limits of this parameter were then defined as those values that could fit

the observations to within a maximum allowable misfit. This maximum allowable

misfit was defined as the global minimum found by the optimization toolbox plus

the average standard error of the observed elevation profile. The standard error

here is an estimate of how uncertain the mean elevation of the observed profile is

at each radial distance. On the Moon, the average standard error of the entire

elevation profile of the selected 41 partially buried craters ranges from 1 to 6 m

with a mean value of 3 m. On Mercury, the average standard error of 21 partially

buried craters ranges from 1 to 37 m with a mean value of 11 m. The standard

error of the elevation profile on Mercury is much larger than that on the Moon,

simply as a result of the fact that we used more preliminary MLA RDR data for

Mercury and interpolated, smoothed SLDEM data for the Moon. We note that this

technique for determining the limits of the parameters does not consider correlations

with the other five parameters: quantifying such correlations by computing the full

six-dimensional misfit function would be computationally demanding.

We apply this technique to the three inversion results mentioned above. As a

result, we obtain three different uncertainty ranges: 444–470 m, 770–797 m, and

208–228 m (Figures 2.14b, d, and f). Finally, we define the 1-σ limits for each

parameter as the maximum and minimum 1-σ limits of the three inversions using

the three separate initial crater profiles, which is 208–797 m.
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Chapter 3 Initial Shape Modeling of Fresh Craters

3.1 Method Overview

Before solving the topographic diffusion equation (Equation 2.3), we require

an initial condition, which is, for the topographic degradation model, the elevation

profile of a fresh impact crater. For modeling of initial crater shape on the Moon,

previous studies have investigated simple mare craters (0.8 ⩽ D ⩽ 5 km) (Fassett

and Thomson, 2014) and complex highland craters (20 ⩽ D ⩽ 166 km) (Xie and

Zhu, 2016), whereas our partially buried craters cover a diameter range of 1.5 to

130 km and formed on both mare and highland crust. For modeling of initial crater

shapes on Mercury, there are no previous studies we can refer to. Therefore, we need

to develop a more complete series of initial crater topographic profiles for craters

on the Moon, and a brand new initial crater shape model for craters on Mercury

(Figure 3.1).

For lunar craters, we first choose optical rayed craters as crater candidates

(Werner and Medvedev, 2010). Conceptually, the craters are divided into six classes:

simple (1 ⩽ D ⩽ 15 km), transitional (15 < D ⩽ 20 km), and complex (D > 20

km) craters over maria and highlands, as the crater shape changes with both crater

diameter and target type (Melosh, 1989). Then, we need to remove the atypical

features (e.g, crater/basin rims, wrinkle ridges, and large nearby craters) in the

background before extracting the elevations from there, as they would otherwise

result in a non-flat elevation profile. But even so, the resulting azimuthally averaged

radial profile may not be flat in the background, and in this case, we need to define a

maximum range within which the elevations are considered to be representative and

valid. Next, for craters within the three diameter regimes, different strategies are

taken to produce the radial elevation profile: for simple craters, the elevation profile

is directly fitted in a normalized coordinate; for transitional and complex craters,

we first derive the morphometric parameter-crater diameter relation, then retrieve
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and well-preserved ejecta blanket and Class 4 craters have well-preserved ejecta

blanket without emanating rays, and therefore they were thought to be young and

fresh (Figure 3.3). In this study, we will focus on Class 4 and Class 5 craters, which

has a total number of 126 and a diameter range of 8–130 km.

Figure 3.3: Spatial distribution of fresh craters on Mercury (Susorney et al., 2016). The

basemap is the MLA GDR. The red, purple and green squares denote Class 3, Class 4 and

Class 5 craters. The triangles are complex craters, and the squares are simple craters.

3.2.2 Preprocessing

Since multiple remote sensing datasets of the Moon are used, co-registration

between different datasets should be considered first. For example, the SLDEM

shares the same ground control network with the LOLA data (Barker et al., 2016),

the WAC images use a WAC-derived digital terrain model in non-polar regions

and the LOLA DEM in polar regions for geo-registration (Speyerer et al., 2011),

and the Clementine 750 nm images are mapped using the Unified Lunar Control

Network 2005 (ULCN2005) (Hare et al., 2008). In Werner and Medvedev (2010),

the center coordinate and diameter of optical rayed craters were originally identified
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3 Initial Shape Modeling of Fresh Craters

and recorded based on the Clementine basemap. For small craters with diameters

less than 2 km (N = 540), the mis-registration between the Clementine data and

the SLDEM and LOLA data can be as large as 5 km.

The same issue also exists on Mercury, and becomes more serious as Mercury’s

data are much worse in data quality and spatial resolution. The center coordinate

and diameter of the fresh craters identified by Susorney et al. (2016) were deter-

mined based on the MDIS mosaics, whereas we will use the MLA RDR data when

extracting the elevation profile. For all the selected crater candidates, we then com-

pared their crater center coordinates given by the MDIS and MLA RDR data, and

we found a significant mis-registration between them, which can be as large as 10

km and exists for the entire crater diameter range.

Considering that the fresh craters were identified using optical images and that

the elevation profiles will be produced using elevation data for both the Moon and

Mercury, we apply the same strategy to co-register the optical images with the

elevation data (in the form of interpolated DEM) on the two bodies. First, we will

find the fresh crater in the optical image based on the provided coordinate. Next,

based on the provided center coordinate of the crater as well as the projection and

resolution information of the elevation data, we can obtain a rough estimate on the

crater center coordinate in the elevation data. By comparing the interpolated DEM

with the corresponding optical image, finally we can pinpoint the crater, and the

crater center coordinate will only be determined and recorded based on the DEM.

When extracting the radial profile of an impact crater, another issue that has

not been considered in previous studies is the contamination from other unrelated

geologic features such as nearby craters, rilles, and wrinkle ridges. This is of great

importance in our study, since the rim height used later depends on the elevation of

background terrain (defined as the average elevation from 2.5 to 3 times the crater

radius) where the topographic relief should be small. This background atypical fea-

ture removal can be easily done by either masking out the atypical geologic features

if they are small, or only extracting the elevation in several fan-shaped regions that

exclude atypical geologic features. However, if the crater formed on top of these

atypical geologic features, then they will be discarded.

The radial elevation profiles will be produced by azimuthally averaging the

elevations in a circular region with radial distance less than three crater radii from
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the crater center. On the Moon, considering the data resolution of SLDEM and

LOLA (both ∼60 m/pixel), the radial profiles of craters smaller than 18 km in

diameter were binned with a width of 100 m. For craters larger than 18 km in

diameter, the radial profiles were binned with 300 equidistant intervals (which for

our craters correspond from 90 to 700 meters). For craters on Mercury, the bin

width was set to 500 m, given that the gap between two adjacent MLA nadir points

is about 400 m.

Sometimes even if these atypical features have been excluded, the background

region might still have large variations in relief. In this case, we had no choice but

to manually define a maximum fitting range in the background region where the

topographic relief is considered to be small. Later, only the elevations with radial

distances smaller than this maximum range were used for study. In the end, the

spatial distributions and azimuthally averaged elevation profiles of the selected fresh

craters on the Moon and Mercury are presented in Figures 3.4–3.7. Note that for

the elevations profiles, the vertical elevation is normalized by crater diameter, and

the lateral distance is normalized by crater radius.

−180˚ −150˚ −120˚ −90˚ −60˚ −30˚ 0˚ 30˚ 60˚ 90˚ 120˚ 150˚ 180˚
−90˚
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Simple Transitional Complex 1 km 10 km 20 km 50 km 100 km

Figure 3.4: Spatial distribution of simple (red), transitional (green), and complex (blue)

fresh craters used to construct the initial shape model for lunar craters. The lunar maria

basemap (black) is from Nelson et al. (2014), and the basaltic unit boundaries (white) are

from a compilation of previous studies (Hiesinger et al., 2006, 2011; Morota et al., 2009,

2011a; Pasckert et al., 2018). The circle size is proportional to the crater diameter.
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Figure 3.5: Radial elevation profiles of optical rayed craters that were selected to model

the initial profiles for simple mare (a) and highland (b) craters, transitional mare (c)

and highland (d) craters, and complex mare (e) and highland (f) craters. For all the

transitional and complex craters, their crater diameters are labeled.
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Figure 3.6: Spatial distribution of simple (red), transitional (green), and complex (blue)

fresh craters used to construct the initial shape model for Mercury’s craters. The basemap

is MLA GDR, and the northern smooth plains boundary is taken from Denevi et al. (2013).

The circle size is proportional to the crater diameter.

3.2.3 Classification

Impact crater morphology mainly depends on crater size and target properties

(Melosh, 1989). Considering our current knowledge of the crater morphometry and

the data quality on the Moon and Mercury, we used two different schemes to classify

fresh craters on the two bodies.

On the Moon, we divided craters into three diameter regimes: simple (1 ⩽

Dinit ⩽ 15 km), transitional (15 < Dinit ⩽ 20 km), and complex (Dinit > 20 km).

This classification scheme of crater size regimes has been widely accepted and used

in lunar sciences. All the simple craters have exactly the same radial profile if

the vertical elevation is normalized by crater diameter and the radial distance is

normalized by crater radius. For transitional and complex craters, morphometric

parameters, such as central peak height, central peak radius, crater floor radius,

crater depth, rim height, and continuous ejecta radius, were treated together. The
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Figure 3.7: Radial elevation profiles of optical rayed craters that were selected to model

the initial profiles for simple (a), transitional (b), and complex (c) craters on Mercury.

For all the transitional and complex craters, their crater diameters are labeled.
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only difference between transitional and complex regimes in our model is that tran-

sitional craters do not have a central peak whereas the complex craters do. Note

that the existence of the central peak structure will not affect our estimation of

the exterior lava flow thickness, as the central peak materials will never “move” to

the crater exterior. Note that the partially buried craters used for inversion in this

study are only those that located in the mare region, and that we only seek to invert

the basalt thickness exterior to the crater rim. Some large basins like the Orientale

(930 km) are not located within the mare region and are way much bigger than

the largest partially buried craters (130 km) identified. Besides, the ejecta of these

basins are not buried by lava flows. Therefore, in this study we will not work on

these large basins.

For target type, we considered either mare or highland crust. This is because,

for example, a larger porosity of lunar highland crust could result in a smaller

yield strength and hence a larger crater depth (Kalynn et al., 2013). The target

type for the optical rayed craters was determined by their locations in the lunar

maria basemap of Nelson et al. (2014). As a result, six types of initial profiles were

produced for lunar craters, including simple, transitional and complex craters over

both lunar maria and highlands.

For Mercury, we proposed a simpler classification scheme. For the crater size

dependence, we will only work on the transitional and complex craters. The reason

we discarded simple craters is that the crater elevation profiles derived from the

MLA RDR may not be convincing for simple craters: (1) there might be only a few

MLA tracks that pass through the crater center or even the crater interior; (2) even

if there are several MLA tracks found in the crater interior, there might be only a

few eligible elevation measurements with channel ID=0 and 1 as the crater interior

always has a high surface roughness; (3) it is difficult to determine the crater center

in the GDR data with a poor spatial resolution of only 250 m/pixel.

Since there is an inflection point in the crater morphometry relations (see Fig-

ures 3.17a and b) at 10 km, we set the smallest diameter in the crater shape modeling

for Mercury to be 10 km. Next, we need to decide the boundary between transi-

tional and complex craters, which has been poorly constrained so far. Conceptually,

complex craters should have a central peak whereas transitional craters should not.

However, this strict dichotomy could be somehow blurred by the datasets, crater

64



3 Initial Shape Modeling of Fresh Craters

location and tectonic activities for craters on Mercury. First, optical images on

Mercury are poor in resolution, making it difficult to identify features in the crater

interior. Second, our studied craters are located in the high-latitude region where

the illumination conditions may not be favorable to recognize structures at the crater

center. Third, tectonic activities are expected to be once quite active on Mercury,

triggering mass-wasting events on the crater inner walls, and as a result, there could

be a central mound that formed at the crater center where the crater wall materials

collapsed and then converged together. To solve the image resolution and crater lo-

cation issues, optical images with different viewing angles are extremely helpful. To

distinguish the central peak, which results from the rebound of the target materials

during the impact cratering event, from the central mound, which arises from the

landslides of the crater materials, we have to check the optical images of the candi-

date crater and make sure that the central topographic high is an isolated feature

at the crater center and can not be traced back to the crater wall materials. Our

investigation shows that the smallest crater with a discernible central peak has a

crater diameter of 24.7 km, and thus we set the transitional-complex boundary at

25 km. Note that on Mercury, we will not work on craters or basins larger than

100 km in diameter, as usually these craters are not fresh craters and have complex

crater morphologies and geologic contexts.

For the target type, we will not distinguish between craters on the northern

smooth plains and heavily cratered terrain. This is because previous studies have

shown that there is no significant difference in crater morphology between the two

(Barnouin et al., 2012; Susorney et al., 2016). In the end, only two types of initial

profiles were produced for fresh transitional and complex craters on Mercury.

3.3 Methods

3.3.1 Definitions of Morphometric Parameters

The six morphometric parameters (rim height, crater depth, crater floor radius,

continuous ejecta radius, central peak height, and central peak radius) are defined

using the azimuthally averaged radial topographic profiles as follows:

(1) Rim height: the elevation difference between rim crest and background surface

(averaged from 2.5 to 3 crater radii);
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(2) Crater depth: the elevation difference between rim crest and the lowest point in

the crater interior;

(3) Crater floor radius: the radial position where the surface slope abruptly increases

in the crater interior;

(4) Continuous ejecta radius: the radial position where the surface slope abruptly

decreases in the crater exterior;

(5) Central peak height: the elevation difference between central peak crest and

central peak base boundary;

(6) Central peak radius: the radial position of the central peak base boundary where

the surface slope abruptly decreases in the crater interior.

3.3.2 Simple Craters

To decide which simple craters should be used for fitting, we first constructed

a crater profile database of all the candidate craters. We first plotted the extracted

crater profiles of all the candidate craters using the same normalized coordinate,

where the vertical axis is the elevation normalized by crater diameter and the hor-

izontal axis is the radial distance normalized by crater radius. These data points

were then binned by one-tenth of the normalized crater radius, and for each bin, the

average (havg) and one standard deviation (σ) were calculated. Finally, each indi-

vidual candidate profile was examined again, and only the profiles lying between one

standard deviation around the average (havg ±σ) at all the bin centers were selected

for fitting. In the end, 12 mare simple craters and 11 highland simple craters were

selected for fitting (Figures 3.5a and b) on the Moon. For Mercury, although we

also extracted the elevation profiles for simple fresh craters (Figure 3.7a), we will

not construct a generic shape model as we can not guarantee the fidelity of the

topographic data from which we produced the elevation profiles.

As shown in Figure 3.8, in order to fit the initial crater profile we first need to

determine the crater floor radius and continuous ejecta radius, which can be done by

varying these two quantities in the ranges of 0–0.5R and 1.5–2.5R with an interval

of 0.1R (orange arrows). Meanwhile, we also need to find the crater floor elevation,

which we vary from -0.2R to -0.15R also with an interval of 0.1R (orange arrows),
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Figure 3.10: An example of how to connect the tie points. Craters shown here are highland

complex craters on the Moon. The circles are the extracted elevations. The stars are the

predicted tie points. The solid lines are plotted using the connecting functions, which are

exponential functions in this figure. It should be noted that for a given crater, the circles,

stars, and solid lines have the same color. Note that the background elevation has been

already been set to 0.

the tie points in each section. Since the coordinates of two tie points are obtained

from the crater diameter, the proposed known function should have at most two

unknown coefficients that need to be solved. Substituting the two solved coefficients

into different forms of known functions, we can then calculate the resulting misfit

and finally determine the best-fitting functions.
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Figure 3.11: An example of how to identify tie points and calculate morphometric parame-

ters for Mercury’s craters. The crater shown here is located on the heavily cratered terrain

(D=32.8 km). The green points are tie points, and the red arrows denote morphometric

parameters. (b) is a zoom-in of (a) showing the detailed features on the crater floor.
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Figure 3.12: An example of how to connect the tie points. Craters shown here are complex

craters on Mercury. The circles are the extracted elevations. The stars are the predicted

tie points. The solid lines are plotted using the connecting functions, which are exponential

functions in this figure. It should be noted that for a given crater, the circles, stars, and

solid lines have the same color. Note that the background elevation has been already been

set to 0.

3.4 Results and Comparisons

3.4.1 The Moon

A. Morphometric Parameters

The resulting morphometric parameter-crater diameter relations are plotted

in Figures 3.13 and 3.14, along with those determined from other studies. The

corresponding formulas are given in Tables 3.1–3.6. In these tables, hr, dcf, Rcf, Re,

hcp, and Rcp denote morphometric parameters rim height, crater depth, crater floor

radius, continuous ejecta radius, central peak height, and central peak radius.
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Figure 3.13: Morphometric parameters used to model the initial profiles of transitional and

complex mare craters: rim height (a), crater depth (b), crater floor radius (c), continuous

ejecta radius (d), central peak height (e), and central peak radius (f), including measured

results and best-fits. Morphometric parameters derived in other studies are also plotted

as a comparison: Hale and Grieve (1982), Hale and Head (1979), Kalynn et al. (2013),

Moore et al. (1974), Pike (1977), Pike (1985), and Wood (1973).
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Figure 3.14: Morphometric parameters used to model the initial profiles of transitional

and complex highland craters: rim height (a), crater depth (b), crater floor radius (c),

continuous ejecta radius (d), central peak height (e), and central peak radius (f), including

measured results and best-fits. Morphometric parameters derived in other studies are also

plotted as a comparison: Hale and Grieve (1982), Hale and Head (1979), Kalynn et al.

(2013), Moore et al. (1974), Pike (1977), Pike (1985), and Wood (1973).
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Table 3.1: A brief summary of morphometric parameters for fresh lunar craters: rim height.

Formula Diameter range (km) Crater number Target type Elevation data Reference

hr = 0.0370 1 < D ⩽ 15 12 Mare SLDEM and LOLA This study

hr = 0.191D−0.606 15 < D ⩽ 20 3

hr = 0.139D−0.500 20 < D < 100 9

hr = 0.0345 1 < D ⩽ 15 11 Highland

hr = 0.0386D−0.0416 15 < D ⩽ 20 14

hr = 0.0837D−0.300 20 < D < 140 12

hr = 0.0255D1.16 D ⩽ 17 73 Mare LTO Pike (1977)

hr = 0.242D0.363 17 < D 7

hr = 0.0367D1.03 D ⩽ 17 32 Highland

hr = 0.216D0.430 17< D 31
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Table 3.2: A brief summary of morphometric parameters for fresh lunar craters: crater depth.

Formula Diameter range (km) Crater number Target type Elevation data Reference

dcf = 0.202 1 < D ⩽ 15 12 Mare SLDEM and LOLA This study

dcf = 191D−2.53 15 < D ⩽ 20 3

dcf = 0.437D−0.500 20 < D < 100 9

dcf = 0.211 1 < D ⩽ 15 11 Highland

dcf = 9.97D−1.42 15 < D ⩽ 20 14

dcf = 1.14D−0.700 20 < D < 140 12

dcf = 0.216D0.959 D ⩽ 15 126 Mare LTO Pike (1977)

dcf = 1.05D0.313 15 < D 9

dcf = 0.199D1.00 D ⩽ 15 39 Highland

dcf = 1.52D0.223 15 < D 29
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Table 3.3: A brief summary of morphometric parameters for fresh lunar craters: crater floor radius.

Formula Diameter range (km) Crater number Target type Elevation data Reference

Rcf = 0.2 1 < D ⩽ 15 12 Mare SLDEM and LOLA This study

Rcf = −10.7D−1.30 + 0.522 15 < D < 100 12

Rcf = 0.2 1 < D ⩽ 15 11 Highland

Rcf = −3.48D−0.827+0.572 15 < D < 140 26

Rcf = 0.0269D1.85 D ⩽ 20 128 Mare LTO Pike (1977)

Rcf = 0.273D1.17 20 < D 7

Rcf = 0.0128D2.10 D ⩽ 20 44 Highland

Rcf = 0.169D1.27 20 < D 24
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Table 3.4: A brief summary of morphometric parameters for fresh lunar craters: ejecta radius.

Formula Diameter range (km) Crater number Target type Elevation data Reference

Re = 1.7 1 < D ⩽ 15 12 Mare SLDEM and LOLA This study

Re = 2.26 15 < D < 100 12

Re = 1.8 1 < D ⩽ 15 11 Highland

Re = 1.93 15 < D < 140 26

Re = 2.35D1.01 0.65 ⩽ D ⩽ 218 84 Mare and highland LAC, LO, and Apollo

photographs

Moore et al. (1974)
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Table 3.5: A brief summary of morphometric parameters for fresh lunar craters: central peak height.

Formula Diameter range (km) Crater number Target type Elevation data Reference

hcp = −3.56× 10−5D2 + 2.90× 10−3D − 0.0438 20 < D ⩽ 40 4 Mare SLDEM, LOLA This study

hcp = −3.65× 10−6D2 + 4.47× 10−4D+ 3.23× 10−3 40 < D < 100 5

hcp = −2.48× 10−5D2 + 2.34× 10−3D − 0.0368 20 < D ⩽ 50 9 Highland

hcp = −5.04× 10−5D + 0.0208 50 < D < 140 3

hcp = (0.026D − 0.26)/D 15 ⩽ D ⩽ 132 93 Mare and highland Earth-based photographs,

LO IV, and Apollo 15 metric

camera photography

Wood (1973)

hcp = 0.032D0.900 27 ≤ D 22 Mare and highland LTO Pike (1977)

hcp = 6× 10−4D0.97 D ⩽ 51 15 Mare and highland LTO Hale and Grieve (1982)

hcp = 3/D 51 ≤ D 8

hcp = 0.075D−0.386 15 ⩽ D ⩽ 93 14 Mare LOLA Kalynn et al. (2013)

hcp = 0.034D−0.117 21 ⩽ D ⩽ 167 49 Highland
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Table 3.6: A brief summary of morphometric parameters for fresh lunar craters: central peak radius.

Formula Diameter range (km) Crater number Target type Elevation data Reference

Rcp = −3.18× 103D−3.12 + 0.280 20 < D ⩽ 40 4 Mare SLDEM and LOLA This study

Rcp = −3.80× 10−4D + 0.263 40 < D < 100 5

Rcp = −7.07× 103D−3.42 + 0.252 20 < D ⩽ 50 9 Highland

Rcp = −3.44× 10−4D + 0.258 50 < D < 140 3

Rcp = (0.13D − 1.29)/D 17 ⩽ D ⩽ 175 175 Mare and highland LO, LTO and Apollo images Hale and Head (1979)

Rcp = 0.103 17 ⩽ D ⩽ 175 175 Mare and highland LO, LTO and Apollo images Pike (1985)
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3 Initial Shape Modeling of Fresh Craters

For the rim height-crater diameter ratio on lunar maria (Figure 3.13a), although

there is much scatter, we can see that the ratio remains constant from 1 to 15 km

and decreases after 15 km. We used a horizontal line to fit the measurements of

simple craters and a power-law function for transitional and complex craters. Our

result is in general consistent with Pike (1977), and we note that the result obtained

by Pike (1977) is within our one-sigma uncertainty after 4 km.

For the rim height-crater diameter ratio on lunar highlands (Figure 3.14a), the

scatter is much more obvious, as the background topographic variation on highlands

is more significant. Similar to mare craters, the ratio of highland craters remains

constant from 1 to 15 km and decreases after 15 km. We used a horizontal line to

fit the measurements of simple craters and a power-law function for transitional and

complex craters. Our result is in general consistent with Pike (1977), and we note

that the result obtained by Pike (1977) is within our one-sigma uncertainty.

For the depth-diameter ratio on lunar maria (Figure 3.13b), we can see that

the ratio remains constant from 1 to 15 km and decreases after 15 km. We made

use of a horizontal line to fit the measurements of simple craters and a power-law

function for transitional and complex craters. Our result is in general consistent

with Pike (1977) and Kalynn et al. (2013), and we note that the results obtained by

Pike (1977) and Kalynn et al. (2013) are within our one-sigma uncertainty.

For the depth-diameter ratio on lunar highlands (Figure 3.14b), we can see that

the ratio remains constant from 1 to 15 km and decreases after 15 km. We made

use of a horizontal line to fit the measurements of simple craters and a power-law

function for transitional and complex craters. Our result is in general consistent

with Pike (1977) and Kalynn et al. (2013), and we note that the results obtained by

Pike (1977) is within our one-sigma uncertainty.

For the floor radius-crater radius ratio on lunar maria (Figure 3.13c), we can

see that it increases after 15 km and then reaches to about half the crater radius,

and we used a power-law function to fit the measurements. Our result is in general

consistent with Pike (1977) for diameter smaller than 20 km and then becomes

smaller afterwards.

For the floor radius-crater radius ratio on lunar highlands (Figure 3.14c), we

can see that it increases after 15 km and then reaches to about half the crater

radius, and we used a power-law function to fit the measurements. Our result is
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in general consistent with Pike (1977) for diameter smaller than 81 km and then

becomes smaller afterwards.

For the continuous ejecta radius-crater radius ratio on lunar maria (Figure

3.13d), because it is difficult to identify the ejecta boundary along the elevation

profile, our result has a large uncertainty. Therefore, we simply used the average

value of the measurements to represent the normalized continuous ejecta radius,

which is about 5% smaller than that given by Moore et al. (1974).

For the continuous ejecta radius-crater radius ratio on lunar highlands (Figure

3.14d), as our result has a large uncertainty, we simply used the average value of

the measurements to represent the normalized continuous ejecta radius. We found

that Moore et al. (1974) is only slightly larger than our one-sigma upper bound.

The above four parameters decide the initial crater shape on the Moon on

the first order. Although the morphology of the central peak does not have any

significant effect on the erosion of the crater rim, we still take it into consideration

when modeling the initial crater profile.

For the central peak height-crater diameter ratio on lunar maria (Figure 3.13e),

we can find that it first increases and then decreases with crater diameter. This can

be explained as follows: as the impact energy increases, the rebound of target materi-

als would be more significant; however, when the height of the central uplift reaches

to a critical value, it would collapse due to gravity instability, which transforms the

central peak to a peak ring (Baker and Head, 2013). We then used two polynomial

functions to fit the measurements for craters smaller and larger than 40 km. The

result in Hale and Grieve (1982) is similar to ours in trend but much larger than

ours in value. Although those in Wood (1973), Pike (1977) and Kalynn et al. (2013)

are closer to our result, they have a monotonous trend.

For the central peak height-crater diameter ratio on lunar highlands (Figure

3.14e), we can find that it also first increases and then decreases with crater diameter.

We then used two polynomial functions to fit the measurements for craters smaller

and larger than 50 km. The result in Hale and Grieve (1982) is similar to ours in

trend but much larger than ours in value. Although those in Wood (1973), Pike

(1977) and Kalynn et al. (2013) are closer to our result, they have a monotonous

trend.

For the central peak radius-crater radius ratio on lunar maria (Figure 3.13f), we
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found that it first increases and then decreases with crater diameter. This indicates

the transition from a circular central base to a peak ring from a planar view. To fit

the measurements, we then used a power-law function for craters smaller than 40

km and a polynomial function for those larger than 40 km. Comparing our result

with Hale and Head (1979) and Pike (1985), although they are consistent with our

result, they have a monotonous trend instead.

For the central peak radius-crater radius ratio on lunar highlands (Figure 3.14f),

we also found that it first increases and then decreases with crater diameter. To fit

the measurements, we then used a power-law function for craters smaller than 50

km and a polynomial function for those larger than 50 km. Comparing our result

with Hale and Head (1979) and Pike (1985), although they are consistent with our

result, they have a monotonous trend instead.

Differences between this and other studies may arise from different parameter

definitions, the employed craters, the elevation dataset, and whether one was using

azimuthally averaged profiles (as in this study), individual profiles or an interpolated

digital elevation model. For example, Kalynn et al. (2013) and this study calculated

the crater depth of crater Copernicus to be 4.0 and 3.6 km, respectively, by using the

SLDEM and LOLA datasets. In Kalynn et al. (2013), the crater depth was defined

as the elevation difference between the rim crest and the interior impact melt pond.

The rim crest elevation was defined as the average of the mode and maximum values

within the annulus from 0.98R to 1.05R, and the interior impact melt pond elevation

was defined as the average of the mode and minimum values within the identified

melt pond region. We found that the mode and the maximum elevations within

the annulus from 0.98R to 1.05R were 0.032 and 0.819 km using the LOLA dataset

(Kalynn et al., 2013), whereas the average elevation from 0.995R to 1.005R (bin

width=0.01R) was 0.040 km in the SLDEM dataset (this study). We also found

that the elevation histograms derived from these two slightly different radial ranges

both follow a similar, Gaussian distribution, so the mode and the average do not

differ significantly (0.032 km vs. 0.040 km). Therefore, which data (LOLA vs.

SLDEM) to use, which statistic (mode or average) to use and where (0.98R–1.05R

vs. 0.995R–1.005R) to sample the elevation should not have a significant effect in

the derived crater depth in this case. As a conclusion, this comparison shows that

the difference in the derived crater depth is a result of the different definitions: by
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considering the maximum value around the rim crest, the crater depth given in

Kalynn et al. (2013) might be larger than the one given in this study by 0.385 km

for the case of the crater Copernicus.

When estimating the basalt thickness exterior to the crater rim, the variation

of the crater rim height with crater diameter and degradation state is our primary

concern. Our result shows that the rim height increases from 37 m to 1.4 km

and from 35 m to 1.9 km for mare and highland craters with diameters of 1–100

km, respectively. For simple fresh craters, the rim height of mare craters is always

slightly larger than that of highland craters (37 m vs. 35 m at 1 km, and 555 m

vs. 518 m at 15 km). For transitional and complex fresh craters, the rim height of

mare craters decreases with respect to highland craters with increasing diameter,

becoming smaller than highland craters at 17 km (Figures 3.13a and 3.14a).

Table 3.7: Natural variability in the initial rim height as a function of crater diameter for

lunar craters.

Crater diameter bin (km) N Initial rim height variability (m)

1 ⩽ D ⩽ 5 6 17

5 < D ⩽ 10 9 24

10 < D ⩽ 15 8 73

15 < D ⩽ 20 13 125

20 < D ⩽ 35 9 130

35 < D ⩽ 50 7 271

It should be noted that even though we selected fresh craters with simple geo-

logic contexts to investigate the initial crater rim-height/diameter relation, natural

variability of this quantity should be expected for any given crater diameter. Such

variability could be the result of different impact conditions (including impact ve-

locity and impact angle), as well as different target properties (such as porosity).

This variability is quantified in Table 3.7, where we provide the root-mean-square

deviation of the measured initial rim height with respect to the predicted initial

rim height as a function of crater diameter. We note that the natural variability

is similar for both mare and highland craters, so we combine them into one larger

dataset for analysis. In particular, for simple, transitional, and complex (smaller
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than 50 km in diameter) craters, the natural variabilities of the initial rim height

are less than 73, 125 and 271 m, respectively.

B. Shape Model

Our derived shape profiles for fresh lunar craters are plotted in Figure 3.15.

In the normalized coordinate, we can find that with increasing crater diameter the

rim height and crater depth decrease, the crater floor radius increases, and the

central peak height and central peak radius first increase and then decrease. This

is to be expected as these initial profiles are constructed upon the morphometric

parameters. In addition, we can also find that the elevations profiles with different

diameters always have a smooth and continuous transition among them.

The corresponding formulas are presented in Table 3.8. The coefficients a–

f that are required in this table can be numerically determined by setting the

connecting function equal to the known values at the relevant tie points. All the

vertical parameters (hcp, dcf, and hr) are normalized by crater diameter, and all the

radial parameters (r, Rcp, Rcf, and Re) are normalized by crater radius. To fit the

central peak, crater wall and crater ejecta, we use the exponential functions.

Table 3.8: Mathematic forms for fresh lunar impact craters.

Morphology Target type Elevation profile Range

Simple Mare -0.165 r ⩽ 0.2

(1 < D ⩽ 15 km) −0.292r3 + 0.489r2 + 0.028r − 0.188 0.2 < r ⩽ 1

−0.081r3 + 0.419r2 − 0.731r + 0.430 1 < r ⩽ 1.7

0 r > 1.7

Highland -0.176 r ⩽ 0.2

−0.400r3 + 0.693r2 − 0.0727r − 0.186 0.2 < r ⩽ 1

−0.0577r3 + 0.312r2 − 0.567r + 0.348 1 < r ⩽ 1.8

0 r > 1.8

Transitional Mare and highland hr − dcf r ⩽ Rcf

(15 < D ⩽ 20 km) exp(cr) + d Rcf < r ⩽ 1

exp(er) + f 1 < r ⩽ Re

0 r > Re

Complex Mare and highland exp(ar) + b r ⩽ Rcp

(D > 20 km) hr − dcf Rcp < r ⩽ Rcf

exp(cr) + d Rcf < r ⩽ 1

exp(er) + f 1 < r ⩽ Re

0 r > Re

Shape models of fresh lunar craters have been developed by several workers.

Exponential and Bessel functions were first proposed by Culling (1960), Culling
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Figure 3.15: Radial elevation profiles for fresh lunar craters that formed on the mare (a)

and highland (b). The radial distance is normalized by crater radius (rnorm = r/Rinit), and

the elevation is normalized by crater diameter (Hnorm = H/Dinit). The red curves denote

simple craters, the black curves are transitional craters, and the blue curves represent

complex craters. The plotted initial crater diameters were carefully selected to present

the results for clarity and are labeled for several curves.

(1963), and Soderblom (1970). However, these profiles were carefully designed in

order to help solve the diffusion equation in a convenient way, and did not accurately

reflect the observed morphology of fresh lunar craters. These earlier models were

then improved by considering the morphology of an actual lunar fresh crater using

piece-wise functions for the crater interior and exterior (Craddock and Howard, 2000;

Richardson, 2009; Richardson et al., 2005). More recently, with newly acquired, high-

resolution topography datasets and improved knowledge of the impact cratering

mechanisms, the crater shape models have been updated by taking into account the

effect of target properties and the size-dependence of crater morphology (Fassett

and Thomson, 2014; Xie and Zhu, 2016). We compared our results with the recent

models of Fassett and Thomson (2014) and Xie and Zhu (2016), given that these

two studies also considered the contribution from target properties and that the

fresh craters they used to derive the initial profile were also taken from the same

fresh crater database employed in our study (Werner and Medvedev, 2010). Here

we compare the difference in rim heights among these three studies, since the rim

height is the major factor that affects our estimation of the basalt thickness.

Using the SELENE/Terrain Camera-derived digital terrain model data of six

mare craters that are 1.5 to 3.9 km in diameter, Fassett and Thomson (2014) derived

an initial elevation profile for simple, mare craters (Figure 3.16a). The resulting

84



3 Initial Shape Modeling of Fresh Craters

elevation profile was obtained by directly fitting the elevations extracted from the

topography data, and they did not use azimuthal averages as did in our study. The

rim heights from their study and ours have almost no difference (0.2–3 m), but there

is a difference of 16–240 m in the crater depth for these two studies. This difference

may be a result of a smaller number of craters (N=12 vs. N=6) and also the smaller

range of crater diameters (1.7–12.5 km vs. 1.5–3.9 km) used in their study.

Xie and Zhu (2016) used the LOLA topography data of 53 highland craters

that are 20 to 166 km in size to extract the initial elevation profiles for complex,

highland craters (Figure 3.16b). Within the crater diameter range of 20 to 139 km,

the rim heights used by their study and ours differ by 0 to 960 m. Xie and Zhu

(2016) did not develop a new rim height-crater diameter relation in their study.

Instead, they directly quoted the formula given by Pike (1977), where the crater rim

height is defined as the mean elevation at the crater rim minus the mean elevation

at the exterior rim flank foot in the Lunar Topographic Orthophotomap by using

38 mare and highland craters. As stated above, we think the difference between the

rim height-crater diameter relations used in their study and ours is a result of the

fact that different elevation datasets, fresh craters, and definitions of the parameters

were used.
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Figure 3.16: Comparison of the simple mare crater profiles of this study (black) and

Fassett and Thomson (2014) (red) (a). Comparison of the complex highland crater profiles

between this study (black) and Xie and Zhu (2016) (red) for selected crater diameters of

20.1, 50, 130 km (b).

Regardless of any differences with previous studies, our derived morphometric

parameters of fresh impact craters and the resulting initial crater profiles repre-

sent a distinct improvement. Our results are the first to consider not only the size
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dependence of crater morphology (simple, transitional, and complex) but also the

target type (mare and highland). Our results are based on the freshest impact

craters and should be more accurate than many previous investigations as we used

newly acquired, high-quality elevation datasets and excluded surrounding atypical

features. In addition, all the morphometric parameters are derived based on the

same crater database and using the azimuthally averaged profiles, making our re-

sults more self-consistent. Lastly, we imposed the fitting functions at the simple-

transitional, and transitional-complex boundaries to be continuous so that there are

no abrupt changes in morphometric parameters at 15 km and 20 km diameters.

3.4.2 Mercury

A. Morphometric Parameters

The resulting morphometric parameter-crater diameter relations are plotted in

Figure 3.17, along with those determined from other studies. The corresponding

formulas are given in Tables 3.9–3.14. In these tables, hr, dcf, Rcf, Re, hcp, and

Rcp denote morphometric parameters rim height, crater depth, crater floor radius,

continuous ejecta radius, central peak height, and central peak radius. Note again

that we will not study the morphometry of craters smaller than 10 km in diameter,

as we can not guarantee the fidelity of the extracted elevation profiles of them.

For the rim height-crater diameter ratio on Mercury (Figure 3.17a), although

there is much scatter, we can see that the ratio first increases from 1 to 10 km and

then decreases after 10 km. We used two power-law functions to fit the measure-

ments smaller and larger than 10 km. Our result is always smaller than that in Pike

(1988), and is smaller than that in Susorney et al. (2016) when crater diameter is

smaller than 30 km and then becomes larger afterwards.

For the depth-diameter ratio on Mercury (Figure 3.17b), we can see that the

ratio first increases from 1 to 10 km and then decreases after 10 km. We used two

power-law functions to fit the measurements smaller and larger than 10 km. When

crater diameter is smaller than 10 km, our result is more consistent with Susorney

et al. (2016) whereas Pike (1988) and Barnouin et al. (2012) show two constant best-

fits. When crater diameter is larger than 10 km, our result is perfectly consistent

with Susorney et al. (2016), and is larger than that in Pike (1988) before 22 km and

then becomes smaller afterwards.
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Figure 3.17: Morphometric parameters used to model the initial profiles of transitional

and complex craters on Mercury: rim height (a), crater depth (b), crater floor radius (c),

continuous ejecta radius (d), central peak height (e), and central peak radius (f), including

measured results and best-fits. Morphometric parameters derived in other studies are also

plotted as a comparison: Gault et al. (1975), Hale and Head (1980), Pike (1988), Barnouin

et al. (2012), and Susorney et al. (2016).
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Table 3.9: A brief summary of morphometric parameters for fresh Mercury’s craters: rim height.

Formula Diameter range (km) Crater number Elevation data Reference

hr = 0.00950D0.575 3.6 < D ⩽ 10 24 MLA This study

hr = 0.167D−0.610 10 < D ⩽ 97 36

hr = 0.052D−0.070 2.4 ⩽ D ⩽ 12 32 Mariner 10 Pike (1988)

hr = 0.150D−0.513 13 ⩽ D ⩽ 43 25

hr = 0.020D0.320 5.1 ⩽ D ⩽ 9.8 45 MLA and MDIS Susorney et al. (2016)

hr = 0.310D−0.790 13 ⩽ D ⩽ 311 49
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Table 3.10: A brief summary of morphometric parameters for fresh Mercury’s craters: crater depth.

Formula Diameter range (km) Crater number Elevation data Reference

dcf = 0.221D−0.112 3.6 < D ⩽ 10 24 MLA This study

dcf = 0.907D−0.765 10 < D ⩽ 97 36

dcf = 0.199D−0.005 0.2 ⩽ D ⩽ 14 104 Mariner 10 images Pike (1988)

dcf = 0.410D−0.510 9.5 ⩽ D ⩽ 29 69

dcf = 0.180D−0.020 1.0 ⩽ D ⩽ 7.1 23 MLA and MDIS Barnouin et al. (2012)

dcf = 0.220D−0.140 5.1 ⩽ D ⩽ 9.8 50 MLA and MDIS Susorney et al. (2016)

dcf = 1.020D−0.800 10 ⩽ D ⩽ 311 68
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Table 3.11: A brief summary of morphometric parameters for fresh Mercury’s craters: crater floor radius.

Formula Diameter range (km) Crater number Elevation data Reference

Rcf = 0.260 3.6 < D ⩽ 10 24 MLA This study

Rcf = 0.207D0.223 10 < D ⩽ 97 36

Rcf = 0.50D−0.01 17 < D ⩽ 28 16 Mariner 10 Pike (1988)

Rcf = (D/2− 1.65D0.47)/(D/2) 16 ⩽ D ⩽ 311 37 MDIS Susorney et al. (2016)
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Table 3.12: A brief summary of morphometric parameters for fresh Mercury’s craters: ejecta radius.

Formula Diameter range (km) Crater number Elevation data Reference

Re = 1.51 3.6 < D ⩽ 10 24 MLA This study

Re = 1.61 10 < D ⩽ 97 36

Re = 0.88− 0.002D 14 ⩽ D ⩽ 250 27 Mariner 10 Gault et al. (1975)
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Table 3.13: A brief summary of morphometric parameters for fresh Mercury’s craters: central peak height.

Formula Diameter range (km) Crater number Elevation data Reference

hcp = 4.14× 10−5D2.05 − 0.0304 25 < D ⩽ 30 5 MLA This study

hcp = 7.32D−1.85 30 < D ⩽ 97 14
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Table 3.14: A brief summary of morphometric parameters for fresh Mercury’s craters: central peak radius.

Formula Diameter range (km) Crater number Elevation data Reference

Rcp = 2.67D0.209 − 5.22 25 < D ⩽ 30 5 MLA This study

Rcp = 4.19D−0.890 30 < D ⩽ 97 14

Rcp = 0.17 + 1.97/D 15 ⩽ D ⩽ 175 140 Mariner 10 Hale and Head (1980)

Rcp = 0.434D−0.179 13 ⩽ D ⩽ 189 138 Mariner 10 Pike (1988)
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For the floor radius-crater radius ratio on Mercury (Figure 3.17c), we can see

that it remains constant from 1 to 10 km and then increases to about half the crater

radius. We used a horizontal line to fit the measurements for craters smaller than

10 km and a power-law function for craters larger than 10 km. Our result is smaller

than Pike (1988) from 17 to 28 km, and is larger than Susorney et al. (2016) when

crater diameter is smaller than 28 km and then becomes smaller afterwards.

For the continuous ejecta radius-crater radius ratio on Mercury (Figure 3.17d),

because it is difficult to identify the ejecta boundary along the elevation profile, our

result has a large uncertainty. Therefore, we simply used the average value of the

measurements to represent the normalized continuous ejecta radius, which is smaller

than that given by Gault et al. (1975).

The above four parameters decide the initial crater shape on Mercury on the

first order. Although the morphology of the central peak does not have any signifi-

cant effect on the erosion of the crater rim, we still take it into consideration when

modeling the initial crater profile.

For the central peak height-crater diameter ratio on Mercury (Figure 3.17e),

we can hardly see any clear tendency. Nevertheless, we still expect that the ratio

may first increase and then decrease with crater diameter. This can be explained as

the case of lunar complex craters: as the impact energy increases, the rebound of

target materials would be more significant; however, when the height of the central

uplift reaches to a critical value, it would collapse due to gravity instability, which

transforms the central peak to a peak ring (Baker and Head, 2013). To fit the

measurements, we then used two power-law functions for craters smaller and larger

than 30 km, and there is no previous study we can compare with.

For the central peak radius-crater radius ratio on Mercury (Figure 3.17f), again,

we can hardly see any clear tendency. Nevertheless, we still expect that the ratio

may first increase and then decrease with crater diameter, which indicates the tran-

sition from a circular central base to a peak ring from a planar view. To fit the

measurements, we then used two power-law functions for craters smaller and larger

than 30 km. Comparing our result with Hale and Head (1980) and Pike (1988), we

found that their results are larger than ours and have a monotonous trend.

The crater morphometric relations obtained in this study differ from those

acquired by previous studies, mainly due to the parameter definitions, selected fresh
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craters, and the elevation data being used. We found Susorney et al. (2016) could

be comparable to our study in the crater depth-diameter ratio, as (1) this parameter

is easy, clear to define, (2) the fresh craters used in this study (N=56) come from

the database determined by Susorney et al. (2016) (N=126), and (3) both studies

used the MLA RDR as the elevation data. As is shown in Figure 3.17b, the best-

fitting curves derived from the two studies almost overlap with each other in the

transitional and complex crater regimes, which shows the validity of the two results.

For simple craters, the depth-diameter ratios derived from these two studies are

somewhat different. This may arise from the mis-registration between the MDIS

image and the MLA GDR data, the MLA tracks being utilized, and the fresh craters

being used. First, the crater center coordinate used in this study is determined from

the interpolated elevation data (i.e., MLA GDR), whereas that in Susorney et al.

(2016) was determined based on the MDIS image. Since we are working on the

elevation profiles, it is more reasonable to determine the coordinate of the crater

center based on the elevation data. Second, we used all the MLA tracks within the

crater, which varies from 3 to 43 with an average of 14 for the selected fresh craters,

whereas Susorney et al. (2016) only used three tracks for each crater. Third, we

selected 23 fresh simple craters from the 57 craters used by Susorney et al. (2016),

and those chose by us have both a simple geological background and sufficient MLA

observations.

Nevertheless, our derived morphometric parameters supercede previous ones in

the following aspects. (1) More self-consistent: in this study, all the morphomet-

ric parameters are calculated from the same group of fresh craters, using the same

elevation data, and based on the azimuthally averaged elevation profiles, whereas

previous studies did not. For example, Susorney et al. (2016) used 118 fresh craters

and the MLA RDR data to study the depth-diameter ratio, whereas Pike (1988) uti-

lized 173 fresh crates and the Mariner 10 stereo-images. (2) More accurate: we used

newly acquired, high-quality elevation datasets and performed atypical background

feature removal, whereas other studies used old datasets and did not perform the

background correction. (3) More reasonable: we imposed a boundary condition at

the transitional-complex boundary. For example, in our result the central peak ra-

dius is 0 at 25 km (transitional-complex boundary), whereas other studies (e.g., Pike

(1988)) show that the central peak radius would increase with decreasing diameter,
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which is contradictory to the definition of a transitional crater.

Table 3.15: Natural variability in the initial rim height as a function of crater diameter

for Mercury’s craters.

Crater diameter bin (km) N Initial rim height variability (m)

10 ⩽ D ⩽ 20 16 55

20 < D ⩽ 40 11 136

40 < D ⩽ 60 5 167

60 < D ⩽ 100 4 179

When estimating the lava flow thickness exterior to the crater rim, the variation

of the crater rim height with crater diameter and degradation state is our primary

concern. Our result shows that the rim height increases from 411 to 1008 m with

diameters of 10–100 km (Figure 3.17a). This result could constrain the upper limit

of the lava flow thickness around the exposed rim of a partially buried crater or the

lower limit around the buried rim of a partially or completely buried crater.

Similar to the Moon, the natural variability in rim height also exists for fresh

craters on Mercury. This variability is quantified in Table 3.15, where we provide the

root-mean-square deviation of the measured initial rim height with respect to the

predicted initial rim height as a function of crater diameter. Within the diameter

range of the studied partially buried craters (10–100 km), the natural variabilities

of the initial rim height are less than 180 m.

B. Shape Model

Our derived shape models for fresh craters on Mercury are plotted in Figure

3.18. In this normalized coordinate, we can find that with increasing crater diameter

the rim height and crater depth decrease, the crater floor radius increases, and the

central peak height and central peak radius first increase and then decrease. This

is to be expected as these initial profiles are constructed upon the morphometric

parameters. In addition, we can also find that the elevations profiles with different

diameters always have a smooth and continuous transition among them.

The corresponding formulas are presented in Table 3.16. In this table, hr, dcf,

Rcf, Re, hcp, and Rcp denote morphometric parameters rim height, crater depth,

crater floor radius, continuous ejecta radius, central peak height, and central peak
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radius. The coefficients a–f that are required in this table can be numerically deter-

mined by setting the function equal to the known values at the relevant tie points.

All the vertical parameters (hcp, dcf, and hr) are normalized by crater diameter, and

all the radial parameters (r, Rcp, Rcf, and Re) are normalized by crater radius. To fit

the central peak, crater wall and crater ejecta, we use different forms of exponential

functions.
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Figure 3.18: Radial elevation profiles for fresh Mercury’s craters. The radial distance is

normalized by crater radius (rnorm = r/Rinit), and the elevation is normalized by crater

diameter (Hnorm = H/Dinit). The red curves are transitional craters, and the blue curves

represent complex craters. The plotted initial crater diameters were carefully selected to

present the results for clarity and are labeled for several curves.

Table 3.16: Mathematic forms for fresh Mercury’s impact craters.

Morphology Elevation profile Range

Transitional hr − dcf r ⩽ Rcf

(20 < D ⩽ 25 km) exp(cr) + d Rcf < r ⩽ 1

e exp(fr) 1 < r ⩽ Re

0 r > Re

Complex a exp(r) + b r ⩽ Rcp

(D > 25 km) hr − dcf Rcp < r ⩽ Rcf

exp(cr) + d Rcf < r ⩽ 1

e exp(fr) 1 < r ⩽ Re

0 r > Re

Since this study is the first one to derive the initial elevation profiles for fresh
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craters ever on Mercury, there is no previous study we can compare with. Neverthe-

less, our derived shape model is based on the analyses of the crater morphometric

parameters, and we have shown that the new morphometric relations given by this

study are better than others.

3.5 Effect of Crater Degradation on Rim Height
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Figure 3.19: Diagram of rim height overestimation for a lunar crater with an initial di-

ameter of 2 km that formed at 3.6 Ga. The solid black and red lines are the initial and

final profiles, the dashed black and red lines are the initial and final rim heights, and the

black and red stars are the corresponding initial and final rim crests. The dashed orange

line is the predicted, initial rim height based on the final crater diameter using the rim

height-crater diameter relation in Pike (1977). The vertical offset between the dashed

horizontal orange and red lines is the resulting rim height overestimate. The blue arrow

indicates the displacement of rim crest during crater degradation.

Given an initial crater profile, we model the crater degradation process and

estimate the reduction in the rim height. As a consequence of crater degradation,

the rim crest moves both downward and outward (Figure 3.19). For an elevation

profile, this process can be seen as the rim crest at an initial position (D0, h0) moving
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to (D0+∆D, h0−∆h), where D0 and h0 are initial crater diameter and rim height,

and ∆D and ∆h are the increase in crater diameter and the decrease in rim height

due to the erosion process. Previous studies (De Hon and Waskom, 1976; De Hon,

1979b), however, used the current crater diameter (D0+∆D) to estimate the initial

rim height. Since the current rim diameter will always be larger than the initial rim

diameter, this approach will overestimate the initial height of the crater rim.

A quantitative case study is shown in Figure 3.19. This a lunar mare crater

with an initial diameter of 2 km and an initial rim height of 74 m (black) that formed

at 3.6 Ga. The present-day crater diameter and rim height are 2.3 km and 23 m

(red), respectively. If the total rim height is estimated based on the present-day

crater diameter, one would obtain a value of 86 m (orange). Therefore, the total

overestimate on the total rim height would be 86-23=63 m (green).

3.5.1 The Moon

For lunar craters, we note that the manner by which the rim height degrades

with time will be discontinuous at the simple-transitional boundary at 15 km. In

particular, the rim-height to crater diameter ratio is constant for all simple craters,

but this ratio decreases for craters with larger diameters. In addition to this, the

formulas of the crater topographic profiles interior and exterior to the crater rim

also change across this morphologic transition, as we used two different connecting

functions for the crater inner wall and ejecta in the simple and transitional crater

regimes. The resulting discontinuous change in slopes to each side of the rim has

a strong effect on how simple and transitional/complex craters degrade. It is for

this reason that we will demonstrate the degradation of simple and larger craters

separately.

The effect of topographic degradation on the crater rim height (∆h) is shown

in Figure 3.20. In the upper two panels, we plot the reduction in rim height as a

function of time over the past 3.9 billion years using a diffusivity of 5.5 m2/Myr

(Fassett and Thomson, 2014). Results for representative crater diameters of 5, 10,

15, 20, 50, 100 km are plotted, and we emphasize that these diameters correspond

to the initial diameter (and not the final eroded diameter). For simple craters, the

reduction in rim height is nearly independent of diameter. After 3.9 billion years of

erosion, the rim height reduction is about 45 m for a mare crater, and 41 m for a
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highland crater. For transitional and complex craters, the
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Figure 3.20: Predicted absolute rim height reduction during the degradation process for

lunar craters. In (a) and (b), the diffusivity was set to 5.5 m2/Myr and the results are

plotted for several mare and highland craters with selected diameters in simple (a) and

transitional/complex regimes (b). In (c), results are plotted for a 10-km-diameter mare

crater for several different diffusivities.
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amount of rim erosion is largest for the smallest craters, and smallest for the largest

craters. Small craters simply erode faster than large craters, in part because the

surface slopes decrease with increasing diameter. For mare craters, the rim erosion

is about 40 m for a 20-km-diameter crater and 31 m for a 50-km-diameter crater.

For highland craters, these values are larger by about 20 % and 16%.

In the lowermost panel of Figure 3.20, we demonstrate how the rim erosion

depends upon the assumed diffusivity. For this plot, we considered values of 5, 10, 25,

50, and 100 m2/Myr, and then plotted the rim erosion associated with a simple 10-

km-diameter mare crater. These topographic diffusivity values are selected because

it is expected that the topographic diffusivity is proportional to the crater diameter,

and that a 1-km-diameter crater has a reference diffusivity of 5.5 m2/Myr. The

result shows that if this crater formed at 3.9 Ga, then the reduction in rim height

could range from 43 to 184 m with an increasing diffusivity. We note that the erosion

of a crater depends only upon the product of the diffusivity and time, and that these

two parameters are hence not independent.

Previous basalt thickness estimates that did not consider crater degradation

lie between 200 and 400 m (De Hon and Waskom, 1976; De Hon, 1979b). For a

diffusivity of 5.5 m2/Myr, our results show that the rim height could be reduced by

up to 45 meters for a 3.9-Gyr-old, 10-km-diameter mare crater (Figure 3.20a). How-

ever, the amount of rim erosion increases substantially with increasing diffusivity.

For a diffusivity of 100 m2/Myr, Figure 3.20c shows that the rim height reduction

could be 184 m, which is comparable to the basalt thicknesses that were previously

estimated by De Hon and Waskom (1976) and De Hon (1979b).

3.5.2 Mercury

After obtaining the initial profiles for Mercury’s craters, we can then quantita-

tively estimate the reduction of crater rim height as a function of time by inputting

the initial profile to the crater degradation model. Currently, we do not have a

good constraint on the topographic diffusivity for craters on Mercury. Nevertheless,

considering the facts that (1) the kilometer-scale lunar craters have a reference dif-

fusivity of 5.5 m2/Myr (Fassett and Thomson, 2014), (2) the topographic diffusivity

on Mercury may be twice the strength of that on the Moon, and (3) the topographic

diffusivity scales linearly with crater diameter, we set the reference diffusivity for a
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Figure 3.21: Predicted absolute rim height reduction during the degradation process for

Mercury’s craters. In (a), the diffusivity is set to 100 m2/Myr, and results are plotted

for several different diameters. In (b), results are plotted for a 10-km-diameter crater for

several different diffusivities.

10-km-diameter Mercury’s crater to be 100 m2/Myr. We first assume the same dif-

fusivity value for craters with diameters of 10, 15, 20, 30, 50, and 100 km, and look

into how the rim height reduction varies with time. Meanwhile, we also take into

account the diameter-dependence of crater topographic degradation by assuming

different diffusivity values of 10, 20, 50, 100, and 200 m2/Myr for a 10-km-diameter

crater.

As is shown in Figure 3.21, if the same diffusivity value is assigned to craters

with difference sizes, the reduced rim height could be 55–201 m. If the diameter-

dependence of topographic diffusivity is considered, the rim height reduction could

be 68–270 m, which is comparable to the upper limit of the previous lava flow

thickness estimates around partially buried craters of 0.4–1.8 km (Ostrach et al.,

2015).
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4.1 Database and Classification of Buried Craters

We constructed a database of buried impact craters on the Moon (Table 4.1),

making use of the LROC/WAC basemap and the ArcGIS platform with the Crater

Helper Tools toolkit (Nava, 2011). In order to obtain the center and diameter of the

crater, the crater rim needs to be determined first. The crater rim can be seen as

an exposed crater rim, a wrinkle ridge or a topographic depression boundary. If the

crater rim is intact and continuous, then three control points that are ∼120◦ apart

along the rim were selected manually to define a circle that was used to determine

the center and diameter of the crater. When less than 10% of the crater rim can be

seen, then the determination of the crater center and diameter is problematic: we

did not include this type of crater in our study, which may result in an underestimate

of the total number of partially buried craters. In total, we identified 661 partially

and completely buried craters on the lunar surface, all located within mare deposits

or along mare margins. The diameter, longitude, latitude, classification, percentage

of the rim that is buried, and composition of the rim/ejecta are given in Table A.1

in the Appendix.

We divided the identified buried craters into three classes based on the observed

morphology of the crater rim: completely exposed, partially exposed, and completely

buried. Craters with rims completely or partially exposed can be classified into two

subclasses based on their locations. If the entire exposed ejecta are surrounded by

mare basalts, then the crater is classified as being located in the mare, whereas if

part of the exposed ejecta are contiguous with the surrounding highland terrain,

then the crater is classified as being located on the mare-highland boundary. We

note that craters located in the maria could have formed on the highland crust and

later were flooded by basalts, such that the exposed crater rim and ejecta have a

highland composition.
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Table 4.1: Classification of buried impact craters on the Moon (N=661).

Class Location Description Number

Rim completely exposed Mare Rim and proximal ejecta completely exposed, distal ejecta buried 74

Mare-highland boundary Mare side: rim and proximal ejecta completely exposed, distal

ejecta buried;

188

Highland side: rim and ejecta completely exposed

Rim partially exposed Mare Rim and proximal ejecta partially exposed, distal ejecta buried 112

Mare-highland boundary Mare side: rim and proximal ejecta partially exposed (N=239)

or completely buried (N=9), distal ejecta buried;

248

Highland side: rim and ejecta completely exposed

Rim completely buried Mare Rim and ejecta completely buried, characterized by a wrinkle

ridge or an interior topographic depression

39

104



4 Mare Basalt Thickness on the Moon

In an idealized case, a crater would form on a perfectly flat surface, the rim

crest height would be the same everywhere, and any mare basalts that flooded the

region would be uniform in thickness. There are several factors that complicate

such an idealized scenario. First, the impact crater could form on a sloping surface

and the lavas would only embay that portion of the crater at the lowest elevations.

This is likely what occurred for partially buried craters that form along the mare-

highland boundaries. In these cases (Figure 4.1a), the crater rim and ejecta can be

divided into highland and mare parts: the crater ejecta of the highland part are not

buried by lava flows, whereas the crater ejecta of the mare part are. Though these

craters are included in our database, they will not be analyzed later as a result of

this complication.

In a more complex scenario, a part of the crater rim could be breached by the

exterior lavas in several places, leaving a crater rim that is discontinuous (Figures

4.1b–d). The formation of such a partially buried crater could arise as a result of

several asymmetric processes. The crater rim height is not everywhere constant,

either as a result of the initial formation processes, or by later erosional processes

(such as small craters that formed on the rim). Alternatively, the basalt thickness

might not be uniform everywhere, with the thicknesses being higher on the side of

the crater rim that was breached.

To extend our database, we also searched for craters that are completely buried

by mare basalts. This type of crater is usually characterized by a concentric wrinkle

ridge over the crater rim (Figure 4.1e) or a subtle topographic low in the crater

interior as a result of thermal contraction of the cooling lava flow (Figure 4.1f). The

mare basalt thickness around a completely buried crater is difficult to estimate. On

the one hand, the mare basalt thickness needs to be greater than the crater rim

height. On the other hand, the crater rim height could have been degraded between

the times of crater formation and lava infill. Therefore, although we include these

entirely buried craters in our database, we will not use them later when estimating

mare basalt thicknesses. We note that completely buried craters can also sometimes

be identified in the Bouguer gravity anomaly maps (Evans et al., 2016, 2018; Sood

et al., 2017; Zhang et al., 2018).

De Hon and Waskom (1976) and De Hon (1979b) constructed a global partially

buried crater database that included 342 partially buried craters in the nearside east-
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ern (30◦S–30◦N; 0–100◦E) and western (45◦S–45◦N; 90◦W–10◦E) maria, of which the

crater rim is either completely or partially exposed as defined by our classification.

It is challenging to directly compare their database with ours, because there is a

misregistration between the two databases in the coordinate systems used. By com-

paring the provided crater center coordinates for several of the largest and thus least

ambiguous partially buried craters (e.g., Flamsteed P: D=108.9 km), this misreg-

istration can be up to 10 km. Nevertheless, our database is expected to be more

accurate and more complete than previous ones, because of our use of more recent

remote sensing datasets with considerably higher accuracy and resolution.

4.1.1 Case Studies of Buried Craters

In addition to craters with rims completely exposed on the maria (as presented

in Figure 2.10), the characteristics of the other four types of buried craters are

presented here, including craters with rims completely exposed on the mare-highland

boundaries, craters with rims partially exposed on the maria, craters with rims

partially exposed on the mare-highland boundaries, and craters with rims completely

buried on the maria. These four types of craters need to be discussed separately,

since their geological contexts are more complicated. For each class, a representative

crater was selected as a case study.

For the class of craters with rims completely exposed on the mare-highland

boundaries, the crater rim can be divided into mare and highland parts. As a

detailed study, crater Borman V (37.63◦S, 151.40◦W; D=27.4 km) that is located

within the inner ring of Apollo basin was selected, of which the northern crater

ejecta are buried by mare basalts whereas the southern crater ejecta are unburied

and connected with the highland terrain (Figure 4.1a). In the optical image, the

exposed crater rim can be seen as high-reflectance materials compared with the dark

lava flow to the north. The ejecta boundary is identified as an abrupt contrast in

reflectance between brighter crater ejecta and darker mare basalts (white arrows),

and the exposed ejecta width is estimated to be half of the crater radius. On the

other hand, the reflectance of the exposed crater ejecta on the south is similar to that

of the surrounding highland region, and no clear boundary between crater ejecta and

background terrain is found.

For the class of craters with rims partially exposed on the maria, the crater rim
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Borman V (37.63°S, 151.40°W; D=27.4 km)

(a)
10 km

Eddington P (21.02°N, 71.11°W; D=11.5 km)

(b)
5 km

Goddard C (16.81°N, 85.17°E; D=48.5 km)

(c)
20 km

Unnamed (10.95°S, 57.15°W; D=18.3 km)

10 km
(d)

Goclenius U (9.35°S, 50.13°E; D=20.3 km)

(e)
10 km

Unnamed (6.18°N, 66.12°E; D=2.7 km)

(f)
500 m

Figure 4.1: LROC/WAC images of four types of buried craters: crater Borman V (D=27.4

km) with rim completely exposed on the mare-highland boundary (a), crater Eddington

P (D=11.5 km) with rim partially exposed on the mare (b), crater Goddard C (D=48.5

km) on the mare-highland boundary with rim partially exposed on the mare side (c),

an unnamed crater (D=18.3 km) on the mare-highland boundary with rim completely

buried on the mare side (d), and crater Goclenius U (D=20.3 km) with rim completely

buried on the mare characterized by a wrinkle ridge (e). A high-resolution LROC/NAC

(M1123163931RC) image of an unnamed crater (D=2.7 km) with rim completely buried

on the mare featured by an interior depression (f) is also shown. The red stars give the

locations for crater centers. The white arrows point to the boundaries of the exposed

crater ejecta in (a–c) and the buried crater rim in (e) and (f).
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can be divided into exposed and buried parts. As a detailed study, crater Eddington

P (21.02◦N, 71.11◦W; D=11.5 km) that is located in the southeastern region of the

flooded crater Eddington was selected, of which the eastern and western crater rims

are exposed whereas the northern and southern crater rims are buried by lava flows

(Figure 4.1b). In the optical image, the exposed crater rims are discernible as high-

reflectance materials compared with the surrounding, dark lava flows. The ejecta

boundary is seen as a distinct contrast in reflectance between brighter crater ejecta

and darker mare plains (white arrows), and the exposed ejecta width is estimated to

be only one-third of the crater radius. There are no reflectance variations between

the buried crater rim regions and the surrounding lava flows.

For the class of craters with rims partially exposed on the mare-highland bound-

aries, there are actually two subclasses depending on whether or not the crater rim

is completely buried on the mare side. In the case where the crater rim is partially

buried on the mare side, the crater rim can be divided into three parts: an exposed

part on the mare, a buried part on the mare, and an exposed part on the highland.

In the case where the crater rim is completely buried on the mare side, the crater

rim can be divided into two parts: a buried part on the mare, and an exposed part

on the highland.

As for the first case, crater Goddard C (16.81◦N, 85.17◦E; D=48.5 km) that is

located in the north of Mare Marginis was selected for a case study, of which the

northern crater rim is contiguous with the highland terrain, the southwestern crater

rim is buried by mare basalts, and the rest of the crater rim is exposed (Figure

4.1c). In the optical image, the exposed crater rim on the mare side can be seen

as high-reflectance materials compared with the surrounding, dark lava flows. The

exposed ejecta boundary is identified as an abrupt contrast in reflectance between the

brighter crater ejecta and the darker mare basalts (white arrows), and the exposed

ejecta width is estimated to be only ∼15% to 30% of the crater radius. For the

buried crater rim on the southwest, there are no reflectance variations between this

region and the surrounding lava flows. For the exposed crater rim and ejecta on the

north, they have a similar reflectance with the surrounding highland region, and no

clear boundary between crater ejecta and background terrain is found due to the

rugged topographic relief there.

As for the second case, an unnamed crater (10.95◦S, 57.15◦W; D=18.3 km)
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that is located on the southwestern corner of Oceanus Procellarum was selected for

a detailed study, of which the western and southern crater rims are connected with

the highland terrain whereas the northern and eastern crater rims are buried by

mare basalts (Figure 4.1d). In the optical image, the buried crater rim region has

the same surface reflectance as the surrounding lava flows and thus is undetectable,

and the exposed crater ejecta on the highland side appear to be highly degraded

and it is difficult to determine the ejecta boundary.

For the class of craters with rims completely buried on the maria, the entire

crater rim should be mantled by the lava flow but a wrinkle ridge over the crater

rim or a topographic depression in the crater interior can be still discernible. As a

representative study for the wrinkle ridge case, crater Goclenius U (9.35◦S, 50.13◦E;

D=20.3 km) in the southern Mare Fecunditatis was selected (Figure 4.1e). A circu-

lar wrinkle ridge can be seen clearly that is connected to the surrounding wrinkle

ridges (white arrows). As a representative study for the topographic depression

case, an unnamed crater (6.18◦N, 66.12◦E; D=2.7 km) that is located in the north-

western region of Mare Undarum was chosen (Figure 4.1f). In the high-resolution

LROC/NAC image, this crater appears to be recognizable due to a gentle topo-

graphic depression seen in the crater interior and a favorable local incidence angle

(buried rim indicated by the white arrows).

4.1.2 Spatial Distribution and Statistics of Buried Craters

The most prominent feature seen in the spatial distribution of buried craters

is their preferential occurrence along the mare-highland boundaries (Figure 4.2).

This distribution pattern is to be expected, since the mare basalts at the edge of

the mare are expected to be thinner than elsewhere. Though the thicker flows in

the mare centers can entirely flood craters of a given size, the thinner flows at the

margins can only partially flood the crater. This interpretation is supported by

the identification of ghost craters in Bouguer gravity anomaly maps in the central

portions of the maria (Evans et al., 2016, 2018; Sood et al., 2017; Zhang et al., 2018).

We also note that the smallest buried craters are distributed uniformly across the

mare, whereas larger ones are concentrated along the mare-highland boundaries.

Our interpretation of this observation is that the larger craters were completely

buried in the central mare where the basalt thicknesses are the greatest. Many of
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the smaller craters, in contrast, are younger and formed during the main phase of

mare volcanism. Many of these craters thus formed on top of pre-existing lava flows.

The thickness of the flows that buried these craters was thus only a fraction of the

total thickness of lavas in the region. With thinner flows embaying the crater, the

probability that the rim crest would remain unburied would be higher.

−180˚ −150˚ −120˚ −90˚ −60˚ −30˚ 0˚ 30˚ 60˚ 90˚ 120˚ 150˚ 180˚
−90˚
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Rim completely exposed Rim partially exposed Rim completely buried 2 km 10 km 20 km 50 km 100 km

Figure 4.2: Distribution of buried craters with completely exposed rims (light red,

N=262), partially exposed rims (blue, N=360), and completely buried rims (green,

N=39). The lunar maria basemap (gray) is from Nelson et al. (2014), and the basaltic

unit boundaries (white) are from a compilation of previous studies (Hiesinger et al., 2006,

2011; Morota et al., 2009, 2011a; Pasckert et al., 2018). The size of the circles increases

with increasing crater diameter.

Histograms of the different classes of buried craters as a function of diameter

are shown in Figure 4.3a. The diameters of all the partially and completely buried

craters range from 1.5 to 130 km, of which craters with rims completely exposed

in the maria range from 1.8 to 45.3 km. In general, the peak in the histogram is

skewed towards smaller craters. This is in part because there are in general more

smaller than larger craters, but also because the older and larger craters that formed

before the main phase of mare volcanism have been completely buried. Analyzing

the craters by class, the median crater diameter is found to increase from craters

with rims completely buried (3.7 km), to those with rims partially exposed (9.3

km), and to those with rims completely exposed (11.6 km). This observation is easy
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to explain: for a given basalt thickness, smaller craters with lower rim heights are

easier to completely bury than larger craters with greater rim heights. In terms of

location, the median diameter of partially and completely buried craters on maria

(6.6 km) is smaller than that along mare-highland boundaries (12.9 km). As noted

previously, we interpret this observation as being a result of the mare basalts being

thicker in the center of the mare than those along their edges, therefore older, larger

craters inside the maria are completely buried.
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Figure 4.3: (a) Size-frequency distributions of the different classes of buried craters. (b)

Percentage of the rim buried by mare basalts for craters that formed in the mare (red)

and along the mare-highland boundary (blue). In (b), the scale of the vertical axis is

discontinuous, and the total numbers of craters with rims completely exposed or completely

buried are plotted in the leftmost and rightmost bins, respectively.

For all of the partially buried craters in our database, we have estimated the

percentage of the crater rim crest circumference that was buried by lava flows (Figure

4.3b). The median percentage of rim burial of mare craters (24%) is larger than that

of mare-highland boundary craters (7%). This is simply because the crater rim is

never buried on the highland side of the mare-highland boundary. This figure also

shows that we did not include any craters where more than 90% and less than

100% of the rim has been buried. Although we did find some short exposed crater

rims that might indicate the presence of partially buried craters with rim exposure

smaller than 10%, we are not confident to determine the crater center and diameter

because no other indicators of the crater rim (e.g., wrinkle ridges or a topographic

depression) were found that can help to outline the crater.
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4.2 Mare Basalt Thickness Estimation Results
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Figure 4.4: Elevation map (a) and radial elevation profiles at different points in time (b

and c) for the crater Seleucus (D=45.3 km). In (a), the red star denotes the crater center,

the black solid circle shows the boundary within which the azimuthally averaged radial

profile was extracted, and the white boxes show the regions excluded from the elevation

data. In (b) and (c), the red, green, blue, magenta, and black curves represent the initial

crater profile, the profile just before mare flooding, the profile just after mare flooding,

the final present day profile, and the observed profile. Panel (c) shows a zoom-in around

the crater rim, which corresponds to the black box in (b).

Before presenting the best-fitting results, we first describe the details of a single

representative inversion for the crater Seleucus (21.08◦N, 66.67◦W; D=45.3 km)

(Figure 4.4a). This crater has a rim that is completely exposed and is located on

the western margin of Oceanus Procellarum, and it was selected because it is one

of the most degraded and best-fitting craters in our crater database. Based on the
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best-fit model parameters determined by the crater degradation model, the history

of Seleucus can be described as follows (Figures 4.4b and c). First, the crater

formed on a highland target given that the FeO content of the exposed crater rim

and proximal ejecta is about 12 wt.%. The initial crater diameter was 45.2 km

with a rim height of 1168 m (red), and given the crater size, it should have formed

with a central peak. Between the times of crater formation and mare flooding, the

crater rim height degraded by 73 m to 1095 m (green). Then, mare basalts with a

thickness of 455 ± 264 m erupted outside the crater rim partially flooding the crater

ejecta, and mare basalts erupted inside the crater interior nearly completely burying

the central peak. The crater profile then continued to erode to the present state,

obtaining a rim height of 960 m with respect to the pre-flooding background. Thus,

from crater formation to the present time, the rim was reduced in height by about

208 meters. If rim erosion was not considered, the mare basalt thickness would be

estimated to be 663 m, which is considerably larger than when considering crater

degradation.
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Figure 4.5: Basalt thickness estimates from craters with rims completely exposed on the

maria. Craters that formed on maria and highlands are denoted by filled circles and

triangles, respectively. The lunar maria basemap (gray) is from Nelson et al. (2014), and

the basaltic unit boundaries (white) are from a compilation of previous studies (Hiesinger

et al., 2006, 2011; Morota et al., 2009, 2011a; Pasckert et al., 2018).

In this study, basalt thicknesses were estimated around 74 mare craters with
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rims completely exposed. Some of these craters either fit the observations poorly,

or had large uncertainties. Thus, we first discarded craters that had atypically high

misfits (larger than 50 m). We then removed from further consideration craters

where the 1-σ lower limit in the basalt thickness was equal to 0.

In the end, we were left with 41 craters that were considered for further analyses,

among which 16 formed on mare basement (circles) and 25 formed on highland

basement (triangles) (Figure 4.5). The crater diameters vary from 3.7 to 45.3 km,

and the obtained basalt thicknesses range from a minimum of 33 m to a maximum

of 455 m (Figures 4.6a–c). There is no clear pattern of the derived basalt thicknesses

when plotted in map form. This is to be expected because two adjacent partially

buried craters could have formed at different times and could have been embayed by

different thicknesses of basaltic flows. The crater diameter, longitude, latitude, the

best-fitting lava flow thickness and other five model parameters are shown in Table

A.2. The uncertainties of the lava flow thickness and the diffusivity-time product

after lava flooding are presented in Table A.3. The unit number, age, and area of the

basaltic unit that embayed the studied partially buried craters are given in Table

A.4.

Figure 4.6c shows that there is a positive correlation between the estimated

basalt thickness and crater diameter. This is simply because the crater rim height,

which is the maximum thickness that can be retrieved from our method, increases

with crater diameter (Pike, 1977). For the studied partially buried craters, the RMS

misfits (Figure 4.6d) between the best-fitting and observed profiles are smaller than

50 m, with an average of 17 m. The initial crater diameter is found to be on average

95% of the present-day value. The uncertainty in the basalt thickness is on average

68 m. The thicknesses of basalts in the interiors of 36 craters were also estimated,

and these are 1073 m on average (note that the crater floor is much deeper than the

pre-flooding background).

If crater degradation was not included, these thicknesses would be considerably

larger, ranging from 122 to 613 m. To be comparable with our obtained results,

these results are based on the initial rim height-crater diameter ratio derived in

this study instead of Pike (1977), and the initial rim height was estimated from

the observed, present-day crater diameter. In this case, the median and average

basalt thicknesses are 200 and 238 m, in comparison to the values of 105 and 130
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in thickness, which we interpret as corresponding to the thickness of the unit S13

(Hiesinger et al., 2011) in this image. Coincidently, in the same basaltic unit S13

five craters (black boxes) were identified by Ishiyama et al. (2013) with different

TiO2 contents (Figure 4.7b) in their ejecta. These craters penetrated through the

surface unit and excavated the underlying unit with higher TiO2 concentrations.

The diameters for these craters vary from 2.0 to 3.1 km, so the maximum basalt

thickness of the overlying surface unit should be 169 to 263 m based on their crater

excavation depths. The existence of small craters (0.8–1.4 km in diameter) that did

not excavate the underlying lava flow places a minimum thickness of 71–115 m on

the surface unit. Our derived thickness is 107±41 m, which is consistent with the

thickness range of 71–209 m given by the nearest crater pair to the partially buried

crater (Figure 4.7b). We note that if crater degradation was not considered, the

basalt thickness would be 225 m, which is larger than the upper bound of 209 m.
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Figure 4.7: SELENE TC optical image (a) and SELENE MI-derived TiO2 abundance map

(b) near crater Bobillier (D=6.9 km). In (b), the basalt thickness estimate surrounding

the crater Bobillier is labeled in red, and those based on crater excavation depths are given

in black (Ishiyama et al., 2013). Basaltic units are outlined in black and are labeled by the

unit names and ages from Hiesinger et al. (2011). The ground track where SELENE LRS

data (Data ID: LRS_SAR05KM_C_25N_016214E, LRS_SAR05KM_C_20N_016273E,

and LRS_SAR05KM_C_15N_016329E) were obtained is denoted by the north-south

dashed line. In (c), the calculated basalt thicknesses from the radar data are presented

using a range of porosities from 0 to 45% where 0 porosity is denoted by the leftmost black

line.

In the same region of the crater Bobillier, the SELENE Lunar Radar Sounder
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also detected subsurface reflectors (Ishiyama et al., 2013), and we reanalyzed the

SAR-processed radargram to derive basalt thickness along its track with latitudes

from 19.5◦N to 26◦N (Figure 4.7c). We first resampled the LRS radar data with

an interval of 0.1◦ (3.0 km), and then identified the surface and subsurface echoes.

Both the surface and subsurface echoes correspond to strong backscattered radar

waves at the respective interface. Subsurface roughness and random scattering from

imbedded inclusions may create additional subsurface echoes, but they are expected

to be much weaker in amplitude than the echoes from planar interfaces. We identified

subsurface echoes in the A-scope radargram of which the peak value is less than 10

dB smaller than the primary, surface peak value (see red and black arrows in Figure

4.8a). If this criterion was not satisfied, the radargram was discarded (see red and

black arrows in Figure 4.8b). As a result, subsurface echoes were identified in 54

out of 66 radargrams, and the resulting, continuous subsurface layer is presented in

the two-dimensional SAR image (red dashed line in Figure 4.9b, raw data plotted

in Figure 4.9a as a comparison).

The apparent depths were converted to true depths by using an estimate of

the dielectric permittivity of the unit, which can be derived from the FeO and TiO2

contents. The FeO and TiO2 contents were calculated at the locations where the

subsurface echoes were identified using the MI data and the algorithm provided in

Otake et al. (2012) (Figures 4.10a and b). Next, the grain densities along the sam-

pled locations were estimated based on the calculated FeO and TiO2 contents (Figure

4.10c) using the relations in Huang and Wieczorek (2012), and the corresponding

real parts of the dielectric permittivities were calculated for assumed porosities of 0,

22.5%, and 45% (Figure 4.10d) using the technique described in Fa and Wieczorek

(2012). The apparent depths of the subsurface echoes were converted to the actual

depths using the above computed dielectric permittivities, and we found that the

depth of this reflector to be on average 120 to 161 m below the surface for porosities

of 0–45%. Close to the crater Bobillier at (19.61N◦, 16.33E◦), the thickness given

by radar observations is 104 m (porosity=0), which is consistent with our estimate

of 107±41 m.

The most direct estimation of the thickness of a lava flow is the measurement of

lava flow front heights. On the northeastern floor of the crater Lee M, an unnamed

partially buried crater (29.37◦S, 39.09◦W; D=3.6 km) was identified (Figure 4.11a).
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Figure 4.8: Examples of a selected radargram at (21.1◦N, 16.3◦E) (a) and a discarded

radargram at (24.1◦N, 16.3◦E) (b). The primary (surface echo) and the potential (subsur-

face echo) secondary peaks are highlighted by black and red arrows, respectively.
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Figure 4.9: LRS raw data (a), and LRS raw data with interpretations of surface (solid red

line) and subsurface echoes (dashed red line) (b) in the studied region (19.5◦N–25.9◦N,

16.3◦E).
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of the dielectric permittivity (d) along the radar nadir track.
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This crater is embayed by a basaltic unit whose origin is to the north-east of the

crater. Four radial topographic profiles were extracted, avoiding the topographic

high to the southwest of the studied crater (white box in Figure 4.11a). The front

heights were measured from the elevation difference between the upper and lower

lava flows, providing estimates of the flow front height of 42, 43, 51 and 32 m (Figure

4.11b). Given the standard deviation in elevations of the surrounding plains and

the lava flow, these estimates may have an uncertainty of about 8 m. Our estimated

basalt thickness from the crater degradation model is 9 m with an upper limit of

29 m. This estimate is somewhat smaller than the lower limit of measured lava

flow front heights. However, it should be noted that the about 40% variation of

measured flow front heights may imply a natural variability of the basalt thickness

in the region of this crater. We also note that if topographic degradation was not

taken into account for this highly degraded crater, the basalt thickness would be

77 m, which is more inconsistent with the observations (average=42 m) than ours

that takes into account crater degradation.
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Figure 4.11: Elevation map of an unnamed partially buried crater (D=3.6 km) (a). The

red star indicates the crater center, the white fan is the region where the elevation profile

was extracted, the white arrows point to the lava flow fronts, and the white lines represent

individual profiles OA, OB, OC, and OD. The elevation profiles are plotted in (b), where

the black arrows point to the lava flow fronts, and the solid blue lines indicate the elevations

above and below the lava flow fronts.

Basalt thicknesses derived from gravity observations are of great interest, be-

cause they represent the total thickness of lavas that erupted in the region. These

estimates can be compared directly with our study only for craters that formed
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initially on a highland target: for these craters, the estimated basalt thicknesses

correspond to the total thickness of lava flows in the region. A recent study of the

lunar gravity field shows that the total basalt thickness on the western nearside

maria (19◦S–45◦N, 68◦W–8◦W) is 740 m on average (Gong et al., 2016), with these

estimates representing averages within a circle with a diameter of 425 km. As a com-

parison, our estimated total basalt thickness using only those craters that formed

on highland crust (N=25) is only 119 m on average. This discrepancy is largely a

result of the fact that the craters that formed on highland basement in our study are

mostly found near the mare-highland boundary, where we expect the basalt flows

to be thinner than in the interior of the mare.

4.3.2 Cumulative Volume and Eruption Rates of Mare Basalts
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Figure 4.12: Cumulative volume of mare basalts for surfaces with ages less than a given

value (a) and eruption rate (b) of the mare basalts as a function of time. In (a), the

cumulative volume Vc is fitted using a sigmoid-like function before 3.14 Ga: log(Vc1) =

1.35/(1+ exp(−190.22× log(t1)+ 100.63))+ 3.30, and a sum of two exponential functions

after 3.14 Ga: log(Vc2) = 3.03× exp(0.18× log(t2))− 2.49× 1014× exp(−143.60× log(t2)),

where Vc1 and Vc2 are cumulative volume and t1 and t2 are time. The uncertainty for the

cumulative volume is calculated using the uncertainty of the thickness of basaltic unit, and

the uncertainty of the basalt age is taken from a compilation of previous studies (Hiesinger

et al., 2006, 2011; Morota et al., 2009, 2011a; Pasckert et al., 2018).

With our estimates for the thickness of basaltic lava flows, it is possible to

estimate the volume of the erupted basalts and their long-term eruption rate. Our

craters sampled 23 of the basalt units mapped by a compilation of previous studies
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(Hiesinger et al., 2006, 2011; Morota et al., 2009, 2011a; Pasckert et al., 2018),

for which their surface ages vary from 1.7 to 3.7 Gyr with surface areas ranging

from 1,429 to 95,727 km2. We note that if multiple estimates are obtained in the

same unit, we then take their average value. We also assume that the mare basalt

thickness is uniform across the entire unit.

The cumulative volume of the sampled lava flows is plotted for all ages less than

a given value in Figure 4.12a, showing that there is a total of 4.4×104 km3 of lavas

that erupted from 3.7 to 1.7 Ga. The total cumulate volume that erupted on the

Moon is of course greater than this, as our study did not sample all lava flow units,

and there may be additional flows beneath the surficial flows we investigated. We can

correct this effect approximately by using the average total thickness of mare basalts

from the subset of mare craters that formed on highland basement (25 triangles in

Figure 4.5) and using the known surface area of all basaltic flows. With an average

total thickness of 119 m and the total surface area of mare basalts (6.2×106 km2)

(Head, 1975), the resulting total volume is 7.4×105 km3. As a comparison, the

total basalt volume reported by previous studies varies from 1×106 to 1×107 km3

(Budney and Lucey, 1998; Head and Wilson, 1992; Hörz, 1978). The discrepancy in

estimates of total basalt volume is again due to the fact that the partially buried

craters that formed on the highlands are preferentially located along mare margins

where thinner lava flows are expected, whereas other studies used estimates of the

basalt thickness in the mare centers that are considerably larger.

The eruption rate of mare basalts on the Moon can be calculated by taking the

derivative of the best-fitting cumulative volume (Figure 4.12b). The most prominent

feature in this plot is a peak at 3.4 Ga with a value of 2.9×105 km3/Gyr, followed by

a rapid decline to 3.7×102 km3/Gyr at 3.1 Ga. The major phase of basalt eruption

(3.7–3.1 Ga) in our study is consistent with thermal evolution models that take

into account the asymmetric distribution of heat producing elements in the crust

(Laneuville et al., 2013), where the main eruptive phase is found to lie between about

3.8 and 3.3 Ga. Then, the volcanic activity became less active until a secondary

peak was reached at 1.7 Ga with a value of 1.9×104 km3/Gyr, which corresponds to

the several larger, thick basaltic units in the Oceanus Procellarum that we sampled

in this study. This may indicate a more recent, episodic eruption, which is also seen

in Hiesinger et al. (2011) and Morota et al. (2011a). We interpreted this recent
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peak as a result of the high-concentration of the heating producing elements in the

subsurface of Oceanus Procellarum, which keeps the region still warm enough to

generate melts until 1.7 Ga. Hiesinger et al. (2011) also estimated the eruption rate

from the cumulative volume plot of mare basalts, by assuming a constant basalt

thickness of 10–100 m and that all the basalts erupted at the age of the uppermost

surface unit. Their pattern is similar to ours, which shows that the mare basalt

flux was extremely low from 3.7 to 4.0 Ga, reached a peak at 3.5 Ga with a value

of 5.0×104–4.3×105 km3/Gyr, and then gradually decreased with time but slightly

peaked at 2.1 Ga with a value of 2.5×104–1.0×105 km3/Gyr.

Above, we calculated the average eruption rate of lavas on the Moon over

geologic time, by averaging over many units of different ages and areas. The rate at

which lava is extruded to the surface during an individual eruptive event is thus not

important for our analysis, as it is expected to occur over a period of time that is

extremely short in comparison to the duration of mare volcanism. Regardless, some

studies have attempted to estimate the eruption rates for individual eruptive events

by dividing the volume of the basalt layer by the age difference between overlying

and underlying layers. Weider et al. (2010) shows that the mare basalts have the

largest eruption rate at 3.5 Ga with a value of 2×105 km3/Gyr. Then, the eruption

rate dramatically dropped to 3.7×104 km3/Gyr at 3.4 Ga and finally reached to

1×104 km3/Gyr. Oshigami et al. (2014) shows that the eruption rate peaked at 3.4–

3.5 Ga with a maximum value of 1×106 km3/Gyr. Then, the eruption rate decreased

to 1×105 km3/Gyr after 3.3 Ga, and in general remained little variation from 1×105

km3/Gyr to 2×105 km4/Gyr until 2.7 Ga. Their derived eruption rates should not

be compared to the results in this study, as the two eruption rates correspond to two

distinctly different geologic processes (i.e., how long it takes lava for a single event to

reach the surface, vs. how much lava is being eruptive over the entire lunar surface

as a function of time). Even for the latter method, we noticed that the resulting

eruption rates are still much smaller than the instantaneous eruption rate. This is

because the time scale between two eruptions derived from crater counting is usually

on the order of several hundred million years, which is much, much longer than the

duration of a single eruption. Nevertheless, we noticed that if the eruption rate is

constrained a priori (e.g., from studies of volcanology on Earth) and the volume of

the lava flow can be obtained from this study, it would be possible to calculate the
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instantaneous temporal duration of a single eruption on a planetary surface.

4.3.3 Scale and Temporal Dependence of Crater Degradation
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Figure 4.13: Diffusivity as a function of crater diameter (a) and basalt age (b). Craters

that formed on mare and highland basements are shown in red and black, respectively. In

(a), the solid and dashed black lines are the best-fit (κ = 5.1 × D0.93) and one standard

deviation uncertainty respectively, and the magenta line is the best-fit inferred from Fassett

and Thomson (2014). In (b), the basalt ages and their error bars were taken from a

compilation of previous studies (Hiesinger et al., 2006, 2011; Morota et al., 2009, 2011a;

Pasckert et al., 2018).

One of the outputs of our model is the product of diffusivity and time, both

before the mare basalts erupted and embayed the crater and afterwards. The ages

of the basaltic surface units can be estimated using the crater chronology technique

(Hiesinger et al., 2011; Morota et al., 2011a), and using the ages of these flows, we

can estimate the average diffusivity between the present day and when the lavas

erupted. If we further assume that the diffusivity was the same before the crater

was flooded, we can even estimate the age when the crater formed. In this section,

we investigate the topographic diffusivity by examining its dependence on crater

size, time, and target type (mare and highland).

The diameter-dependence of topographic diffusivity has a strong theoretical ba-

sis (Howard, 2007; Minton et al., 2019; Soderblom, 1970; Xie et al., 2017). Soderblom

(1970) was the first to investigate the crater degradation process by modeling the

downslope movement of crater ejecta due to micrometeoroid bombardment. This

approach used the assumption of mass conservation, where the net mass of ejecta
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materials moving into (out of) a volumetric unit must be equal to that accumulated

(lost) in this unit per unit area and time. In this model, the topographic diffusivity

is expressed as

κ =
CAD4−λ

max

4− λ
(4.1)

where C is a constant related to the mass of the ejecta excavated by micrometeorite

bombardment, A and λ are coefficients of the size-frequency distribution of the

small craters that formed on the ejecta of parent crater (N=AD−λ) where D is

the diameter of the small craters (Shoemaker, 1965), and Dmax is the maximum

diameter of the small craters that diffusively erode the parent crater.

In this model, the maximum size of the crater diffusively eroding the host crater

might be expected to scale with the host crater size. Previous studies proposed

that a cutoff of 10% of the parent crater diameter would be an appropriate upper

limit for the craters that erode the parent crater in a diffusive “sand-blasting” way

(Minton and Fassett, 2016). The power-law coefficient λ is expected to be close to

3 (Shoemaker, 1965), implying that κ=κ0D, where D is the diameter of the parent

crater with D=10×Dmax and κ0 is a reference diffusivity at a diameter of 1 km (Xie

et al., 2017). Though approximate, diffusivity might be expected to increase linearly

with crater diameter.

Variations in the impact flux could also result in variations in the topographic

diffusivity, primarily by changes in the parameter A. During the past 3 Gyr, the

lunar impact flux is believed to have been relatively constant (Le Feuvre and Wiec-

zorek, 2011; Neukum et al., 2001a; Shoemaker, 1965). However, the flux is known

to increase at earlier times, with the flux at 3.9 Ga being about 500 times the flux

at 3 Ga (Neukum et al., 2001a). Furthermore, the recent lunar impact flux could

be modulated by the formation of asteroid families in the inner main belt such as

the Flora and Baptistina asteroid families, which may have formed at 100s Ma and

around 160 Ma respectively (Bottke et al., 2008; Nesvorný et al., 2002).

We examine the dependence of topographic diffusivity on crater diameter in

Figure 4.13a. Though there is much scatter, the topographic diffusivity increases

approximately linearly with crater diameter, as predicted by Equation 4.1 and Xie

et al. (2017). Fitting these data to a power law of the form κ = κ0D
β provides a

reference diffusivity of 5.1±0.8 m2/Myr with an exponent of 0.93 that is suggested

by Xie et al. (2017). Fassett and Thomson (2014) investigated 13,657 small (0.8 ⩽
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D ⩽ 5 km), unburied craters on lunar maria and determined κ0 to be 5.5 m2/Myr,

which is close to our value. The diameter dependence of topographic diffusivity has

also been strongly supported by the study of mare crater degradation (0.8 ⩽ D ⩽ 5

km) where larger craters were found to have larger topographic diffusivities (Fassett

et al., 2018), and the modeling of topographic degradation of craters (D ⩽ 100 m)

at the Apollo 15 landing site where smaller craters were thought to have smaller

topographic diffusivities (Minton et al., 2019). The partially buried craters used

in this study cover a larger diameter range (3.7 ⩽ D ⩽ 45.3 km), which strongly

supports the diameter dependence of the diffusivity that both we and they found.

The topographic diffusivity as a function of the basalt age is plotted in Figure

4.13b to investigate how diffusivity depends on the impact flux. As can be seen,

there is no significant correlation between the topographic diffusivity and the basalt

age before and after 3 Ga. From a statistical point of view, the mean topographic dif-

fusivities before and after 3 Ga are 52.1±50.3 and 44.3±42.7 m2/Myr, respectively,

implying that the older and younger topographic diffusivities are almost indistin-

guishable. We further performed a Kolmogorov-Smirnov test on these two groups

of topographic diffusivities, which can help to examine if they are sampled from

the same population or not (Massey Jr, 1951). A null hypothesis indicates that the

two distributions are drawn from the same population, and the P -value significance

level is commonly set to be 0.05 (Robbins et al., 2014). The calculated P -value of

0.96 is much larger than this significance level, which means the null hypothesis can

not be rejected. In other words, there is no evidence for temporal variations in the

topographic diffusivity in our dataset. Fassett and Thomson (2014) suggested that

the topographic diffusivity before 3 Ga was higher than that after 3 Ga. However,

it should be noted that the diameter range of craters investigated in Fassett and

Thomson (2014) varies by a factor of six, and the largest craters are found to be

greater in age and have larger diffusivities. Therefore, the increasing topographic

diffusivity before 3 Ga found in Fassett and Thomson (2014) could be biased by the

inclusion of the largest and oldest craters in their study, which are expected to have

the highest diffusivities.

It is difficult to constrain the effect of target properties on diffusivity as Equa-

tion 4.1 has no dependence on target properties. Nevertheless, we might expect

highland terrain to be more fractured than the mare (Hartmann, 1973; Kreslavsky
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and Head, 2016), and that this would increase the rate of impact crater degradation

in the highlands. We investigated whether the diffusivity is different for craters

that formed on mare and highland targets. The topographic diffusivities for mare

and highland craters were fitted using a power-law function with the same expo-

nent of 0.93, and we found that the reference diffusivities (5.5±1.6 m2/Myr vs.

4.8±1.0 m2/Myr) were almost the same. This suggests that highland and mare

craters should degrade at a similar rate.
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Chapter 5 Lava Flow Thickness on Mercury

5.1 Database and Classification of Buried Craters

We constructed a database of buried impact craters on Mercury (Table 5.1),

making use of the MESSENGER/MDIS basemap and the ArcGIS platform with

the Crater Helper Tools toolkit (Nava, 2011). In this study, we have identified 1022

partially and completely buried craters in total. Unlike their counterparts on the

Moon with only 38 completely buried craters out of a total of 661, we found 765 com-

pletely buried craters on Mercury. The diameter, longitude, latitude, classification,

and percentage of the rim that is buried are given in Table B.1 in the Appendix.

We divided the identified buried craters into three classes based on the observed

morphology of the crater rim: completely exposed, partially exposed, and completely

buried. Craters with rims completely or partially exposed can be classified into two

subclasses based on their locations. If the entire exposed ejecta are surrounded by

lava flows, then the crater is classified as being located in the smooth plains, whereas

if part of the exposed ejecta are contiguous with the surrounding heavily cratered

terrain, then the crater is classified as being located on the smooth plains-heavily

cratered terrain boundary. We note that craters located in the smooth plains could

have formed on the heavily cratered terrain and later were flooded by lavas, such that

the exposed crater rim and ejecta have a composition of heavily cratered terrain.

In an idealized case, a crater would form on a perfectly flat surface, the rim crest

height would be the same everywhere, and any lavas that flooded the region would

be uniform in thickness. There are several factors that complicate such an idealized

scenario. First, the impact crater could form on a sloping surface and the lavas

would only embay that portion of the crater at the lowest elevations. This is likely

what occurred for partially buried craters that form along the smooth plains-heavily

cratered terrain boundaries. In these cases (Figure 5.1a), the crater rim and ejecta

can be divided into heavily cratered terrain and smooth plains parts: the crater
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Table 5.1: Classification of buried impact craters on Mercury (N=1022).

Class Location Description Number

Rim completely exposed Smooth plains Rim and proximal ejecta completely exposed, distal ejecta buried 7

Smooth plains-heavily

cratered terrain boundary

Smooth plains side: rim and proximal ejecta completely exposed,

distal ejecta buried;

52

Heavily cratered terrain side: rim and ejecta completely exposed

Rim partially exposed Smooth plains Rim and proximal ejecta partially exposed, distal ejecta buried 90

Smooth plains-heavily

cratered terrain boundary

Smooth plains side: rim and proximal ejecta partially exposed,

distal ejecta buried;

108

Heavily cratered terrain side: rim and ejecta completely exposed

Rim completely buried Smooth plains Rim and ejecta completely buried, characterized by a wrinkle ridge 765
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ejecta of the heavily cratered terrain part are not buried by lava flows, whereas the

crater ejecta of the smooth plains part are. Though these craters are included in

our database, they will not be analyzed later as a result of this complication.

In a more complex scenario, a part of the crater rim could be breached by the

exterior lavas in several places, leaving a crater rim that is discontinuous (Figures

5.1b and c). The formation of such a partially buried crater could arise as a result

of several asymmetric processes. The crater rim height is not everywhere constant,

either as a result of the initial formation processes, or by later erosional processes

(such as small craters that formed on the rim). Alternatively, the lava flow thickness

might not be uniform everywhere, with the thicknesses being higher on the side of

the crater rim that was breached.

To extend our database, we also searched for craters that are completely buried

by lava flows. This type of crater is usually characterized by a concentric wrinkle

ridge over the crater rim (Figure 5.1d). The lava flow thickness around a completely

buried crater is difficult to estimate. On the one hand, the lava flow thickness needs

to be greater than the crater rim height. On the other hand, this crater rim height

could have been degraded between the times of crater formation and lava infill.

Therefore, although we include these entirely buried craters in our database, we will

not use them later when estimating lava flow thicknesses. We note that completely

buried craters can also sometimes be identified in the Bouguer gravity anomaly maps

(Deng et al., 2018).

We noted that for some craters the circular topographic high along the crater

rim could be either the actual crater rim or a wrinkle ridge. For several cases it

was difficult to discriminate between the two as the spatial resolution of optical

images on Mercury is poor. Nevertheless, we found that both sides of the crater

rim are more or less symmetric, whereas the wrinkle ridge usually formed due to a

compressional force and hence one of the sides is usually tilted and hence both sides

are asymmetric (Plescia and Golombek, 1986).

5.1.1 Case Studies of Buried Craters

In Chapter 2, we have shown an example of craters with rims completely ex-

posed on the smooth plains. In addition to this type of crater, the characteristics

of the other four types of buried craters are presented here, including craters with

131



Doctoral Thesis of Université Côte d’Azur

rims completely exposed on the smooth plains-heavily cratered terrain boundaries,

craters with rims partially exposed on the smooth plains, craters with rims partially

exposed on the smooth plains-heavily cratered terrain boundaries, and craters with

rims completely buried on the smooth plains. For each type, a representative crater

is chosen and discussed as a case study. We note that although the smooth plains

boundaries have been released (Denevi et al., 2013), it is still a bit challenging to

distinguish between the smooth plains and the heavily cratered terrain. This is

because the surface of Mercury lacks a significant albedo contrast between smooth

plains (0.08-0.12) and heavily cratered terrain (0.11–0.19), comparing with lunar

maria (0.1) and highlands (0.17) (Ernst et al., 2010; Murray et al., 1974).

51.08°N, 32.98°E; D=61.8 km 81.12°N, 56.54°W; D=43.1 km

50 km 20 km

53.53°N, 10.77°W; D=81.1 km

50 km

40.76°N, 1.51°E; D=48.5 km

20 km(a) (b)

(c) (d)

Figure 5.1: MDIS images of four types of buried craters: rim completely exposed on the

smooth plains-heavily cratered terrain boundary (D=81.1 km) (a), rim partially exposed

on the smooth plains (D=48.5 km) (b), rim partially exposed on the smooth plains-heavily

cratered terrain boundary (D=61.8 km) (c), and rim completely buried on the smooth

plains (D=43.1 km) (d). The red stars give the locations for the crater centers. The white

arrows point to the boundaries of the exposed crater ejecta in (a–c) and the buried crater

rim in (d).
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For the class of craters with rims completely exposed on the smooth plains-

heavily cratered terrain boundaries, the crater rim can be divided into smooth plains

and heavily cratered terrain parts. In Figure 5.1a, we show an 81-km-diameter crater

located at (53.53◦N, 10.77◦W). Most of the crater rim is buried by lava flows and

only the southwestern crater ejecta are unburied and connected with the heavily

cratered terrain. In the optical image, the exposed crater rim can be seen as high-

reflectance materials compared with the surrounding dark lava flow. The ejecta

boundary is identified as an abrupt contrast in reflectance between brighter crater

ejecta and darker smooth plains basalts (white arrows), and the exposed ejecta width

is estimated to be one-third of the crater radius. On the other hand, the reflectance

of the exposed crater ejecta on the southwest is similar to that of the surrounding

heavily cratered terrain region, and no clear boundary between crater ejecta and

background terrain is found.

For the class of craters with rims partially exposed on the smooth plains, the

crater rim can be divided into exposed and buried parts. For the selected crater

(40.76◦N, 1.51°E; D=48.5 km), the northern and western crater rims are exposed

whereas the southern and eastern crater rims are buried by lava flows (Figure 5.1b).

What is interesting is that discontinuous wrinkle ridges are found to form on the

southern and eastern crater rims. In the optical image, the exposed crater rims

are discernible as high-reflectance materials compared with the surrounding, dark

lava flows. The ejecta boundary is seen as a distinct contrast in reflectance between

brighter crater ejecta and darker smooth plains on the north and west (white arrows),

and the exposed ejecta width is estimated to be only one-sixth of the crater radius.

There are no reflectance variations between the buried crater rim regions and the

surrounding lava flows on the south and east.

For the class of craters with rims partially exposed on the smooth plains-heavily

cratered terrain boundaries, the crater rim can be divided into three parts: an

exposed part on the smooth plains, a buried part on the smooth plains, and an

exposed part on the heavily cratered terrain. For the selected crater (51.08◦N,

32.98◦E; D=61.8 km) the southern crater rim is contiguous with the heavily cratered

terrain, the northern crater rim is buried by lava flows, and the rest of the crater

rim is exposed (Figure 5.1c). Again, we notice that wrinkle ridges have formed over

the western exposed crater rim. In the optical image, the exposed crater rim on
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the smooth plains side can be seen as high-reflectance materials compared with the

surrounding, dark lava flows to the east and west. The exposed ejecta boundary is

identified as an abrupt contrast in reflectance between the brighter crater ejecta and

the darker lava flows (white arrows), and the exposed ejecta width is estimated to

be only ∼15% of the crater radius. For the buried crater rim on the north, there are

no reflectance variations between this region and the surrounding lava flows. For the

exposed crater rim and ejecta on the south, they have a similar reflectance with the

surrounding heavily cratered terrain region, and no clear boundary between crater

ejecta and background terrain is found due to the rugged topographic relief there.

For the class of craters with rims completely buried on the smooth plains, the

entire crater rim should be mantled by the lava flow but a wrinkle ridge over the

crater rim can be still discernible. For the selected crater (81.12◦N, 56.54◦W; D=43.1

km) that is located in the Goethe basin, a circular wrinkle ridge can be seen clearly

that formed over the buried crater rim (Figure 5.1d). We also noted that radial

grabens have formed within this completely buried crater, suggesting the tectonic

activities were once active in this region.

5.1.2 Spatial Distribution and Statistics of Buried Craters

The most prominent feature seen in the spatial distribution of partially buried

craters is their preferential occurrence along the smooth plains-heavily cratered ter-

rain boundaries (Figure 5.2). This distribution pattern is to be expected, since the

lava flows at the edge of the smooth plains are expected to be thinner than else-

where. Though the thicker flows in the smooth plains centers can entirely flood

craters of a given size, the thinner flows at the margins can only partially flood

the crater. Unlike the Moon, the completely buried craters are abundant and are

distributed all over the entire smooth plains of Mercury. We interpreted this as

a result of a higher abundance of wrinkle ridges that formed on top of the buried

rims, which makes it easier to identify the completely buried craters. In particular,

the global contraction on Mercury is more significant than the Moon, which gives

rise to higher stresses in the crust which favor the formation of wrinkle ridges. We

also found some isolated regions with sparsely distributed buried craters, either as

a result of burial by subsequent basin/crater ejecta or due to the poor illumination

conditions that inhibit the identification of craters. For buried craters of different
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Figure 5.2: Distribution of buried craters with completely exposed rims (light red, N=59),

partially exposed rims (green, N=198), and completely buried rims (blue, N=765). The

smooth plains boundary (black) is from Denevi et al. (2013), and the base map is the

MDIS-derived DEM. The size of the circles is proportional to the crater diameter. Seven

craters with completely exposed rims in the smooth plains are bounded by the yellow

squares.

sizes, we did not find any obvious pattern.

Histograms of the different classes of buried craters as a function of crater

diameter are shown in Figure 5.3a. The diameters of all the partially and completely

buried craters range from 2.6 to 323 km, of which craters with rims completely

exposed in the smooth plains (N = 7) range from 15.2 to 56.1 km. In general, the

peak in the histogram is skewed towards smaller craters. This is in part because

there are in general more smaller than larger craters, but also because the older

and larger craters that formed before the main phase of volcanism in the smooth

plains have already been completely buried (Deng et al., 2018). Analyzing the

craters by class, the median crater diameter is found to increase from craters with

rims completely buried (11.4 km), to those with rims partially exposed (20.9 km),
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and to those with rims completely exposed (30.6 km). This observation is easy to

explain: for a given lava flow thickness, smaller craters with lower rim heights are

easier to completely bury than larger craters with greater rim heights. In terms of

location, the median diameter of partially and completely buried craters on smooth

plains (11.8 km) is smaller than that along smooth plains-heavily cratered terrain

boundaries (24.8 km). We interpret this observation as being a result of the lava

flows being thicker in the center of the smooth plains than those along their edges,

therefore older, larger craters inside the smooth plains are completely buried (Deng

et al., 2018). Comparing with the buried craters on the Moon, we found that the

statistics shown here are usually larger. This is because we were biased by not

identifying smaller buried craters on Mercury due to a poor spatial resolution and

illumination condition (high-latitude on Mercury) of the MDIS images.

For all of the partially buried craters in our database, we have estimated the

percentage of the crater rim crest circumference that was buried by lava flows (Figure

5.3b). The median percentage of rim burial of smooth plains craters (40%) is larger

than that of smooth plains-heavily cratered terrain boundary craters (9%). This is

simply because the crater rim is never buried on the heavily cratered terrain side of

the smooth plains-heavily cratered terrain boundary.
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Figure 5.3: Size-frequency distributions of the different classes of buried craters (left) and

percentage of the rim buried by lava flows for craters that formed in the smooth plains

and along the smooth plains-heavily cratered terrain boundary (right). In (b), the scale of

the vertical axis is discontinuous, and the total numbers of craters with rims completely

exposed or completely buried are plotted in the leftmost and rightmost bins, respectively.

Because most of the completely buried craters within the northern smooth

plains are discernible due to the wrinkle ridges over their crater rims, we expect to
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see that the total population of partially buried craters, completely buried craters,

and newly formed craters within the northern smooth plains should be similar to that

of all the craters in the surrounding heavily cratered terrain. Due to the limitations

of the image quality and spatial resolution, here we used N(20) (the total number

of craters larger than 20 km in diameter per km2) to denote the spatial density of

craters. For the crater databases, we made use of Herrick et al. (2018) for craters

that formed on top of the northern smooth plains, Ostrach et al. (2015) for craters in

the surrounding heavily cratered terrain, and our identified partially and completely

buried craters within the northern smooth plains.

NHCT: 4.0 Ga, N(20)=1.8×10-4 km-2 
NSP_All: 3.9 Ga, N(20)=8.0×10-5 km-2 
NSP_Buried: N(20)=6.2×10-5 km-2 
NSP_Unburied: 3.6 Ga, N(20)=1.8×10-5 km-2

Figure 5.4: The cumulative crater-size frequency distributions in the northern smooth

plains (NSP) and heavily cratered terrain (HCT). The red squares denote the buried

craters in the northern smooth plains identified in this study, the blue squares correspond

to the craters that formed on top of the northern smooth plains, and the black squares

represent the sum of the two. The green squares refer to craters in the heavily cratered

terrain. Solid lines are the best-fitting size-frequency distributions generated by Crater-

stats II (Michael, 2014) using the production and chronology functions from Neukum et al.

(2001b). The database of newly formed craters on the northern smooth plains is taken

from Herrick et al. (2018), and that of craters in the heavily cratered terrain is given by

Ostrach et al. (2015). The N(20) value is provided in the plot legend.

The cumulative size-frequency distributions for these types of craters are shown

in Figure 5.4. The results show that, the N(20) of buried craters in the northern

smooth plains is 6.2 × 10−5 km−2, the N(20) of unburied, younger craters in the

northern smooth plains is 1.8×10−5 km−2, and the sum of the two is 8.0×10−5 km−2.
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This is smaller than the N(20) of the surrounding heavily cratered terrain of 1.4×

10−4 km−2. Using chronology functions in Neukum et al. (2001b), the age of the

northern smooth plains is estimated to be 3.6 Gyr, the age of the heavily cratered

terrain underlying the northern smooth plains is calculated to be 3.9 Gyr, and the

age of the heavily cratered terrain surrounding the northern smooth plains is derived

to be 4.0 Gyr. These results suggest that we might have underestimated the crater

density by neglecting some of the deeply seated, completely buried craters in the

region, which can be complemented by using gravity anomaly maps (Deng et al.,

2018).

Note that a similar research can be carried out for lunar mare and highland

craters. However, unlike those on the northern smooth plains on Mercury, most of

the small completely buried craters on the lunar maria do not have a wrinkle ridge

and thus are not traceable any more. Therefore, population of the large completely

buried craters identified in the Bouguer gravity anomaly maps on the lunar maria

should be used to compare with that of the large highland craters (Neumann et al.,

2015).

5.2 Lava Flow Thickness Estimation Results

50˚ 51˚ 52˚ 53˚ 54˚

53˚30'

54˚00'

54˚30'

55˚00'

20 km

Figure 5.5: The MDIS image of the partially buried crater (D=29.6 km) that is used in

the case study. This is a crater with its rim completely exposed.

Before presenting the best-fitting results, we first describe the details of a single

representative inversion for a selected crater (54.26◦N, 51.98◦E; D=29.6 km) (Fig-
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ure 5.5). This crater has a rim that is completely exposed and is located on the

southwestern margin of the northern smooth plains. It was selected because it is

one of the most degraded and best-fitting craters in our crater database. Based

on the best-fit model parameters determined by the crater degradation model, the

history of this crater can be described as follows (Figures 5.6a and b).

First, the crater formed on the heavily cratered terrain given its vicinity of the

heavily cratered terrain. The initial crater diameter was 29.4 km with a rim height

of 630 m (red), and given the crater size, it should have formed with a central

peak. Between the times of crater formation and lava flow flooding, the crater

rim height degraded by 33 m to a total height of 597 m (green). Then, lava flows

with a thickness of 250 ± 93 m erupted outside the crater rim partially flooding the

crater ejecta, and lava flows erupted inside the crater interior completely burying the

central peak. Note that although a central peak is still visible in the optical image

(see Figure 5.5), which means our central peak height-crater diameter relation may

not be applied to this specific crater, the existence of such a structure should not

have any significant effects on the exterior lava flow thickness estimation. The crater

profile then continued to erode to the present state, obtaining a rim height of 580 m

with respect to the pre-flooding background. Thus, from crater formation to the

present time, the rim was reduced in height by about 50 meters. If rim erosion was

not considered, the lava flow thickness would be estimated to be 300 m, which is

20% larger than when considering crater degradation.

For lava flow thickness estimation on the Moon, we only worked on craters

with completely exposed rims in the maria. Within the northern smooth plains of

Mercury, however, there are only seven craters of this type. In order to include more

crater samples for inversion, in this study we started with craters with fully exposed

rims both within the smooth plains and along their edges. We then discarded

craters that formed on basin/crater rims and wrinkles ridges. Next, we further

deleted craters without any elevation measurements within half of the crater radius.

Next, we hope to use craters with an axis-symmetrical topography, which means the

rim crest elevation should have a small variation. Therefore, those with rim crest

elevation variability (i.e., the standard deviation of the rim crest elevation) larger

than the rim height were removed. After inversion, some of these craters either

fit the observations poorly, or had large uncertainties. Thus, we discarded craters
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Figure 5.6: Radial elevation profiles at different points in time for the studied partially

buried crater (D=29.6 km). The red, green, blue, magenta, and black curves represent

the initial crater profile, the profile just before lava flooding, the profile just after lava

flooding, the final present-day profile, and the observed profile. Panel (b) shows a zoom-in

around the crater rim, which corresponds to the black box in (a).

that had atypically high misfits (larger than 100 m). We then removed from further

consideration craters where the lower limit in the lava flow thickness was equal to 0.

In the end, we were left with 21 craters that were considered for further analyses

(Figure 5.7). The crater diameters vary from 11.4 to 83.4 km, and the obtained

lava flow thicknesses range from a minimum of 23 m to a maximum of 536 m

(Figures 5.8a–c). All these craters are located along the margin of the northern

smooth plains, and there is no clear pattern of the derived lava flow thicknesses in

their spatial distribution. The crater diameter, longitude, latitude, the best-fitting

lava flow thickness and other five model parameters are shown in Table B.2. The

uncertainties of the lava flow thickness and the diffusivity-time product after lava

flooding are presented in Table B.3.

Figure 5.8c shows that there is a weak positive correlation between the esti-
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Figure 5.7: Lava flow thicknesses estimated from the craters with rim fully exposed (a).

Lower bounds of lava flow thicknesses from the craters with rims partially and completely

buried assuming no crater degradation (b). The black line is the boundary of the northern

smooth plains (Denevi et al., 2013).

mated lava flow thickness and crater diameter. This is simply because the crater

rim height, which is the maximum thickness that can be estimated from our method,

increases with crater diameter (Pike, 1988). For the studied partially buried craters,

the RMS misfits (Figure 5.8d) between the best-fitting and observed profiles are

smaller than 100 m, with an average of 41 m. The initial crater diameter is found

to be on average 95% of the present-day value. The uncertainty in the lava flow

thickness is on average 91 m. All the 21 selected craters are infilled with lava flows,

and the lava flow thicknesses are 1138 m on average (note that the crater floor is

much deeper than the pre-flooding background).

If crater degradation was not included, these thicknesses would be considerably

larger, ranging from 135 to 608 m. In this case, the median and average lava

flow thicknesses are 346 and 372 m, in comparison to the values of 228 and 224 m

obtained when considering crater degradation. This 118 m overestimate in the

average lava flow thickness therefore suggests that previous studies that neglected

crater degradation would overestimate the lava flow thickness by about 50%.

We also made use of rim partially and completely buried craters to provide
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lava flow thickness on Mercury, and none of them has given precise, quantitative

estimates. In this section, we compare our estimated lava flow thicknesses with

these previous studies, which include those based on crater morphology and graben

width.

Ostrach et al. (2015) identified partially and completely buried craters within

the northern smooth plains, and studied their crater size-frequency distribution and

surrounding lava flow thicknesses. For the completely buried craters with diameters

of 25–157 km, the initial crater rim heights are predicted to be 0.7–1.8 km, which

provide lower limits for lava flow thicknesses. For the partially buried craters with

diameters of 8–157 km, the initial crater rim heights are predicted to be 0.4–1.8 km,

which can be either the lower (for the buried segment of the crater rim) or upper

(for the exposed segment of the crater rim) limits for lava flow thicknesses. However,

all these value are crude, and the authors did not provide a complete list for the

craters studied, making it difficult to compare our results with these values.

Klimczak et al. (2012) provided a systematic investigation on the wrinkle ridges

and graben within the northern smooth plains, with the goal of obtaining some

constraints on lava flow thicknesses. The idea is that the graben width can be

used to estimate the lower bound of lava flow thickness if one assumes a fault angle

typcially 60◦, as the graben fault continues into the subsurface (Watters et al., 2012).

Their estimation shows that the lava flow thickness within the Goethe basin is at

least 2 km. The crater depth-diameter ratio derived in this study predicts a depth

of 3.8 km for the crater with a diameter (317 km) equal to Goethe’s. Without

considering crater degradation, this could serve as a lower limit for the lava flow

thickness in the interior of Goethe basin that is completely buried by lavas.

5.3.2 Total Volume of the Lava Flows

The total surface area of the northern smooth plains is estimated to be 5.4×106

km2, and hence the total volume of lava flows is estimated to be 1.2×106 km3

using an average thickness of 224 m. In addition, if a lower limit of the lava flow

thickness (0.4–1.0 km) can be obtained from the initial rim height of the partially

and completely buried craters, the total volume should be at least 2.2–5.4×106 km3.

It should be noted that the smooth plains are widely distributed all over the

surface of Mercury. The northern smooth plains account for ∼7% of the global sur-
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Figure 5.11: The volcanic history of Mercury: early stage featured by magma ocean (a),

graphite ascending to form the primary crust (b), volcanic eruption to form the secondary

crust (c), and the present-day structure considering the formation of large basins and

craters (d) (Vander Kaaden and McCubbin, 2015).

5.13) (Le Feuvre and Wieczorek, 2011). Therefore, it can be expected that the

topographic diffusivity of Mercury’s craters should be twice or three times that of

lunar craters (Fassett et al., 2017). After normalized by crater diameter, the median

topographic diffusivities for Mercury’s and Moon’s craters given by our inversions are

11.1 and 4.5 m2/Myr, respectively (Figure 5.12b). Therefore, the ratio of Mercury’s

topographic diffusivities to that of the Moon (nearly 2.5:1) is consistent with what

the impact cratering rate predicts.

Using unburied, small, simple craters, Fassett and Thomson (2014) and Fassett

et al. (2017) also estimated the crater topographic diffusivities on the Moon and

Mercury in a diameter range of 2.5–5 km (Figure 5.14). Their results show that the

median topographic diffusivities on the Moon and Mercury are respectively 9 and

17 m2/Myr, which supports the idea that the impact cratering rate on the Moon

is half of that on Mercury. After normalized by crater diameter, the median topo-

graphic diffusivities on Mercury is 5.0 m2/Myr given by Fassett et al. (2017), which

is half of that given by our study. We interpreted this as a result of the difference in

the time length that two studies investigated. The topographic diffusivity given by

our study corresponds to 3.7 Ga (the age of the smooth plains) to now, whereas Fas-

sett et al. (2017)’s result corresponds to 3.5 Ga (the median age of the craters on the
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Figure 5.12: The inverted topographic diffusivity of craters on Mercury as a function of

crater diameter (a). The best fitting topographic diffusivity on the Moon is shown as the

black line. Fassett et al. (2017)’s result is plotted as the blue dots. The histograms of

the inverted topographic diffusivities normalized by crater diameter given by this study

(gray) and Fassett et al. (2017) (blue).

smooth plains) to present days. This implies that the impact flux on Mercury may

decrease with time very significantly at the tail of the late heavy bombardments.

We should point out that the topographic diffusivities obtained in this study

have large uncertainties, therefore any quantitative comparison should be dealt with

caution. The uncertainty of topographic diffusivity could arise from the facts that:

(1) the initial crater profile has large uncertainties; (2) the diffusion equation used

in this study was constructed in an idealized, axisymmetric scenario, whereas ac-

tual topographic degradation on a planetary surface could be more azimuthally

heterogenous; (3) the obtained topographic diffusivity relies on the age of the lava

flows, which may also have a large uncertainty, especially for the northern smooth

plains on Mercury where we do not have any returned sample as age constraints;

(4) we implemented a simplified one-dimensional search looking for the uncertainty

in this study, whereas the allowable parameter combinations may occupy a larger

parameter space. In a word, it is still difficult to determine the topographic diffusiv-

ity for craters on planetary surfaces when using just a subset of them (e.g., partially

buried craters in this study) and facing so many challenges mentioned above. How-

ever, once the topographic diffusivity can be well constrained, we will be able to

date a single crater based on its crater morphology.
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Figure 5.13: Impact cratering rates on terrestrial planets as a function of crater diameter

(Le Feuvre and Wieczorek, 2011). The impact cratering rate on the Moon is fixed to 1.

The black solid line, black dashed line, gray dashed line, and gray solid line represent

impact cratering rates on Mercury, Venus, Earth, and Mars, which are normalized by that

on the Moon.

(a) (b)

Figure 5.14: Histograms of topographic diffusivities for craters on Mercury (a) and the

Moon (b) (Fassett and Thomson, 2014; Fassett et al., 2017). The median topographic

diffusivities are respectively 9 and 17 m2/Myr. The diameter range is 2.5–5 km.
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Chapter 6 Conclusions

6.1 Summary of This Study

In this study, a global database of 622 partially buried and 39 completely

buried craters was first constructed on the Moon using newly acquired remote sens-

ing datasets. The identified buried craters were classified into three classes including

craters with rims completely exposed, those with rims partially exposed, and those

with rims completely buried. The spatial distribution and size-frequency distribu-

tions of these buried craters show that partially buried craters preferentially occur

along mare-highland boundaries where the basalt thickness is expected to be thin-

ner than in the central mare. A new elevation model for lunar fresh craters was

constructed, and numerical modeling of the crater degradation process was then

performed to estimate the thickness of mare basalts that embay the partially buried

craters.

Our overall results show that the obtained basalt thicknesses on the Moon

vary from 33 to 455 m and are significantly thinner than those obtained without

considering the crater degradation process (a reduction of 95 m in median value).

For selected craters, we demonstrated that the obtained basalt thicknesses were

consistent with other estimates obtained from crater excavation depths and radar

sounding observations, and comparable to those obtained from lava flow front height

measurements. The estimated eruption rate of lunar mare basalts peaked at 3.4 Ga

and then deceased with time, indicative of gradual cooling of the lunar interior. The

best-fitting topographic diffusivity increases linearly with crater diameter and does

not vary with time and terrain type, implying that the crater degradation process

is scale-dependent.

For the northern smooth plains of Mercury, we also constructed a crater database

with 257 partially buried craters and 765 completely buried craters. Like the Moon,

their spatial distribution also shows that partially buried craters tend to form along
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the smooth plains boundaries where lava flows are expected to be thinner. Lava

flow thicknesses were inverted for 21 craters whose rim is fully exposed. The result

shows that the lava flow thicknesses vary from 23 to 536 m, with a median value

of 228 m. When not considering the crater degradation process, the median value

would be 118 m larger. The lower limits of lava flow thicknesses in the interior of the

smooth plains were predicted by the initial rim heights of 585 craters with partially

or completely buried rims, and the results show that the lava flow thicknesses therein

are at least 411 to 978 m thick. We then calculated the total volume of lava flows,

and also found that the topographic diffusivity of craters on Mercury increases with

diameter.

Although our work has improved upon previous studies, we have identified a

number of complicating factors that should be addressed in future studies. As an

example, we employed a simple axisymmetric geometry for the topographic degra-

dation and lava emplacement model. This model, however, can not account for

partially buried craters on the mare or smooth plains boundaries where a portion

of the rim was breached. Second, our results show considerable scatter in how

topographic diffusivity varies with crater size. A portion of this scatter may be

related to our use of axisymmetric crater profiles, and the assumption of a uniform

lava thickness surrounding the crater. We hope to better constrain the topographic

diffusivity by looking into craters with simple geologic background, axisymmetric

morphology and even with constraints on the formation age. Whereas in this study,

the partially buried craters actually underwent the emplacement of the lava flow,

thus the unburied, simple craters are better samples to work on. Third, although the

initial crater profile for simple craters is well constrained, the initial crater shapes

for transitional and complex craters have considerable variability. Finally, our work

did not consider the contribution from non-diffusive processes.

6.2 Outlook for Lava Flow Thickness Estimation on Mars

Volcanism on Mars has been quite active throughout its entire history, being

widespread in the Noachian and Hesperian and localized in the Amazonian (Tharsis

and Elysium) (Head, 2007). Like the Moon, the volume of lava flows on Mars is an

important parameter that can constrain the thermal evolution history, reveal the

sources and styles of volcanism, and contribute to the subsequent tectonic activity
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and lithospheric deformation (Broquet and Wieczorek, 2018; Head, 1982). Lava

flow thicknesses on Mars have been investigated by only a few studies, which include

direct measurements of lava flow front heights (Garry et al., 2007; Zimbelman, 1998)

and those based on the crater rim heights of partially buried craters (De Hon, 1982;

Plescia and Saunders, 1980).

On Mars, a partially buried crater forms when a lava flow covers the distal

low-elevation ejecta, leaving the high-elevation rim crest visible (see Figure 2 in Fas-

sett (2016)). The nearby lava flow thickness is thus simply the difference between

the total rim height and the exposed rim height. In previous studies, the exposed

rim height was directly measured, whereas the total rim height was estimated us-

ing scaling relations between crater rim height and diameter of fresh craters. For

example, Plescia and Saunders (1980) and De Hon (1982) estimated the lava flow

thicknesses in the Tharsis region to be 0–0.7 and 0–1.5 km respectively, based on

the crater rim heights of the partially buried craters measured from the stereoscopic

Viking images. However, craters on Mars suffer from different kinds of topographic

degradation processes. Micrometeoroid bombardment, thermal expansion and con-

traction, seismic shaking, rain splash, and solifluction are thought to be diffusive

erosion processes, whereas wind transport, surface runoff, and emplacement of ejecta

from adjacent craters are considered as non-diffusive erosion processes (Craddock

and Howard, 2002; Craddock et al., 1997, 2018). As a result, with increasing time,

the crater diameter should increase and the rim height should decrease due to the

downslope movement of rim and ejecta materials. In such a case, if the initial rim

height were used to determine the lava flow thickness, the lava flow thickness would

be overestimated.

With newly acquired orbital datasets on Mars (e.g., CTX, HiRISE, and MOLA),

it is possible to reevaluate and update the previous databases of Martian partially

buried craters that were constructed nearly four decades ago. By modeling the

formation, degradation, and flooding processes of partially buried craters, the nearby

lava flow thicknesses can be inverted and better constrained than in previous studies.

Aiming at a systematic study of partially buried craters at a global scale, we

can use the global mosaic data products. For example, to work on the surface

morphology, we can make use of the 100 m/pixel THEMIS global daytime infrared

mosaic (Edwards et al., 2011), and to study the surface topography, we could use the
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recently released 200 m/pixel Mars HRSC MOLA blended DEM (Fergason et al.,

2018). We can also use the database of fresh Martian craters produced by Robbins

and Hynek (2012a) and Robbins and Hynek (2012b) and the morphometric relations

of fresh Martian craters described in several previous studies (Boyce and Garbeil,

2007; Craddock et al., 1997; Garvin and Frawley, 1998; Pike, 1980; Stewart and

Valiant, 2006) to construct the initial crater elevation profiles.

Inversion for lava flow thicknesses on Mars would make use of the model param-

eters as those in our studies of the Moon and Mercury. If the partially buried crater

formed quite early (e.g., Noachian period), we would need to consider the degrada-

tion from surface runoff, bedrock weathering, fluvial erosion, sediment transport and

deposition, mass wasting, and impact cratering (see the parameters listed in Table

1 in Matsubara et al. (2018)). If the partially buried crater formed more recently

(e.g., Amazonian period) when most of the eolian and fluvial activities had already

ceased (Carr and Head, 2010; Head, 2007), we could perhaps only need to consider

the erosion that results from micrometeoroid bombardment, although it could be

very weak due to the presence of the atmosphere. In these cases, we could make

use of the MARSSIM model, which is a powerful tool to simulate various geomor-

phic processes on Mars (Howard, 2007). Especially, it can allow us to quantify the

non-diffusive erosion processes such as the eolian and fluvial activities, which we did

not take into account in our simple topographic diffusive model. Furthermore, the

model also allows for the erosion of a complicated, arbitrary, fully three-dimensional

topography.
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Appendix A The Moon

A.1 Buried Crater Database

Table A.1: Database of all the partially and completely buried craters on the Moon. Crater

class: A: rim-completely-exposed craters in maria; B: rim-completely-exposed craters on

mare-highland boundaries; C: rim-partially-exposed craters in maria; D: rim-partially-

exposed craters on mare-highland boundaries; E: rim-completely-buried craters in maria.

Rim composition: M: mare; H: highland crust; Unknown: N/A.

Number Diameter (km) Lon. (◦) Lat. (◦) Class Rim burial percentage (%) Rim composition

1 1.8 41.02 6.05 A 0 M

2 2.2 38.34 14.64 A 0 M

3 2.5 -28.45 40.94 A 0 M

4 3.4 -47.50 30.90 A 0 M

5 3.4 -41.02 -2.66 A 0 H

6 3.6 -39.09 -29.37 A 0 H

7 3.7 -53.60 -4.96 A 0 H

8 3.8 -58.16 -6.35 A 0 H

9 3.8 -31.50 22.24 A 0 M

10 4.5 -49.56 50.11 A 0 M

11 5.1 -72.58 41.24 A 0 M

12 5.2 -58.86 26.63 A 0 M

13 5.3 38.47 14.35 A 0 M

14 5.6 -56.28 16.49 A 0 M

15 5.7 -54.24 47.56 A 0 H

16 6.0 104.25 25.33 A 0 M

17 6.0 -26.31 54.69 A 0 H

18 6.0 -59.96 27.78 A 0 M

19 6.0 162.44 -33.23 A 0 H

20 6.1 -31.17 5.87 A 0 M

21 6.2 -19.86 45.54 A 0 M

22 6.3 86.38 17.23 A 0 H

23 6.3 26.28 14.08 A 0 M

24 6.5 53.65 2.37 A 0 H

25 6.6 149.91 26.23 A 0 H

26 6.6 -29.34 -31.16 A 0 H

27 6.8 28.41 11.34 A 0 M

28 6.9 15.44 19.61 A 0 M



Doctoral Thesis of Université Côte d’Azur

Number Diameter (km) Lon. (◦) Lat. (◦) Class Rim burial percentage (%) Rim composition

29 7.2 172.75 -17.63 A 0 H

30 7.3 58.37 -0.86 A 0 H

31 7.3 -60.10 28.96 A 0 M

32 7.5 29.31 14.81 A 0 M

33 7.5 69.65 4.41 A 0 M

34 7.6 -44.71 1.14 A 0 M

35 7.6 -43.57 4.63 A 0 M

36 7.8 -62.04 50.10 A 0 M

37 8.0 -53.34 53.80 A 0 H

38 8.3 36.92 35.46 A 0 H

39 8.5 147.35 28.74 A 0 H

40 8.9 29.19 16.22 A 0 M

41 8.9 37.88 12.06 A 0 M

42 9.0 144.66 26.84 A 0 H

43 9.2 22.94 39.05 A 0 H

44 9.2 -159.65 -36.24 A 0 H

45 9.8 -9.45 27.37 A 0 H

46 10.0 -29.48 -0.64 A 0 H

47 10.5 -52.28 53.61 A 0 H

48 10.6 59.44 -2.16 A 0 H

49 10.9 -24.10 33.74 A 0 M

50 11.0 62.25 -17.59 A 0 H

51 11.5 -75.61 17.77 A 0 H

52 11.6 -42.99 -7.88 A 0 M

53 11.7 159.62 -51.40 A 0 H

54 12.0 -68.19 46.12 A 0 M

55 12.3 20.25 14.32 A 0 H

56 12.4 50.44 -6.96 A 0 M

57 12.6 70.95 -50.16 A 0 H

58 13.5 -23.00 61.90 A 0 H

59 14.6 -36.93 20.89 A 0 M

60 14.9 20.00 4.57 A 0 M

61 17.3 146.66 27.45 A 0 H

62 17.5 61.78 -17.58 A 0 H

63 17.9 -46.57 21.66 A 0 M

64 17.9 -29.20 -1.48 A 0 H

65 20.1 -20.61 40.34 A 0 M

66 20.2 177.42 -36.73 A 0 H

67 20.4 20.11 10.49 A 0 M

68 21.9 7.34 56.01 A 0 H

69 24.5 -23.13 40.41 A 0 M

70 24.7 -31.91 -32.97 A 0 H

71 25.5 -58.79 23.38 A 0 M

72 28.1 -73.18 36.95 A 0 H

73 41.5 -50.83 11.90 A 0 M

74 45.3 -66.67 21.08 A 0 H

75 2.2 -19.89 49.88 B 0 H

76 2.3 -10.39 57.90 B 0 H

77 3.3 -71.80 33.17 B 0 H
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Number Diameter (km) Lon. (◦) Lat. (◦) Class Rim burial percentage (%) Rim composition

78 3.4 2.90 16.71 B 0 H

79 3.6 -52.92 -9.15 B 0 H

80 3.7 149.71 29.50 B 0 H

81 3.7 168.06 -36.18 B 0 H

82 4.0 85.84 9.10 B 0 H

83 4.1 163.76 -58.98 B 0 H

84 4.1 18.57 6.25 B 0 H

85 4.2 68.13 8.65 B 0 H

86 4.3 71.00 19.17 B 0 H

87 4.4 -56.96 53.63 B 0 H

88 4.9 0.46 55.56 B 0 H

89 5.0 -154.32 -40.79 B 0 H

90 5.1 90.27 11.39 B 0 H

91 5.2 91.19 -0.27 B 0 H

92 5.2 147.07 -29.59 B 0 H

93 5.4 173.93 -16.50 B 0 H

94 5.4 -79.26 36.80 B 0 H

95 5.5 56.22 1.84 B 0 H

96 5.8 68.61 3.66 B 0 H

97 6.0 52.53 24.71 B 0 H

98 6.1 -33.21 -27.93 B 0 H

99 6.1 67.29 19.17 B 0 H

100 6.2 148.33 28.04 B 0 H

101 6.4 -42.73 35.38 B 0 H

102 6.4 82.18 11.50 B 0 H

103 6.6 67.83 2.44 B 0 H

104 6.7 -76.05 46.44 B 0 H

105 6.7 -21.32 55.01 B 0 H

106 6.8 70.66 7.52 B 0 H

107 6.8 -17.40 51.71 B 0 H

108 6.9 173.10 -53.52 B 0 H

109 6.9 0.54 55.73 B 0 H

110 7.1 -165.71 -51.68 B 0 H

111 7.3 174.76 -53.33 B 0 H

112 7.3 61.33 -36.80 B 0 H

113 7.4 36.02 34.10 B 0 H

114 7.4 36.21 33.90 B 0 H

115 7.5 -159.01 -36.25 B 0 H

116 7.6 -82.10 33.25 B 0 H

117 7.8 4.71 16.95 B 0 H

118 8.0 -15.22 51.53 B 0 H

119 8.1 103.20 -28.30 B 0 H

120 8.1 -30.77 -2.19 B 0 H

121 8.2 9.11 17.62 B 0 H

122 8.2 82.85 13.35 B 0 H

123 8.3 -58.72 -4.86 B 0 H

124 8.3 -171.56 -58.58 B 0 H

125 8.3 109.57 -47.67 B 0 H

126 8.4 -162.41 -51.95 B 0 H
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Number Diameter (km) Lon. (◦) Lat. (◦) Class Rim burial percentage (%) Rim composition

127 8.4 109.66 -47.17 B 0 H

128 8.5 149.11 27.05 B 0 H

129 8.8 63.55 60.90 B 0 H

130 8.8 66.38 2.52 B 0 H

131 8.8 71.06 52.68 B 0 H

132 9.2 90.89 -57.50 B 0 H

133 9.2 -151.18 -34.63 B 0 H

134 9.7 63.62 8.05 B 0 H

135 9.8 71.39 55.48 B 0 H

136 9.9 -56.58 -33.47 B 0 H

137 10.0 68.77 25.44 B 0 H

138 10.1 -152.93 -34.41 B 0 H

139 10.2 -32.97 -22.06 B 0 H

140 10.3 -167.61 -44.53 B 0 H

141 10.3 89.94 -40.90 B 0 H

142 10.4 87.56 -35.32 B 0 H

143 10.5 -169.15 -51.83 B 0 H

144 10.6 -77.43 28.27 B 0 H

145 10.8 -31.17 19.96 B 0 H

146 10.9 87.22 -58.17 B 0 H

147 10.9 -174.72 -55.21 B 0 H

148 10.9 69.54 2.93 B 0 H

149 11.2 69.79 21.83 B 0 H

150 11.2 -161.84 -53.32 B 0 H

151 11.4 18.48 7.76 B 0 H

152 11.6 68.49 22.09 B 0 H

153 11.6 66.76 21.36 B 0 H

154 11.6 65.09 43.99 B 0 H

155 11.7 166.33 -52.44 B 0 H

156 11.7 41.02 17.41 B 0 H

157 11.9 37.98 40.01 B 0 H

158 12.0 85.31 -2.50 B 0 H

159 12.2 163.15 -43.39 B 0 H

160 12.2 152.35 29.62 B 0 H

161 12.3 104.43 -58.06 B 0 H

162 12.5 84.35 -54.23 B 0 H

163 12.6 73.48 -47.85 B 0 H

164 12.7 82.32 58.21 B 0 H

165 12.7 166.82 -55.43 B 0 H

166 12.9 159.64 -58.94 B 0 H

167 12.9 -143.94 -56.33 B 0 H

168 12.9 70.96 23.16 B 0 H

169 13.0 -145.51 -40.00 B 0 H

170 13.3 97.91 -37.23 B 0 H

171 13.5 -64.72 -38.12 B 0 H

172 13.6 162.01 -43.47 B 0 H

173 13.6 67.74 8.07 B 0 H

174 13.7 44.12 -17.46 B 0 H

175 13.8 66.99 2.14 B 0 H
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176 13.9 30.28 57.52 B 0 H

177 14.0 -165.05 -51.58 B 0 H

178 14.1 67.90 20.09 B 0 H

179 14.3 37.37 -19.82 B 0 H

180 14.4 -174.45 -57.51 B 0 H

181 14.6 -15.28 -14.58 B 0 H

182 14.7 41.79 -4.03 B 0 H

183 14.7 103.34 -26.67 B 0 H

184 14.8 77.72 16.03 B 0 H

185 15.3 68.92 12.86 B 0 H

186 15.4 -67.76 11.41 B 0 H

187 15.4 -23.45 62.61 B 0 H

188 15.5 148.98 45.62 B 0 H

189 15.7 -90.45 -9.05 B 0 H

190 15.7 80.66 54.39 B 0 H

191 16.8 150.48 -47.90 B 0 H

192 16.9 78.23 16.71 B 0 H

193 17.0 -47.48 -37.79 B 0 H

194 17.1 173.49 -50.45 B 0 H

195 17.4 88.65 -62.44 B 0 H

196 17.7 146.17 25.75 B 0 H

197 18.1 -168.00 -58.46 B 0 H

198 18.2 -32.52 3.21 B 0 H

199 18.3 74.76 11.74 B 0 H

200 18.7 64.08 -2.20 B 0 H

201 18.8 -35.50 58.86 B 0 H

202 20.7 -45.85 -26.14 B 0 H

203 20.9 38.57 -12.33 B 0 H

204 20.9 66.91 0.72 B 0 H

205 21.4 -144.26 -39.75 B 0 H

206 21.4 173.99 -46.81 B 0 H

207 21.4 -7.05 -4.74 B 0 H

208 21.7 60.01 -0.96 B 0 H

209 21.8 93.53 -32.05 B 0 H

210 22.8 61.27 22.42 B 0 H

211 23.1 -36.66 -29.86 B 0 H

212 23.7 -73.74 27.12 B 0 H

213 24.2 64.02 -0.62 B 0 H

214 24.8 -15.23 0.92 B 0 H

215 25.0 44.63 24.73 B 0 H

216 26.2 76.72 -53.62 B 0 H

217 26.3 -149.80 -36.40 B 0 H

218 26.6 -164.55 -44.50 B 0 H

219 26.6 103.57 -46.44 B 0 H

220 27.4 -151.40 -37.63 B 0 H

221 27.7 103.14 -47.65 B 0 H

222 29.0 60.46 1.80 B 0 H

223 29.5 86.43 -37.65 B 0 H

224 30.1 45.00 -12.74 B 0 H
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Number Diameter (km) Lon. (◦) Lat. (◦) Class Rim burial percentage (%) Rim composition

225 30.2 31.29 17.61 B 0 H

226 30.2 89.86 -44.54 B 0 H

227 30.2 -173.62 -57.66 B 0 H

228 31.3 -0.51 62.87 B 0 H

229 31.5 -8.20 -11.83 B 0 H

230 32.3 93.16 -51.08 B 0 H

231 33.1 110.44 -58.94 B 0 H

232 34.0 -76.77 35.74 B 0 H

233 34.7 164.27 -53.93 B 0 H

234 34.8 88.48 -44.10 B 0 H

235 35.2 160.75 -54.43 B 0 H

236 35.4 10.62 48.71 B 0 H

237 35.7 51.70 14.59 B 0 H

238 36.6 9.07 14.42 B 0 H

239 36.8 -18.93 63.38 B 0 H

240 37.1 44.05 -11.96 B 0 H

241 38.1 91.67 -0.74 B 0 H

242 39.0 73.10 8.20 B 0 H

243 39.5 86.81 -2.45 B 0 H

244 39.5 -62.80 53.42 B 0 H

245 42.4 72.13 -48.25 B 0 H

246 44.2 -15.81 -7.88 B 0 H

247 44.3 64.81 23.96 B 0 H

248 44.4 96.42 -33.52 B 0 H

249 44.9 48.78 -17.51 B 0 H

250 46.1 -26.12 -29.26 B 0 H

251 47.0 70.33 8.75 B 0 H

252 47.1 -27.90 -28.05 B 0 H

253 50.9 -31.10 -19.87 B 0 H

254 51.6 51.58 45.01 B 0 H

255 54.2 171.11 -56.48 B 0 H

256 56.5 4.63 40.27 B 0 H

257 61.3 -26.69 -34.10 B 0 H

258 70.0 41.19 -8.67 B 0 H

259 78.9 -4.04 29.73 B 0 H

260 92.0 29.84 31.83 B 0 H

261 97.7 -13.56 -29.77 B 0 H

262 101.6 -9.30 51.55 B 0 H

263 1.5 -28.99 41.75 C 17 M

264 1.7 -6.48 59.55 C 24 M

265 1.8 -45.88 35.42 C 18 M

266 1.9 -22.35 20.58 C 21 M

267 1.9 84.41 8.38 C 41 H

268 2.0 -43.72 31.65 C 41 M

269 2.1 -37.93 55.83 C 21 M

270 2.2 -22.76 21.49 C 18 M

271 2.5 -25.78 31.36 C 3 M

272 2.6 -51.87 50.47 C 28 M

273 2.6 -47.39 29.85 C 13 M
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274 2.7 -53.87 29.78 C 28 H

275 2.7 -68.30 12.23 C 29 M

276 2.7 151.35 27.19 C 14 H

277 2.8 35.18 52.28 C 5 H

278 3.0 73.89 6.38 C 32 H

279 3.3 149.16 26.73 C 25 H

280 3.4 85.02 56.09 C 16 H

281 3.4 66.15 17.59 C 20 M

282 3.7 -52.05 -45.76 C 40 M

283 4.0 -68.45 -4.50 C 35 H

284 4.2 91.30 -35.70 C 14 M

285 4.2 -96.95 -19.10 C 43 M

286 4.3 -75.74 44.93 C 3 H

287 4.4 -29.09 56.55 C 25 H

288 4.5 145.34 27.43 C 21 M

289 4.5 -53.01 -3.73 C 15 H

290 4.5 -56.92 -44.40 C 34 M

291 4.5 75.64 -52.22 C 86 H

292 4.6 88.43 -35.93 C 42 H

293 4.7 -31.79 56.41 C 28 H

294 4.9 -28.36 58.17 C 83 M

295 4.9 65.89 1.53 C 7 H

296 4.9 -68.90 22.07 C 33 H

297 5.1 -41.80 -38.23 C 8 M

298 5.2 -54.76 46.71 C 32 H

299 5.3 103.79 25.59 C 2 H

300 5.3 -161.27 -50.09 C 6 H

301 5.3 -31.86 -13.14 C 50 M

302 5.3 -72.79 51.75 C 30 H

303 5.4 88.46 -1.53 C 46 H

304 5.6 68.47 8.62 C 21 H

305 5.6 92.02 11.53 C 1 M

306 5.9 -26.18 54.84 C 21 H

307 6.0 -75.39 30.54 C 51 H

308 6.0 -22.11 57.07 C 64 H

309 6.0 -50.62 37.54 C 66 M

310 6.1 -14.10 -0.43 C 31 H

311 6.1 -54.99 -8.54 C 57 H

312 6.2 -79.79 29.16 C 10 H

313 6.2 -4.21 47.74 C 61 H

314 6.2 -25.51 56.69 C 26 H

315 6.2 101.64 32.03 C 7 H

316 6.3 -53.91 47.54 C 16 H

317 6.3 -55.60 48.26 C 15 H

318 6.4 -38.02 3.46 C 35 H

319 6.4 -42.03 30.14 C 3 M

320 6.5 66.05 4.82 C 51 H

321 6.6 -22.74 56.17 C 35 H

322 6.6 64.66 1.44 C 52 M
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323 6.6 90.12 12.71 C 13 H

324 7.0 -22.34 55.18 C 4 H

325 7.0 -56.43 49.40 C 18 H

326 7.0 -14.13 -0.41 C 57 H

327 7.4 -69.28 24.27 C 73 H

328 7.5 -76.67 33.74 C 56 H

329 7.5 -47.31 49.24 C 43 H

330 7.6 -57.79 -43.26 C 33 H

331 7.7 -55.58 49.00 C 53 H

332 7.8 -167.89 -51.58 C 40 H

333 7.8 88.52 2.09 C 23 M

334 8.0 68.99 8.70 C 80 H

335 8.1 -52.84 -42.82 C 0 H

336 8.2 -9.79 8.25 C 21 M

337 8.4 -31.28 55.86 C 39 H

338 8.5 23.53 17.83 C 26 M

339 8.7 -9.28 -25.94 C 54 M

340 8.8 -55.60 33.49 C 80 M

341 8.9 64.09 0.79 C 26 M

342 9.7 175.03 -49.67 C 57 H

343 9.8 37.70 18.69 C 57 M

344 10.4 61.65 -3.91 C 57 H

345 11.3 -11.49 -8.74 C 49 M

346 11.5 -71.11 21.02 C 43 H

347 12.0 -13.56 -1.37 C 32 H

348 12.6 -76.62 18.10 C 30 H

349 12.6 -70.06 36.77 C 40 M

350 12.6 -14.10 -27.37 C 35 M

351 12.8 -1.26 27.90 C 46 H

352 13.0 66.77 15.53 C 78 H

353 13.1 -45.17 -25.61 C 50 M

354 13.6 -53.30 -7.69 C 36 H

355 14.7 87.73 12.94 C 8 M

356 15.1 -25.42 5.24 C 1 M

357 15.8 146.36 26.83 C 20 H

358 17.3 35.37 4.14 C 29 H

359 17.4 85.94 -50.64 C 18 H

360 19.0 63.41 20.88 C 63 H

361 20.6 -50.92 -6.14 C 57 H

362 23.4 -46.36 35.61 C 85 H

363 25.6 -8.75 20.25 C 24 H

364 26.2 -18.86 -23.40 C 33 M

365 28.2 35.09 6.29 C 60 H

366 29.3 -68.02 32.40 C 24 M

367 31.9 0.84 35.83 C 37 M

368 35.9 43.35 -1.23 C 75 H

369 41.8 -55.67 3.57 C 88 H

370 42.4 -17.10 -19.25 C 76 H

371 65.5 -20.55 23.96 C 76 M
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372 68.5 -35.41 -9.63 C 51 H

373 81.2 -46.38 -0.96 C 73 H

374 108.9 -44.15 -3.22 C 53 H

375 2.4 70.04 9.09 D 53 H

376 3.1 149.68 24.88 D 36 H

377 3.1 -13.17 -6.50 D 7 H

378 3.2 172.89 -16.08 D 8 H

379 3.3 -78.07 19.68 D 7 H

380 3.4 148.37 26.09 D 12 H

381 3.5 2.73 10.63 D 41 H

382 3.6 9.66 57.40 D 17 H

383 3.7 85.78 9.21 D 4 H

384 3.8 -37.87 56.91 D 15 H

385 3.9 66.39 7.00 D 15 H

386 4.0 149.86 45.24 D 24 H

387 4.0 81.87 -59.44 D 16 H

388 4.1 89.71 -1.55 D 50 H

389 4.1 86.99 4.26 D 8 H

390 4.1 -16.05 1.80 D 15 H

391 4.1 71.48 6.44 D 9 H

392 4.1 -15.87 2.12 D 45 H

393 4.3 -51.29 30.01 D 42 H

394 4.4 46.43 -12.58 D 15 H

395 4.5 90.73 -32.64 D 35 H

396 4.5 43.74 0.95 D 16 H

397 4.7 -160.16 -36.08 D 33 H

398 4.7 -162.21 -47.84 D 27 H

399 4.8 -81.46 26.45 D 13 H

400 4.9 70.82 52.90 D 9 H

401 5.0 89.48 -1.74 D 37 H

402 5.1 -33.31 56.83 D 20 H

403 5.2 -153.75 -36.42 D 26 H

404 5.4 150.19 45.82 D 18 H

405 5.4 -14.14 -27.93 D 32 H

406 5.5 150.42 45.88 D 26 H

407 5.5 -15.47 64.37 D 32 H

408 5.5 61.18 -37.16 D 22 H

409 5.5 -73.85 40.55 D 34 H

410 5.6 -26.02 55.13 D 25 H

411 5.7 66.75 4.00 D 40 H

412 5.7 149.20 30.62 D 39 H

413 5.8 -31.85 55.41 D 11 H

414 5.8 65.27 3.78 D 45 H

415 5.8 68.14 7.25 D 14 H

416 5.8 -50.06 47.96 D 39 H

417 5.9 -26.01 55.24 D 46 H

418 5.9 74.15 -46.98 D 8 H

419 5.9 -38.25 -9.35 D 39 H

420 6.0 -45.79 36.92 D 53 H
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421 6.1 -28.61 -32.77 D 43 H

422 6.1 -77.18 38.40 D 22 H

423 6.2 -40.40 56.72 D 34 H

424 6.2 -77.15 38.63 D 5 H

425 6.2 52.16 23.97 D 14 H

426 6.2 -17.25 64.19 D 18 H

427 6.3 146.28 28.38 D 17 H

428 6.3 70.61 19.31 D 11 H

429 6.4 -37.96 54.44 D 38 H

430 6.4 75.57 15.12 D 26 H

431 6.5 175.95 19.19 D 6 H

432 6.5 -47.49 41.58 D 11 H

433 6.5 -48.18 -13.81 D 10 H

434 6.5 3.30 16.58 D 20 H

435 6.5 -25.84 54.42 D 31 H

436 6.7 92.52 -35.52 D 16 H

437 6.7 83.73 13.23 D 35 H

438 6.8 89.72 14.03 D 10 H

439 6.9 -73.94 28.88 D 21 H

440 7.0 73.56 6.51 D 26 H

441 7.2 -63.32 -39.18 D 11 H

442 7.2 71.95 5.98 D 23 H

443 7.3 -55.37 53.78 D 22 H

444 7.3 -162.01 -47.51 D 21 H

445 7.4 -10.82 -5.77 D 55 H

446 7.5 -47.08 42.72 D 56 H

447 7.6 78.22 14.37 D 1 H

448 7.7 -75.40 15.08 D 15 H

449 7.7 84.14 12.93 D 31 H

450 7.8 -26.26 -19.31 D 21 H

451 7.9 66.55 23.76 D 57 H

452 7.9 -34.02 56.05 D 20 H

453 8.0 68.94 7.04 D 37 H

454 8.1 -14.72 -23.00 D 34 H

455 8.1 57.17 -17.43 D 17 H

456 8.1 -78.16 33.45 D 24 H

457 8.1 -37.63 54.25 D 3 H

458 8.1 -77.40 38.40 D 10 H

459 8.2 -46.90 42.05 D 20 H

460 8.3 -73.63 40.49 D 70 H

461 8.3 83.98 -0.87 D 47 H

462 8.4 -162.46 -46.02 D 73 H

463 8.4 -52.14 30.74 D 55 H

464 8.5 -47.42 42.04 D 17 H

465 8.8 -47.55 42.70 D 32 H

466 8.8 -18.61 52.23 D 18 H

467 8.8 43.71 -9.21 D 18 H

468 8.9 87.30 18.64 D 18 H

469 8.9 -28.32 56.59 D 25 H
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Number Diameter (km) Lon. (◦) Lat. (◦) Class Rim burial percentage (%) Rim composition

470 8.9 150.13 27.26 D 30 H

471 8.9 70.51 26.15 D 27 H

472 9.0 50.13 5.53 D 17 H

473 9.1 -33.13 -33.69 D 25 H

474 9.2 -63.91 -38.40 D 40 H

475 9.3 -35.43 -19.06 D 19 H

476 9.3 -77.21 39.36 D 25 H

477 9.5 -179.20 -35.09 D 15 H

478 9.6 -41.89 7.41 D 7 H

479 9.7 -51.33 45.48 D 30 H

480 9.7 -23.38 48.98 D 58 H

481 10.0 -46.66 39.15 D 11 H

482 10.2 -167.19 -45.76 D 1 H

483 10.4 164.38 -31.18 D 1 H

484 10.4 -43.17 -29.81 D 17 H

485 10.6 86.49 -62.80 D 29 H

486 10.8 83.96 13.24 D 25 H

487 10.8 148.15 27.84 D 19 H

488 11.0 -42.09 -54.52 D 24 H

489 11.2 66.16 24.72 D 57 H

490 11.2 167.90 -53.29 D 17 H

491 11.4 148.38 -34.53 D 6 H

492 11.4 51.30 23.46 D 31 H

493 11.9 -76.83 17.55 D 14 H

494 12.2 -73.64 29.38 D 36 H

495 12.2 -168.93 -57.32 D 20 H

496 12.3 -28.60 -33.09 D 12 H

497 12.5 158.65 -55.53 D 20 H

498 12.5 -159.10 -40.71 D 1 H

499 12.9 66.82 19.86 D 9 H

500 13.1 88.92 12.97 D 31 H

501 13.2 -25.07 -31.15 D 12 H

502 13.2 -33.16 -20.74 D 2 H

503 13.4 -74.66 16.53 D 15 H

504 13.5 79.51 12.41 D 28 H

505 13.9 70.87 26.30 D 8 H

506 14.1 145.05 -34.80 D 7 H

507 14.2 73.52 -49.77 D 21 H

508 14.4 70.82 8.43 D 11 H

509 14.7 -150.96 -34.80 D 37 H

510 14.9 40.39 33.62 D 43 H

511 15.1 65.92 42.73 D 5 H

512 15.5 50.28 47.36 D 18 H

513 15.7 14.77 15.74 D 33 H

514 15.8 80.95 -58.59 D 30 H

515 15.8 -80.82 26.94 D 48 H

516 15.9 -64.82 6.27 D 25 H

517 16.1 -158.81 -36.95 D 6 H

518 16.3 137.75 -45.22 D 18 H
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Number Diameter (km) Lon. (◦) Lat. (◦) Class Rim burial percentage (%) Rim composition

519 16.6 49.82 4.00 D 32 H

520 16.7 165.97 -56.80 D 1 H

521 16.8 150.81 -47.55 D 30 H

522 16.9 64.40 12.90 D 57 H

523 17.0 86.02 -0.60 D 23 H

524 17.2 68.73 5.92 D 48 H

525 17.3 -44.47 -10.77 D 13 H

526 17.4 51.47 47.61 D 70 H

527 17.9 -7.21 -24.87 D 54 H

528 18.0 73.80 -56.07 D 17 H

529 18.0 57.55 9.95 D 5 H

530 18.1 -76.63 36.49 D 8 H

531 18.1 -33.09 -11.38 D 42 H

532 18.2 -150.25 -53.37 D 8 H

533 18.3 -57.15 -10.95 D 49 H

534 18.4 37.94 -12.23 D 9 H

535 18.5 50.87 23.21 D 49 H

536 18.5 -8.19 60.49 D 17 H

537 18.9 -158.83 -52.03 D 10 H

538 19.2 164.03 -45.59 D 38 H

539 19.6 92.10 -44.41 D 20 H

540 19.7 85.70 1.99 D 43 H

541 20.3 -15.32 -12.24 D 3 H

542 20.4 -29.74 -21.12 D 26 H

543 21.1 91.80 -31.56 D 26 H

544 21.4 -76.64 45.66 D 41 H

545 21.5 49.80 4.37 D 37 H

546 21.9 175.50 -50.19 D 4 H

547 22.0 -32.11 -23.69 D 44 H

548 22.3 17.64 5.32 D 13 H

549 22.4 -7.40 -24.14 D 50 H

550 23.0 86.90 -33.77 D 53 H

551 23.1 -51.73 -3.17 D 28 H

552 23.5 -12.94 -5.10 D 64 H

553 24.0 -39.18 -27.82 D 1 H

554 24.4 59.38 42.17 D 10 H

555 26.2 87.65 -7.58 D 4 H

556 26.6 35.19 -10.51 D 62 H

557 26.7 77.95 -55.85 D 42 H

558 26.9 49.70 50.40 D 7 H

559 26.9 53.13 -12.41 D 59 H

560 27.2 -7.54 0.20 D 22 H

561 27.6 -168.96 -50.70 D 9 H

562 28.1 -14.52 -8.88 D 30 H

563 28.1 -3.56 20.18 D 32 H

564 28.2 -60.16 51.86 D 22 H

565 28.7 -48.47 -39.69 D 14 H

566 29.0 42.43 -8.22 D 11 H

567 29.7 38.66 36.99 D 13 H
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568 29.9 77.06 56.53 D 5 H

569 30.0 -25.68 -16.42 D 7 H

570 30.3 85.84 -36.33 D 2 H

571 30.9 40.21 -17.82 D 9 H

572 31.0 85.26 -63.21 D 45 H

573 31.0 -24.32 -33.47 D 51 H

574 31.2 -167.41 -49.68 D 1 H

575 32.2 52.84 12.34 D 6 H

576 32.4 7.12 35.27 D 63 H

577 32.6 -79.18 31.37 D 21 H

578 32.9 -34.96 17.56 D 41 H

579 33.1 91.07 -41.29 D 40 H

580 34.6 87.82 -6.73 D 20 H

581 34.9 39.98 7.09 D 48 H

582 36.4 -25.03 -19.47 D 71 H

583 37.2 61.80 21.95 D 40 H

584 38.0 -27.38 -16.64 D 22 H

585 38.2 -9.86 61.14 D 37 H

586 39.6 -47.75 -28.64 D 8 H

587 39.8 57.74 2.33 D 46 H

588 40.0 3.21 61.39 D 28 H

589 40.8 84.11 -1.66 D 13 H

590 43.3 -23.87 -17.90 D 4 H

591 43.6 -51.04 -4.71 D 33 H

592 44.0 93.08 -34.17 D 16 H

593 44.7 -22.59 -26.32 D 2 H

594 44.8 33.60 -11.93 D 10 H

595 46.1 -59.95 -3.87 D 48 H

596 46.3 -44.13 25.47 D 29 H

597 48.5 85.17 16.81 D 6 H

598 50.9 94.63 -45.53 D 46 H

599 55.3 88.91 -40.33 D 4 H

600 56.6 -17.42 -16.37 D 47 H

601 58.1 -67.83 55.58 D 43 H

602 59.1 30.61 26.58 D 19 H

603 59.3 -17.39 -8.34 D 39 H

604 59.6 -30.39 -24.89 D 24 H

605 59.6 36.18 16.67 D 32 H

606 63.2 94.68 -36.15 D 7 H

607 63.8 -27.70 -4.56 D 48 H

608 64.8 77.98 -51.53 D 11 H

609 64.9 -41.46 -28.43 D 17 H

610 65.3 -13.73 10.43 D 46 H

611 65.4 72.75 -52.87 D 12 H

612 65.4 -38.96 -6.68 D 56 H

613 71.8 -56.68 -8.15 D 35 H

614 77.2 92.30 -35.79 D 13 H

615 84.8 -39.75 -29.59 D 41 H

616 103.6 -75.56 26.66 D 27 H
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617 110.3 -39.95 -17.57 D 0 H

618 110.9 166.36 -35.79 D 13 H

619 118.9 166.13 -32.42 D 13 H

620 119.8 33.14 -21.16 D 14 H

621 121.5 -42.50 -10.51 D 34 H

622 129.7 -72.09 21.58 D 14 H

623 1.7 147.59 28.31 E 100 N/A

624 1.8 84.47 8.23 E 100 N/A

625 1.8 -23.99 34.09 E 100 N/A

626 1.8 149.09 27.92 E 100 N/A

627 2.0 146.45 28.73 E 100 N/A

628 2.1 36.60 55.18 E 100 N/A

629 2.2 -161.24 -50.33 E 100 N/A

630 2.5 36.79 54.90 E 100 N/A

631 2.6 -15.72 54.20 E 100 N/A

632 2.7 66.13 6.18 E 100 N/A

633 2.9 -18.07 57.59 E 100 N/A

634 3.0 28.53 14.58 E 100 N/A

635 3.1 52.36 -9.37 E 100 N/A

636 3.2 148.39 29.43 E 100 N/A

637 3.2 149.94 45.07 E 100 N/A

638 3.2 148.14 29.13 E 100 N/A

639 3.4 53.91 0.34 E 100 N/A

640 3.5 67.09 7.73 E 100 N/A

641 3.6 147.80 28.88 E 100 N/A

642 3.7 147.91 29.17 E 100 N/A

643 3.7 35.59 52.60 E 100 N/A

644 3.7 83.54 -49.92 E 100 N/A

645 3.8 86.18 14.16 E 100 N/A

646 4.3 -32.11 45.00 E 100 N/A

647 4.4 21.29 23.57 E 100 N/A

648 5.4 -21.10 45.66 E 100 N/A

649 5.8 38.51 7.05 E 100 N/A

650 6.2 49.12 -2.71 E 100 N/A

651 6.3 -42.90 34.69 E 100 N/A

652 8.7 89.25 1.01 E 100 N/A

653 9.2 59.04 46.22 E 100 N/A

654 9.4 20.67 3.66 E 100 N/A

655 10.1 36.38 8.02 E 100 N/A

656 10.1 36.73 -13.85 E 100 N/A

657 11.5 35.39 -17.32 E 100 N/A

658 17.7 32.08 15.08 E 100 N/A

659 20.3 50.13 -9.35 E 100 N/A

660 24.2 49.43 -8.26 E 100 N/A

661 24.9 28.78 15.16 E 100 N/A
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A.2 Mare Basalt Thickness Estimation Results

Table A.2: Lava flow thickness estimation results on the Moon from craters with rim completely exposed. Dint: initial crater diameter, ktc:

product of diffusivity and time between crater formation and lava emplacement, ktb: product of diffusivity and time after lava emplacement,

Text: lava flow thickness exterior to the crater rim, Tint: lava flow thickness interior to the crater rim, z0: vertical offset.

Number Diameter (km) Lon. (◦) Lat. (◦) Dint (km) ktc (m2) ktb (m2) Text (m) Tint (m) z0 (m)

1 2.2 38.34 14.64 2.0 500 50072 16 271 14

2 2.5 -28.45 40.94 1.3 30100 26800 4 93 3

3 3.4 -47.50 30.90 3.0 500 57736 2 438 0

4 3.4 -41.02 -2.66 3.1 500 57046 22 467 23

5 3.6 -39.09 -29.37 3.2 19937 22587 9 540 8

6 3.7 -53.60 -4.96 3.0 52924 5500 51 0.06 52

7 3.8 -58.16 -6.35 3.5 500 62625 2 589 0

8 3.8 -31.50 22.24 3.4 500 74101 18 462 21

9 5.2 -58.86 26.63 4.7 42928 22259 90 5 90

10 5.3 38.47 14.35 4.8 65040 45174 20 54 23

11 5.6 -56.28 16.49 5.2 10000 55200 54 16 52

12 5.7 -54.24 47.56 5.2 15336 103728 67 946 69

13 6.0 104.25 25.33 5.7 500 115000 37 922 35

14 6.0 -26.31 54.69 5.5 500 124513 33 944 32

15 6.0 -59.96 27.78 5.8 500 25419 88 0 88
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Number Diameter (km) Lon. (◦) Lat. (◦) Dint (km) ktc (m2) ktb (m2) Text (m) Tint (m) z0 (m)

16 6.0 162.44 -33.23 5.6 71290 5500 53 7 58

17 6.1 -31.17 5.87 6.1 500 61065 95 951 95

18 6.2 -19.86 45.54 6.1 500 23400 44 0 42

19 6.3 86.38 17.23 6.1 500 126149 104 518 104

20 6.3 26.28 14.08 5.8 30004 130036 33 897 31

21 6.5 53.65 2.37 6.2 500 134233 60 82 62

22 6.6 149.91 26.23 6.3 500 135035 63 968 54

23 6.8 28.41 11.34 6.5 500 139358 7 1069 0

24 6.9 15.44 19.61 6.4 109243 18743 107 0 108

25 7.2 172.75 -17.63 6.6 500 105430 33 994 35

26 7.3 58.37 -0.86 6.6 194000 10740 69 0 70

27 7.3 -60.10 28.96 6.9 500 53300 4 5 3

28 7.5 29.31 14.81 6.4 300000 151290 2 730 -3

29 7.6 -44.71 1.14 7.3 500 100256 54 89 62

30 7.6 -43.57 4.63 7.6 500 79847 105 83 100

31 7.8 -62.04 50.10 7.7 1000 25096 112 52 106

32 8.3 36.92 35.46 8.0 125783 40449 53 5 38

33 8.5 147.35 28.74 7.9 19999 169479 71 149 65

34 8.9 29.19 16.22 8.5 500 177166 29 639 8

35 8.9 37.88 12.06 8.1 500 177487 218 1123 214
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Number Diameter (km) Lon. (◦) Lat. (◦) Dint (km) ktc (m2) ktb (m2) Text (m) Tint (m) z0 (m)

36 9.0 144.66 26.84 8.8 500 108810 56 1302 42

37 9.2 22.94 39.05 8.7 500 179734 135 1308 142

38 9.2 -159.65 -36.24 8.5 1021 181921 154 0 155

39 9.8 -9.45 27.37 9.4 500 193222 71 142 62

40 10.0 -29.48 -0.64 9.9 500 147566 116 1830 105

41 10.5 -52.28 53.61 9.8 500 205825 95 1430 92

42 10.6 59.44 -2.16 10.5 500 206450 195 93 202

43 11.5 -75.61 17.77 10.8 25894 196980 122 1929 120

44 11.6 -42.99 -7.88 11.5 500 32200 131 109 125

45 11.7 159.62 -51.40 11.2 40000 125600 205 1929 205

46 12.4 50.44 -6.96 11.9 500 238544 310 1136 307

47 12.6 70.95 -50.16 12.1 500 242820 126 1963 114

48 13.5 -23.00 61.90 13.4 500 51312 65 2052 64

49 17.3 146.66 27.45 16.4 500 224746 198 2907 208

50 17.5 61.78 -17.58 16.4 500 325710 95 2674 86

51 17.9 -46.57 21.66 17.7 500 230976 208 1987 197

52 17.9 -29.20 -1.48 17.4 500 83929 105 2950 104

53 20.2 177.42 -36.73 19.6 500 100073 126 3652 123

54 20.4 20.11 10.49 19.9 500 278911 114 1286 108

55 24.5 -23.13 40.41 24.5 500 140840 380 260 382
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Number Diameter (km) Lon. (◦) Lat. (◦) Dint (km) ktc (m2) ktb (m2) Text (m) Tint (m) z0 (m)

56 24.7 -31.91 -32.97 23.8 500 444196 146 3321 140

57 25.5 -58.79 23.38 25.2 500 221488 247 0 232

58 45.3 -66.67 21.08 45.2 85031 680051 455 857 435
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Table A.3: Uncertainties of the lava flow thickness and the diffusivity-time product. Text_min and Text_min: minimum and maximum values of

Text. ktb_min and ktb_maxminimum and maximum values of ktb.

Number RMS misfit (m) Text_min (m) Text_max (m) ktb_min (m2) ktb_max (m2)

1 3 0 35 30043 85122

2 1 0 14 18760 40200

3 5 0 21 32564 75057

4 3 0 40 45637 74160

5 2 0 29 11294 38399

6 3 30 67 550 10450

7 5 0 23 61363 87044

8 4 0 39 59281 81511

9 4 60 121 2226 40066

10 6 0 52 4517 85831

11 16 14 93 5520 104880

12 3 35 96 62237 165964

13 3 5 69 92000 126500

14 5 4 67 99611 161867

15 10 47 122 2542 40670

16 14 16 91 550 10450
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Number RMS misfit (m) Text_min (m) Text_max (m) ktb_min (m2) ktb_max (m2)

17 2 62 127 48852 67171

18 14 0 78 2340 42120

19 8 60 143 100919 138764

20 14 0 64 117032 247068

21 12 21 100 13423 147656

22 10 23 99 108028 229559

23 9 0 45 83615 236908

24 6 66 148 1874 35611

25 15 0 73 73801 189774

26 23 16 125 1074 20406

27 9 0 47 5330 69290

28 19 0 47 121032 287451

29 9 8 99 20051 130333

30 12 57 151 31939 103801

31 35 60 161 1000 43571

32 16 2 105 4045 76852

33 29 14 133 16948 322009

34 18 0 86 106300 265749

35 16 154 259 141990 248482

194



A
p
p

en
d
ix

Number RMS misfit (m) Text_min (m) Text_max (m) ktb_min (m2) ktb_max (m2)

36 18 0 106 76167 256739

37 12 84 183 125814 233654

38 25 85 220 18192 218305

39 18 11 130 19322 251189

40 11 63 172 44270 280376

41 15 31 145 185243 391068

42 22 127 258 20645 289031

43 4 68 177 157584 256075

44 27 61 200 10000 69950

45 29 136 276 100480 238640

46 16 220 378 214689 262398

47 20 46 195 169974 437076

48 33 0 148 25656 97493

49 25 110 296 22475 427017

50 29 6 188 32571 618849

51 11 120 301 138586 300269

52 29 8 201 8393 159465

53 15 23 223 10007 190138

54 6 12 220 139456 334694
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Number RMS misfit (m) Text_min (m) Text_max (m) ktb_min (m2) ktb_max (m2)

55 34 249 512 56336 239428

56 36 11 276 355357 843973

57 44 104 384 22149 376529

58 49 208 797 493574 1035361
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Table A.4: The basaltic units that embayed the studied partially buried craters. The unit number, age, and area are taken from Hiesinger et al.

(2006, 2011); Morota et al. (2009, 2011a); Pasckert et al. (2018).

Crater number Basaltic unit number Age (Gyr) Age lower bound (Gyr) Age upper bound (Gyr) Area (km2)

1 T19 3.6 3.57 3.68 7232

2 I22 1.98 1.89 2.06 8117

3 P40 2.56 2.41 2.7 3266

4 P24 2.6 2.4 2.78 6330

5 H2 3.69 3.66 3.72 1116

6 P33 2.47 2.26 2.66 1855

7 P36 2.48 1.98 2.9 1082

8 I4 2.04 1.92 2.15 1719

9 P32 1.79 1.69 1.89 6475

10 T21 3.57 3.52 3.6 11074

11 P49 1.71 1.6 1.81 4822

12 P10 3.44 3.37 3.51 8419

13 N/A N/A N/A N/A N/A

14 F17 3.53 3.46 3.58 6558

15 P32 1.79 1.69 1.89 6475

16 N/A N/A N/A N/A N/A

17 In2 3.14 3.02 3.29 2861

18 I5 3.52 3.44 3.58 7531
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Crater number Basaltic unit number Age (Gyr) Age lower bound (Gyr) Age upper bound (Gyr) Area (km2)

19 Ma2 3.62 3.58 3.65 14599

20 T5 3.74 3.69 3.77 3122

21 Fe8 3.36 3.16 3.56 15488

22 Ehtm 2.57 2.32 2.86 2544

23 T8 3.7 3.64 3.74 3132

24 S13 3.49 3.44 3.57 10173

25 Ai 3.3 3.24 3.35 1440

26 Fe9 3.58 3.48 3.68 7341

27 P53 2.1 1.99 2.21 5886

28 T2 3.76 3.69 3.78 2455

29 P47 2.19 2.01 2.37 1665

30 P47 2.19 2.01 2.37 1665

31 P10 3.44 3.37 3.51 8419

32 N/A N/A N/A N/A N/A

33 Iltm 3.49 3.44 3.54 3246

34 T10 3.69 3.61 3.71 4837

35 T21 3.57 3.52 3.6 11074

36 Iltm 3.49 3.44 3.54 3246

37 N/A N/A N/A N/A N/A

38 Ap6 3.39 3.37 3.41 2122
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Crater number Basaltic unit number Age (Gyr) Age lower bound (Gyr) Age upper bound (Gyr) Area (km2)

39 I3 3.55 3.48 3.6 3106

40 P8 3.47 3.38 3.55 2525

41 P10 3.44 3.37 3.51 8419

42 N/A N/A N/A N/A N/A

43 N/A N/A N/A N/A N/A

44 P11 3.43 3.35 3.52 2383

45 Ho 3.5 3.47 3.53 1450

46 Fe1 3.47 3.27 3.67 95727

47 N/A N/A N/A N/A N/A

48 F28 3.45 3.34 3.52 6763

49 Iltm 3.49 3.44 3.54 3246

50 N/A N/A N/A N/A N/A

51 P60 1.73 1.59 1.86 1429

52 P8 3.47 3.38 3.55 2525

53 Le1 3.37 3.33 3.4 1740

54 T12 3.68 3.64 3.71 11252

55 I22 1.98 1.89 2.06 8117

56 N/A N/A N/A N/A N/A

57 P32 1.79 1.69 1.89 6475

58 P14 3.36 3.27 3.41 7939
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Appendix B Mercury

B.1 Buried Crater Database

Table B.1: Database of all the partially and completely buried craters on Mercury. Crater

class: A: rim-completely-exposed craters in the northern smooth plains; B: rim-completely-

exposed craters on the northern smooth plains-heavily cratered terrain boundaries; C: rim-

partially-exposed craters in the northern smooth plains; D: rim-partially-exposed craters

on the northern smooth plains-heavily cratered terrain boundaries; E: rim-completely-

buried craters in the northern smooth plains.

Number Diameter (km) Lon. (◦) Lat. (◦) Class Rim burial percentage (%)

1 15.2 -113.20 77.77 A 0

2 18.9 -28.53 60.23 A 0

3 30.6 51.98 54.26 A 0

4 31.6 2.83 43.24 A 0

5 51.3 12.83 49.77 A 0

6 53.5 3.41 49.38 A 0

7 56.1 -26.46 57.29 A 0

8 5.2 25.99 40.40 B 0

9 7.6 25.67 40.33 B 0

10 8.4 9.85 30.76 B 0

11 9.1 0.45 31.27 B 0

12 9.4 143.08 72.54 B 0

13 10.1 80.74 35.17 B 0

14 10.1 48.82 38.01 B 0

15 10.6 29.96 41.10 B 0

16 10.6 19.25 49.48 B 0

17 10.7 61.18 39.27 B 0

18 11.0 -30.25 59.36 B 0
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Number Diameter (km) Lon. (◦) Lat. (◦) Class Rim burial percentage (%)

19 11.9 91.94 70.21 B 0

20 12.5 16.11 45.85 B 0

21 12.8 -2.83 32.61 B 0

22 14.2 15.77 42.53 B 0

23 15.4 63.39 39.18 B 0

24 17.6 15.64 45.82 B 0

25 18.4 -31.67 59.87 B 0

26 18.8 30.25 40.67 B 0

27 19.2 44.64 36.97 B 0

28 19.9 101.27 50.80 B 0

29 20.1 -85.79 82.62 B 0

30 20.9 -109.10 71.38 B 0

31 25.0 29.23 42.83 B 0

32 29.1 -1.56 32.30 B 0

33 29.4 100.99 45.62 B 0

34 29.8 -89.03 63.72 B 0

35 31.6 -134.65 83.57 B 0

36 32.9 -22.02 58.06 B 0

37 34.3 60.71 47.77 B 0

38 34.7 32.58 40.13 B 0

39 36.5 -104.70 70.32 B 0

40 38.8 27.09 49.15 B 0

41 40.0 -21.53 47.42 B 0

42 40.3 -34.21 55.94 B 0

43 42.0 -30.65 46.92 B 0

44 42.6 67.23 49.78 B 0

45 44.2 16.94 45.39 B 0

46 44.9 17.29 38.21 B 0

47 44.9 21.12 40.88 B 0

48 47.3 50.71 38.48 B 0

49 49.1 -5.31 33.76 B 0

50 56.5 12.23 42.46 B 0

51 58.7 -90.52 64.67 B 0

52 59.0 -23.85 46.75 B 0
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53 65.5 19.05 39.63 B 0

54 72.0 -99.94 66.31 B 0

55 75.9 -31.50 61.04 B 0

56 78.4 9.56 43.33 B 0

57 79.7 83.54 60.41 B 0

58 81.1 -10.78 53.53 B 0

59 110.7 -33.89 48.21 B 0

60 4.9 10.20 30.76 C 17

61 5.1 27.67 40.69 C 22

62 5.4 -75.94 86.29 C 24

63 5.7 21.06 42.19 C 11

64 5.8 -106.75 70.85 C 66

65 6.6 27.63 40.93 C 7

66 7.0 -57.35 71.28 C 21

67 7.2 113.17 73.40 C 66

68 7.2 27.75 41.17 C 48

69 7.4 -87.37 63.41 C 25

70 7.4 21.38 42.16 C 8

71 7.8 -4.75 36.72 C 22

72 8.9 21.18 38.59 C 12

73 8.9 -83.10 72.00 C 29

74 9.3 -115.05 83.27 C 52

75 9.4 26.65 50.50 C 63

76 9.6 -109.58 83.24 C 24

77 9.7 20.84 42.21 C 24

78 9.8 -101.07 86.03 C 69

79 9.9 -127.68 85.55 C 56

80 10.0 128.31 78.69 C 23

81 10.0 -26.67 47.73 C 70

82 10.1 97.15 73.17 C 37

83 10.4 -27.49 82.82 C 64

84 10.4 -115.28 80.19 C 65

85 10.5 18.04 48.75 C 22

86 10.5 -119.95 80.35 C 75
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87 10.5 -108.33 76.50 C 88

88 10.8 -16.52 55.50 C 8

89 11.0 -21.82 52.33 C 67

90 11.5 -26.93 82.53 C 69

91 12.2 -105.79 82.45 C 52

92 12.3 -106.83 71.59 C 45

93 12.6 -104.11 83.84 C 63

94 13.0 126.12 68.56 C 68

95 13.1 -72.03 78.12 C 33

96 14.8 35.17 38.50 C 81

97 14.8 -124.06 82.62 C 25

98 15.1 12.22 62.66 C 29

99 15.2 142.13 74.83 C 35

100 15.4 55.03 55.41 C 61

101 15.6 20.91 42.67 C 6

102 16.0 53.74 54.68 C 24

103 16.5 138.30 85.28 C 35

104 16.9 -111.34 85.06 C 34

105 17.8 -20.71 52.42 C 29

106 17.8 -100.90 67.98 C 19

107 20.0 122.72 73.96 C 72

108 20.5 7.49 51.27 C 47

109 20.6 -105.45 74.10 C 37

110 21.1 -27.60 47.56 C 23

111 21.3 26.21 50.81 C 41

112 22.2 5.97 45.12 C 22

113 22.9 108.17 73.85 C 22

114 23.2 -22.25 59.59 C 41

115 23.4 -29.30 49.67 C 62

116 24.6 4.64 52.02 C 83

117 24.6 12.06 47.13 C 12

118 26.1 7.90 46.54 C 71

119 26.4 49.15 39.30 C 40

120 27.2 -6.01 52.90 C 61
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121 28.6 -103.42 74.39 C 17

122 29.4 -99.13 70.97 C 50

123 31.6 98.24 47.81 C 21

124 33.5 -23.60 59.19 C 50

125 34.1 11.02 49.34 C 31

126 37.7 4.52 43.57 C 50

127 38.2 4.68 44.11 C 56

128 38.3 14.56 51.67 C 55

129 39.6 -31.42 79.64 C 84

130 48.2 124.46 73.33 C 86

131 48.5 1.51 40.76 C 46

132 49.7 -67.56 69.80 C 60

133 50.4 115.23 82.56 C 27

134 50.7 49.82 51.25 C 30

135 51.6 0.32 64.13 C 46

136 55.0 34.78 52.59 C 56

137 56.7 140.30 74.31 C 12

138 57.1 1.37 32.32 C 35

139 59.0 -20.90 59.75 C 44

140 59.5 -73.34 74.35 C 84

141 59.8 -18.79 68.32 C 87

142 61.1 -111.53 82.37 C 43

143 62.1 -100.79 76.29 C 53

144 76.0 11.72 63.51 C 34

145 82.2 -22.08 64.53 C 45

146 100.4 -30.53 54.55 C 36

147 103.1 43.51 39.84 C 72

148 126.6 -1.38 65.46 C 75

149 217.4 14.00 67.11 C 70

150 6.6 21.32 39.58 D 21

151 7.3 -87.59 63.50 D 31

152 7.4 -28.78 59.51 D 1

153 7.6 96.98 44.66 D 45

154 7.6 9.68 30.94 D 14
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155 7.8 126.12 68.08 D 1

156 7.8 143.82 74.02 D 3

157 8.1 -74.64 63.17 D 59

158 8.3 127.11 70.00 D 62

159 8.8 -129.10 82.88 D 15

160 9.1 -75.04 79.89 D 20

161 9.1 34.16 50.57 D 6

162 9.6 102.19 52.31 D 31

163 10.3 139.77 67.48 D 22

164 10.4 122.52 68.86 D 18

165 10.4 147.34 74.86 D 17

166 10.4 127.06 69.04 D 21

167 10.7 -120.24 84.70 D 5

168 11.1 -96.91 65.27 D 3

169 11.1 102.51 47.75 D 7

170 11.2 135.63 68.55 D 11

171 11.2 27.11 41.43 D 26

172 11.5 80.74 35.55 D 24

173 11.6 20.54 48.40 D 13

174 11.7 137.15 71.16 D 27

175 11.8 19.28 48.58 D 55

176 12.0 -60.21 66.92 D 3

177 12.2 -60.36 67.20 D 1

178 12.3 122.59 70.23 D 8

179 12.5 80.19 35.74 D 74

180 12.7 -75.84 83.15 D 21

181 13.1 -121.70 84.88 D 33

182 13.1 -34.93 65.99 D 41

183 13.1 19.10 51.37 D 37

184 13.3 -125.76 85.17 D 60

185 13.5 19.99 48.70 D 27

186 14.3 90.66 60.74 D 9

187 14.4 49.04 38.55 D 2

188 15.6 127.71 68.94 D 22
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189 15.8 101.62 52.13 D 4

190 17.4 93.87 44.52 D 36

191 17.7 48.14 38.17 D 4

192 18.9 -28.26 59.81 D 33

193 19.2 74.99 50.57 D 18

194 19.9 15.32 64.12 D 58

195 19.9 140.04 66.96 D 11

196 20.4 -59.44 67.36 D 1

197 20.6 65.50 50.89 D 29

198 20.9 145.92 67.24 D 25

199 21.0 75.90 38.45 D 46

200 21.2 -102.89 70.04 D 31

201 23.1 102.32 46.67 D 15

202 23.5 -129.71 82.49 D 1

203 23.9 -3.85 34.22 D 7

204 23.9 35.26 48.68 D 40

205 24.0 -107.46 72.29 D 9

206 24.6 134.24 82.77 D 16

207 25.7 65.55 50.51 D 18

208 25.7 9.57 62.67 D 67

209 26.5 99.85 46.03 D 26

210 28.9 -136.70 84.96 D 54

211 28.9 121.23 67.60 D 37

212 29.3 74.86 46.21 D 40

213 29.4 108.17 59.12 D 26

214 30.3 -128.47 81.73 D 35

215 32.5 129.04 69.24 D 59

216 33.2 -30.38 59.87 D 19

217 33.3 125.51 80.17 D 2

218 33.8 75.44 50.97 D 13

219 34.8 143.52 65.95 D 12

220 36.6 -107.00 70.20 D 1

221 36.8 81.27 36.75 D 28

222 37.7 -141.74 84.47 D 1
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223 37.9 63.84 39.45 D 10

224 42.2 -65.83 64.28 D 14

225 44.9 -128.78 84.30 D 36

226 45.3 129.61 70.00 D 6

227 45.5 80.97 45.77 D 22

228 46.7 18.98 50.43 D 38

229 47.0 -3.82 34.87 D 1

230 47.4 9.70 41.87 D 7

231 47.7 109.84 59.04 D 27

232 48.9 21.51 49.39 D 32

233 50.1 70.02 50.57 D 2

234 51.2 113.88 65.80 D 4

235 53.7 -30.49 66.06 D 61

236 60.9 140.98 71.18 D 6

237 61.8 32.98 51.08 D 14

238 63.8 110.07 62.40 D 38

239 64.3 5.66 30.73 D 39

240 64.7 43.82 37.88 D 62

241 66.2 85.88 62.55 D 29

242 67.7 56.74 40.35 D 57

243 68.5 51.57 52.70 D 29

244 71.7 112.24 61.76 D 43

245 75.6 74.38 47.67 D 12

246 87.0 82.72 37.42 D 27

247 92.7 40.41 38.10 D 49

248 113.7 118.07 65.91 D 12

249 120.3 118.54 69.60 D 26

250 136.4 -80.84 64.55 D 32

251 142.2 57.46 53.14 D 13

252 152.8 57.22 50.00 D 18

253 208.1 73.20 37.57 D 7

254 225.5 103.03 58.81 D 10

255 229.5 94.35 62.04 D 2

256 306.7 102.15 70.40 D 14
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257 322.8 -52.07 81.43 D 69

258 2.6 -80.53 79.57 E 100

259 2.7 81.14 36.10 E 100

260 3.1 9.47 31.63 E 100

261 3.1 -80.92 79.69 E 100

262 3.2 132.02 74.24 E 100

263 3.6 -88.98 78.92 E 100

264 3.6 -28.61 56.08 E 100

265 3.7 -106.93 70.56 E 100

266 3.7 81.45 36.64 E 100

267 3.7 -64.82 66.28 E 100

268 3.7 133.61 74.32 E 100

269 3.7 97.03 42.95 E 100

270 3.8 -25.17 55.15 E 100

271 3.8 81.31 36.12 E 100

272 3.9 13.80 41.43 E 100

273 4.0 -86.72 63.67 E 100

274 4.0 101.11 46.79 E 100

275 4.0 -109.85 78.04 E 100

276 4.1 95.38 42.54 E 100

277 4.1 65.52 60.88 E 100

278 4.1 28.41 54.88 E 100

279 4.1 19.40 48.07 E 100

280 4.2 3.19 40.95 E 100

281 4.3 36.64 44.55 E 100

282 4.4 -86.91 65.03 E 100

283 4.4 24.06 52.20 E 100

284 4.4 79.87 35.46 E 100

285 4.5 28.25 51.95 E 100

286 4.5 14.59 46.39 E 100

287 4.5 19.20 48.23 E 100

288 4.5 35.51 50.89 E 100

289 4.5 -4.70 58.27 E 100

290 4.5 30.11 52.92 E 100
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291 4.6 60.41 39.76 E 100

292 4.6 -89.87 80.03 E 100

293 4.7 -107.99 71.21 E 100

294 4.7 2.17 63.43 E 100

295 4.7 14.24 39.44 E 100

296 4.7 17.19 51.24 E 100

297 4.7 37.44 50.38 E 100

298 4.7 10.21 40.40 E 100

299 4.7 61.55 40.44 E 100

300 4.7 9.52 58.10 E 100

301 4.8 -105.39 78.62 E 100

302 4.8 61.69 40.43 E 100

303 4.8 -3.34 60.08 E 100

304 4.9 -25.98 67.25 E 100

305 4.9 -30.30 66.35 E 100

306 4.9 61.61 40.33 E 100

307 4.9 1.95 33.26 E 100

308 4.9 2.15 41.72 E 100

309 5.0 -17.65 65.10 E 100

310 5.0 -24.70 60.09 E 100

311 5.0 24.30 49.95 E 100

312 5.0 20.20 53.00 E 100

313 5.0 -24.09 55.42 E 100

314 5.0 101.14 48.35 E 100

315 5.0 61.15 54.25 E 100

316 5.1 50.42 52.17 E 100

317 5.1 131.31 74.07 E 100

318 5.1 -20.55 63.12 E 100

319 5.2 -122.03 80.99 E 100

320 5.2 73.16 43.56 E 100

321 5.2 -107.10 77.54 E 100

322 5.2 -104.85 77.24 E 100

323 5.2 65.27 52.41 E 100

324 5.2 -111.97 78.50 E 100
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325 5.3 -24.75 59.11 E 100

326 5.3 -82.56 74.90 E 100

327 5.3 9.71 32.14 E 100

328 5.3 65.23 52.31 E 100

329 5.3 122.77 76.47 E 100

330 5.3 30.05 53.19 E 100

331 5.3 -72.00 64.26 E 100

332 5.4 62.92 51.14 E 100

333 5.4 -26.50 64.14 E 100

334 5.4 -50.15 75.17 E 100

335 5.4 -1.74 55.79 E 100

336 5.4 5.74 73.40 E 100

337 5.5 -17.93 65.04 E 100

338 5.5 126.97 76.89 E 100

339 5.5 6.85 62.69 E 100

340 5.5 -64.91 65.94 E 100

341 5.5 39.99 51.05 E 100

342 5.5 -45.63 76.40 E 100

343 5.5 -11.73 70.60 E 100

344 5.5 -46.63 76.43 E 100

345 5.5 65.11 52.13 E 100

346 5.6 -19.91 62.88 E 100

347 5.6 0.57 36.53 E 100

348 5.6 -74.33 70.52 E 100

349 5.6 2.87 74.87 E 100

350 5.6 -8.18 55.42 E 100

351 5.6 -92.58 66.04 E 100

352 5.7 -4.36 54.77 E 100

353 5.7 -24.86 61.88 E 100

354 5.7 -107.53 77.15 E 100

355 5.8 101.59 74.78 E 100

356 5.8 72.55 42.37 E 100

357 5.8 -5.16 56.13 E 100

358 5.8 17.09 52.36 E 100
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359 5.8 4.73 74.86 E 100

360 5.8 -25.07 62.07 E 100

361 5.8 -75.39 71.49 E 100

362 5.8 19.57 52.71 E 100

363 5.8 -27.86 69.33 E 100

364 5.8 -26.82 64.91 E 100

365 5.9 95.39 42.76 E 100

366 5.9 -25.22 73.70 E 100

367 6.0 10.97 50.99 E 100

368 6.0 47.20 51.45 E 100

369 6.0 36.55 45.16 E 100

370 6.0 7.77 60.40 E 100

371 6.0 2.33 31.42 E 100

372 6.1 98.89 40.79 E 100

373 6.1 -91.13 86.14 E 100

374 6.2 72.63 42.80 E 100

375 6.2 -1.24 59.40 E 100

376 6.2 20.36 53.35 E 100

377 6.2 5.37 75.25 E 100

378 6.2 -4.97 73.15 E 100

379 6.2 -0.82 40.06 E 100

380 6.2 -75.29 77.59 E 100

381 6.2 -63.98 66.92 E 100

382 6.2 -16.91 65.77 E 100

383 6.2 -30.78 67.86 E 100

384 6.2 64.88 60.28 E 100

385 6.3 7.43 31.97 E 100

386 6.3 64.17 62.73 E 100

387 6.3 10.85 47.94 E 100

388 6.3 34.78 44.02 E 100

389 6.3 -86.33 72.43 E 100

390 6.3 -8.53 78.23 E 100

391 6.4 -94.81 86.13 E 100

392 6.4 -114.74 81.40 E 100
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393 6.4 4.17 60.44 E 100

394 6.4 25.56 52.55 E 100

395 6.4 -81.33 79.71 E 100

396 6.4 2.20 36.30 E 100

397 6.5 82.94 37.58 E 100

398 6.5 -110.68 78.00 E 100

399 6.5 -85.89 64.11 E 100

400 6.6 25.56 60.60 E 100

401 6.6 -92.19 65.54 E 100

402 6.6 61.26 64.52 E 100

403 6.6 -24.99 62.24 E 100

404 6.7 -87.22 73.57 E 100

405 6.7 4.72 60.96 E 100

406 6.7 -106.03 77.52 E 100

407 6.8 -24.45 61.66 E 100

408 6.8 129.94 75.37 E 100

409 6.8 62.08 56.32 E 100

410 6.8 101.32 52.43 E 100

411 6.8 37.37 51.80 E 100

412 6.8 12.06 50.81 E 100

413 6.8 104.58 75.73 E 100

414 6.8 4.41 58.14 E 100

415 6.9 9.12 31.64 E 100

416 6.9 -1.66 33.64 E 100

417 6.9 -43.27 75.39 E 100

418 6.9 -98.18 67.78 E 100

419 6.9 -86.09 67.42 E 100

420 6.9 19.15 47.26 E 100

421 6.9 38.81 51.51 E 100

422 6.9 -72.58 64.82 E 100

423 7.0 -29.25 57.92 E 100

424 7.0 -102.43 70.38 E 100

425 7.0 -74.49 71.74 E 100

426 7.0 38.45 50.45 E 100
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427 7.0 28.71 55.49 E 100

428 7.0 -6.77 77.28 E 100

429 7.0 49.24 50.37 E 100

430 7.0 7.71 77.36 E 100

431 7.0 24.80 56.53 E 100

432 7.0 1.40 31.30 E 100

433 7.0 118.80 65.39 E 100

434 7.1 61.37 64.74 E 100

435 7.1 64.74 51.62 E 100

436 7.1 -95.68 76.58 E 100

437 7.1 48.47 54.03 E 100

438 7.1 -83.72 66.92 E 100

439 7.1 8.72 34.24 E 100

440 7.1 62.90 60.40 E 100

441 7.1 -39.46 77.42 E 100

442 7.1 7.51 77.20 E 100

443 7.1 1.12 61.22 E 100

444 7.1 -10.23 65.70 E 100

445 7.1 -68.14 65.75 E 100

446 7.2 -38.52 68.51 E 100

447 7.2 22.65 83.13 E 100

448 7.2 2.54 33.36 E 100

449 7.3 51.99 55.22 E 100

450 7.3 45.85 52.64 E 100

451 7.3 2.22 33.09 E 100

452 7.3 -65.47 72.71 E 100

453 7.3 51.44 58.61 E 100

454 7.4 83.12 36.90 E 100

455 7.4 -27.80 69.15 E 100

456 7.4 -32.21 68.66 E 100

457 7.5 10.42 38.01 E 100

458 7.5 81.11 37.64 E 100

459 7.5 0.55 41.60 E 100

460 7.5 -112.79 84.19 E 100
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461 7.5 43.54 54.57 E 100

462 7.5 51.61 48.74 E 100

463 7.5 -2.77 61.07 E 100

464 7.5 -63.88 70.44 E 100

465 7.6 64.03 51.57 E 100

466 7.6 20.73 61.78 E 100

467 7.6 99.59 41.48 E 100

468 7.6 45.86 52.78 E 100

469 7.6 17.77 78.19 E 100

470 7.6 133.32 71.00 E 100

471 7.6 129.72 77.55 E 100

472 7.7 24.33 49.66 E 100

473 7.7 107.69 70.07 E 100

474 7.7 -24.71 55.93 E 100

475 7.8 -98.48 84.60 E 100

476 7.8 -50.02 71.98 E 100

477 7.8 -57.26 78.56 E 100

478 7.8 -89.14 72.59 E 100

479 7.8 65.60 66.03 E 100

480 7.9 4.16 57.27 E 100

481 7.9 -112.39 79.25 E 100

482 7.9 19.06 62.58 E 100

483 7.9 14.98 50.81 E 100

484 8.0 11.27 78.47 E 100

485 8.0 -111.62 84.02 E 100

486 8.0 -106.49 72.23 E 100

487 8.0 -90.26 66.82 E 100

488 8.0 -7.24 54.43 E 100

489 8.0 -108.03 77.75 E 100

490 8.1 -97.42 68.99 E 100

491 8.1 -7.13 71.04 E 100

492 8.1 -89.65 66.64 E 100

493 8.1 79.99 37.29 E 100

494 8.1 103.32 68.35 E 100
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495 8.2 -100.86 69.89 E 100

496 8.2 10.80 32.04 E 100

497 8.2 28.16 54.75 E 100

498 8.2 -5.80 76.44 E 100

499 8.2 -3.21 76.63 E 100

500 8.2 -15.16 75.16 E 100

501 8.3 -51.30 73.59 E 100

502 8.3 55.12 58.16 E 100

503 8.3 -48.94 71.45 E 100

504 8.3 18.06 43.48 E 100

505 8.3 -23.85 72.83 E 100

506 8.3 -29.52 58.71 E 100

507 8.3 61.97 40.69 E 100

508 8.3 63.05 55.98 E 100

509 8.3 -9.91 69.02 E 100

510 8.4 -1.23 60.63 E 100

511 8.4 24.96 56.33 E 100

512 8.4 -84.67 79.97 E 100

513 8.5 -38.54 68.31 E 100

514 8.5 -118.35 79.32 E 100

515 8.5 -52.25 71.64 E 100

516 8.5 131.94 76.19 E 100

517 8.5 -32.65 57.18 E 100

518 8.5 129.56 77.31 E 100

519 8.5 35.54 61.82 E 100

520 8.6 16.51 43.86 E 100

521 8.6 20.37 61.89 E 100

522 8.6 4.34 61.67 E 100

523 8.6 -85.84 79.84 E 100

524 8.6 28.78 54.16 E 100

525 8.7 23.15 55.70 E 100

526 8.7 -15.91 54.62 E 100

527 8.7 83.41 37.61 E 100

528 8.8 -0.81 38.77 E 100
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529 8.8 8.95 76.26 E 100

530 8.8 -50.03 71.79 E 100

531 8.8 -100.74 78.37 E 100

532 8.9 95.64 55.93 E 100

533 8.9 -18.96 72.88 E 100

534 8.9 -4.64 58.07 E 100

535 8.9 18.89 60.93 E 100

536 9.0 -55.78 71.63 E 100

537 9.0 90.79 74.04 E 100

538 9.0 -82.95 80.08 E 100

539 9.0 66.00 65.98 E 100

540 9.1 123.92 79.03 E 100

541 9.1 36.20 43.49 E 100

542 9.1 -47.09 71.46 E 100

543 9.1 51.41 49.86 E 100

544 9.1 113.57 77.15 E 100

545 9.2 64.37 63.13 E 100

546 9.3 6.25 75.66 E 100

547 9.3 -29.66 74.36 E 100

548 9.3 29.50 60.34 E 100

549 9.3 56.50 40.07 E 100

550 9.3 6.29 61.50 E 100

551 9.3 -2.24 59.82 E 100

552 9.3 64.58 59.86 E 100

553 9.3 5.80 52.54 E 100

554 9.3 -89.47 74.99 E 100

555 9.4 1.79 83.52 E 100

556 9.4 -70.69 64.01 E 100

557 9.4 13.88 79.85 E 100

558 9.5 13.50 82.15 E 100

559 9.5 -79.18 73.34 E 100

560 9.5 -29.80 73.46 E 100

561 9.5 -73.70 64.74 E 100

562 9.6 32.12 56.18 E 100
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563 9.6 -37.69 72.23 E 100

564 9.6 -6.85 70.84 E 100

565 9.6 -111.25 84.26 E 100

566 9.6 -111.45 82.98 E 100

567 9.7 -84.31 79.84 E 100

568 9.8 -75.63 67.01 E 100

569 9.8 -23.45 67.33 E 100

570 9.8 -25.77 69.36 E 100

571 9.8 -77.60 69.58 E 100

572 9.8 -14.23 76.43 E 100

573 9.8 -3.82 68.78 E 100

574 9.8 47.43 53.68 E 100

575 9.8 -28.14 64.40 E 100

576 9.8 17.22 50.90 E 100

577 9.9 -50.80 71.64 E 100

578 9.9 103.54 40.82 E 100

579 10.0 0.54 75.14 E 100

580 10.0 -83.14 71.75 E 100

581 10.0 10.36 41.02 E 100

582 10.1 5.70 39.66 E 100

583 10.1 -89.22 71.62 E 100

584 10.1 -16.87 70.17 E 100

585 10.1 47.53 54.01 E 100

586 10.1 0.12 74.88 E 100

587 10.1 15.93 78.46 E 100

588 10.1 8.64 76.99 E 100

589 10.2 -65.16 81.13 E 100

590 10.2 28.97 63.87 E 100

591 10.2 44.15 55.23 E 100

592 10.2 -3.25 55.44 E 100

593 10.2 -15.78 74.78 E 100

594 10.2 4.50 61.13 E 100

595 10.3 5.68 52.79 E 100

596 10.3 11.23 82.21 E 100
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597 10.3 -47.77 71.41 E 100

598 10.3 -99.26 69.11 E 100

599 10.3 4.55 73.51 E 100

600 10.3 -30.60 57.71 E 100

601 10.3 80.61 39.24 E 100

602 10.4 30.91 52.23 E 100

603 10.4 18.39 79.18 E 100

604 10.4 -82.23 70.35 E 100

605 10.5 10.02 60.70 E 100

606 10.5 -52.84 71.52 E 100

607 10.5 9.83 47.19 E 100

608 10.5 131.94 76.36 E 100

609 10.5 -28.88 47.55 E 100

610 10.5 -91.16 66.94 E 100

611 10.6 -31.44 67.22 E 100

612 10.6 6.67 42.08 E 100

613 10.7 -63.76 66.37 E 100

614 10.7 55.76 57.29 E 100

615 10.7 -17.66 79.14 E 100

616 10.8 2.98 31.33 E 100

617 10.8 50.91 63.89 E 100

618 10.8 116.93 66.19 E 100

619 10.8 5.70 39.87 E 100

620 10.9 -56.80 71.72 E 100

621 10.9 4.98 41.78 E 100

622 10.9 -89.10 73.26 E 100

623 10.9 11.67 50.93 E 100

624 11.0 11.78 58.11 E 100

625 11.0 -74.71 72.75 E 100

626 11.0 122.49 74.92 E 100

627 11.0 -17.77 72.38 E 100

628 11.1 -26.74 69.98 E 100

629 11.1 51.49 61.00 E 100

630 11.1 -13.36 76.03 E 100
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631 11.2 32.68 62.92 E 100

632 11.2 51.61 49.08 E 100

633 11.2 119.72 79.19 E 100

634 11.2 52.88 64.08 E 100

635 11.3 -7.81 71.06 E 100

636 11.3 -84.82 64.35 E 100

637 11.3 115.87 78.97 E 100

638 11.3 21.37 80.05 E 100

639 11.4 -42.82 74.73 E 100

640 11.4 17.05 62.56 E 100

641 11.4 4.10 32.17 E 100

642 11.4 28.75 79.12 E 100

643 11.5 12.82 82.46 E 100

644 11.5 -2.82 78.42 E 100

645 11.6 41.61 50.97 E 100

646 11.6 12.41 55.71 E 100

647 11.6 67.77 59.04 E 100

648 11.6 8.36 75.11 E 100

649 11.7 60.18 46.14 E 100

650 11.7 -6.11 80.29 E 100

651 11.7 -22.24 67.71 E 100

652 11.7 8.08 75.39 E 100

653 11.7 46.15 74.40 E 100

654 11.8 135.74 75.13 E 100

655 11.8 95.38 68.71 E 100

656 11.8 102.05 39.15 E 100

657 11.8 44.06 58.01 E 100

658 11.9 60.29 45.07 E 100

659 11.9 46.26 52.04 E 100

660 11.9 -41.74 68.29 E 100

661 12.0 -47.80 71.20 E 100

662 12.0 -40.25 76.74 E 100

663 12.0 -16.15 69.92 E 100

664 12.1 -7.66 76.55 E 100
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665 12.1 63.83 63.79 E 100

666 12.2 -102.87 83.34 E 100

667 12.2 37.42 48.64 E 100

668 12.2 78.08 46.03 E 100

669 12.2 -58.45 72.12 E 100

670 12.3 -3.78 75.82 E 100

671 12.3 69.70 54.33 E 100

672 12.3 5.32 62.82 E 100

673 12.3 2.13 61.71 E 100

674 12.4 45.42 44.35 E 100

675 12.5 1.09 63.17 E 100

676 12.5 125.61 85.74 E 100

677 12.5 35.28 57.50 E 100

678 12.5 -87.17 64.04 E 100

679 12.5 28.03 65.31 E 100

680 12.6 52.15 66.16 E 100

681 12.6 16.69 80.89 E 100

682 12.7 25.39 77.72 E 100

683 12.7 72.40 39.26 E 100

684 12.7 -2.56 73.06 E 100

685 12.7 49.56 59.21 E 100

686 12.7 37.08 50.03 E 100

687 12.7 98.11 46.33 E 100

688 12.8 -0.32 77.22 E 100

689 12.9 -41.79 71.11 E 100

690 12.9 31.31 61.86 E 100

691 12.9 -84.00 75.34 E 100

692 12.9 -33.59 74.27 E 100

693 13.0 67.08 65.56 E 100

694 13.0 -25.56 62.60 E 100

695 13.0 -28.15 58.38 E 100

696 13.0 19.70 62.44 E 100

697 13.0 62.42 45.25 E 100

698 13.1 6.43 61.02 E 100
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699 13.1 -29.91 69.88 E 100

700 13.2 67.15 46.69 E 100

701 13.2 -86.16 71.82 E 100

702 13.2 60.43 58.14 E 100

703 13.2 31.53 63.28 E 100

704 13.2 124.76 77.52 E 100

705 13.2 36.37 53.15 E 100

706 13.3 50.16 62.36 E 100

707 13.3 -82.17 74.16 E 100

708 13.3 47.99 51.94 E 100

709 13.3 -81.38 71.71 E 100

710 13.4 82.43 37.56 E 100

711 13.4 12.19 79.40 E 100

712 13.5 -6.50 76.50 E 100

713 13.5 70.71 47.95 E 100

714 13.5 -1.24 59.96 E 100

715 13.6 45.00 69.91 E 100

716 13.6 -39.75 72.88 E 100

717 13.7 -6.53 59.48 E 100

718 13.7 59.47 61.59 E 100

719 13.7 6.07 77.78 E 100

720 13.8 -2.11 75.44 E 100

721 13.9 7.77 65.18 E 100

722 13.9 -21.50 72.54 E 100

723 14.0 -79.11 76.81 E 100

724 14.0 50.64 43.11 E 100

725 14.0 31.42 54.63 E 100

726 14.1 -95.69 70.03 E 100

727 14.1 -4.60 80.61 E 100

728 14.1 5.08 60.47 E 100

729 14.1 18.39 52.07 E 100

730 14.2 29.12 81.58 E 100

731 14.2 3.14 35.23 E 100

732 14.3 -66.13 73.23 E 100
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733 14.5 -25.10 63.30 E 100

734 14.5 81.69 68.77 E 100

735 14.5 -27.03 63.33 E 100

736 14.6 63.60 44.93 E 100

737 14.7 17.12 53.06 E 100

738 14.7 -4.87 55.12 E 100

739 14.7 -69.41 66.14 E 100

740 14.8 80.97 39.70 E 100

741 14.9 44.42 44.74 E 100

742 14.9 -27.32 84.40 E 100

743 15.1 16.95 63.55 E 100

744 15.3 -10.54 70.51 E 100

745 15.4 -6.86 70.41 E 100

746 15.4 24.51 58.11 E 100

747 15.6 -36.25 76.22 E 100

748 15.6 -26.20 59.93 E 100

749 15.6 10.45 50.55 E 100

750 15.7 -22.71 77.84 E 100

751 15.7 -93.57 65.00 E 100

752 15.8 0.91 36.37 E 100

753 15.8 -75.13 66.10 E 100

754 15.9 -102.60 82.39 E 100

755 15.9 -48.06 71.99 E 100

756 16.0 46.05 50.25 E 100

757 16.0 52.48 47.13 E 100

758 16.0 -12.20 77.76 E 100

759 16.1 -32.78 69.62 E 100

760 16.1 -3.56 61.06 E 100

761 16.3 30.91 55.52 E 100

762 16.3 51.00 76.36 E 100

763 16.4 -42.59 72.71 E 100

764 16.5 50.26 48.09 E 100

765 16.7 -3.85 58.14 E 100

766 16.7 22.76 59.72 E 100

223



Doctoral Thesis of Université Côte d’Azur

Number Diameter (km) Lon. (◦) Lat. (◦) Class Rim burial percentage (%)

767 16.7 50.77 50.67 E 100

768 16.7 70.36 47.75 E 100

769 16.8 40.06 56.44 E 100

770 16.8 58.40 62.38 E 100

771 17.0 76.17 79.38 E 100

772 17.0 -4.54 80.28 E 100

773 17.1 7.67 37.59 E 100

774 17.2 3.32 33.96 E 100

775 17.2 -85.81 66.56 E 100

776 17.2 47.92 57.60 E 100

777 17.6 13.21 75.04 E 100

778 17.6 105.91 39.38 E 100

779 17.6 3.74 33.61 E 100

780 17.7 49.60 59.55 E 100

781 17.9 44.59 42.59 E 100

782 17.9 39.74 67.42 E 100

783 17.9 46.60 61.20 E 100

784 18.0 53.66 42.63 E 100

785 18.0 51.03 79.59 E 100

786 18.0 40.38 67.64 E 100

787 18.2 47.13 44.90 E 100

788 18.2 58.67 62.55 E 100

789 18.2 75.60 45.55 E 100

790 18.4 51.33 46.63 E 100

791 18.5 47.25 52.32 E 100

792 18.5 66.50 45.49 E 100

793 18.6 50.26 66.21 E 100

794 18.6 89.49 74.27 E 100

795 18.6 71.81 39.15 E 100

796 18.7 41.16 47.15 E 100

797 18.7 8.41 32.94 E 100

798 18.8 97.77 51.40 E 100

799 18.8 -24.14 66.61 E 100

800 18.9 29.28 55.48 E 100
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801 19.0 39.93 68.11 E 100

802 19.2 45.46 77.47 E 100

803 19.3 95.21 54.36 E 100

804 19.6 -85.48 65.17 E 100

805 19.7 29.18 52.40 E 100

806 19.8 120.68 74.91 E 100

807 19.8 -6.54 73.23 E 100

808 19.8 101.53 82.51 E 100

809 19.8 43.23 76.25 E 100

810 19.9 124.18 76.06 E 100

811 19.9 43.79 66.78 E 100

812 19.9 51.16 56.48 E 100

813 20.0 99.46 77.56 E 100

814 20.2 -83.60 68.90 E 100

815 20.2 65.57 60.03 E 100

816 20.3 23.12 81.68 E 100

817 20.3 -81.93 68.17 E 100

818 20.3 93.90 47.01 E 100

819 20.4 41.70 42.44 E 100

820 20.4 -44.28 71.25 E 100

821 20.6 -62.88 71.46 E 100

822 20.8 67.77 62.00 E 100

823 21.0 51.53 43.16 E 100

824 21.0 -28.51 78.02 E 100

825 21.1 20.80 37.98 E 100

826 21.2 46.38 76.86 E 100

827 21.2 33.12 65.15 E 100

828 21.2 -45.97 75.12 E 100

829 21.2 -41.89 75.44 E 100

830 21.3 37.27 67.01 E 100

831 21.3 41.52 58.07 E 100

832 21.4 -62.79 69.55 E 100

833 21.6 -28.28 59.26 E 100

834 21.6 22.85 61.25 E 100
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835 21.7 -75.86 69.73 E 100

836 21.7 -0.20 68.29 E 100

837 21.8 22.83 59.12 E 100

838 21.9 40.26 62.15 E 100

839 21.9 38.64 80.84 E 100

840 22.0 52.32 56.19 E 100

841 22.0 39.45 45.36 E 100

842 22.0 120.30 69.61 E 100

843 22.2 -1.58 36.42 E 100

844 22.2 73.24 42.45 E 100

845 22.3 3.51 37.63 E 100

846 22.6 64.76 43.87 E 100

847 23.0 32.56 53.25 E 100

848 23.0 29.96 63.40 E 100

849 23.3 -24.21 74.04 E 100

850 23.3 74.93 66.87 E 100

851 23.4 23.09 57.52 E 100

852 23.4 6.63 39.03 E 100

853 23.5 10.32 39.71 E 100

854 23.6 99.59 81.47 E 100

855 23.7 0.67 60.78 E 100

856 23.7 66.68 65.11 E 100

857 23.7 6.18 33.56 E 100

858 23.9 12.39 51.96 E 100

859 24.0 59.05 63.60 E 100

860 24.5 -25.34 74.70 E 100

861 24.6 -31.84 75.32 E 100

862 24.9 77.41 41.95 E 100

863 24.9 130.55 72.42 E 100

864 25.1 64.75 80.73 E 100

865 25.2 35.71 54.78 E 100

866 25.2 43.97 50.20 E 100

867 25.4 52.49 69.72 E 100

868 25.5 38.09 57.09 E 100
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869 26.6 69.85 63.29 E 100

870 26.9 -27.13 61.03 E 100

871 27.0 60.27 63.04 E 100

872 27.0 26.26 58.24 E 100

873 27.5 33.51 80.41 E 100

874 27.6 45.09 54.52 E 100

875 27.6 74.45 42.36 E 100

876 27.7 64.08 45.11 E 100

877 27.8 114.33 77.81 E 100

878 28.0 58.73 82.04 E 100

879 28.2 70.94 59.80 E 100

880 28.2 0.09 67.10 E 100

881 28.5 10.30 61.87 E 100

882 28.8 -52.63 76.40 E 100

883 29.1 -99.33 71.61 E 100

884 29.2 66.36 54.91 E 100

885 29.2 7.38 59.45 E 100

886 29.3 16.79 81.67 E 100

887 29.3 -17.36 67.17 E 100

888 29.3 57.83 62.38 E 100

889 29.6 33.23 78.69 E 100

890 29.6 67.13 62.48 E 100

891 29.7 19.73 53.11 E 100

892 29.7 -51.04 74.43 E 100

893 29.7 90.19 78.37 E 100

894 29.9 16.08 39.15 E 100

895 29.9 -28.58 67.22 E 100

896 30.2 19.84 64.16 E 100

897 30.6 66.21 41.20 E 100

898 30.6 10.84 47.16 E 100

899 30.8 91.95 83.26 E 100

900 31.0 -7.78 57.82 E 100

901 31.1 49.05 43.01 E 100

902 31.2 61.69 55.48 E 100
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903 31.2 1.83 75.19 E 100

904 31.3 69.46 46.20 E 100

905 31.3 44.05 79.43 E 100

906 31.3 3.73 35.80 E 100

907 31.5 -36.72 69.01 E 100

908 31.8 40.45 57.94 E 100

909 31.9 -75.18 64.57 E 100

910 32.2 36.32 45.64 E 100

911 32.2 128.57 76.05 E 100

912 32.4 -73.71 73.26 E 100

913 32.6 38.18 68.84 E 100

914 33.1 24.81 52.81 E 100

915 33.3 40.48 54.57 E 100

916 33.6 53.83 45.74 E 100

917 33.8 -6.43 78.14 E 100

918 34.2 80.33 80.14 E 100

919 34.2 55.61 62.29 E 100

920 34.4 -31.47 76.59 E 100

921 34.6 12.07 51.39 E 100

922 35.0 69.69 66.73 E 100

923 35.1 -43.86 70.62 E 100

924 35.1 99.52 79.62 E 100

925 35.4 3.22 77.43 E 100

926 36.0 62.22 43.93 E 100

927 36.0 10.00 37.46 E 100

928 36.4 -6.68 75.38 E 100

929 36.9 15.03 46.97 E 100

930 37.1 -40.71 72.68 E 100

931 37.6 -32.08 56.13 E 100

932 37.8 69.28 68.36 E 100

933 38.3 71.17 45.70 E 100

934 38.6 13.49 57.74 E 100

935 39.1 49.00 48.90 E 100

936 39.1 71.91 52.42 E 100
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937 39.2 59.44 77.73 E 100

938 39.3 26.16 55.47 E 100

939 39.4 15.99 54.47 E 100

940 39.4 -38.21 69.38 E 100

941 39.7 -36.81 78.00 E 100

942 39.8 -50.60 75.35 E 100

943 40.0 -6.80 75.34 E 100

944 40.2 55.54 75.69 E 100

945 40.3 -16.54 73.98 E 100

946 40.6 4.03 38.93 E 100

947 40.6 -50.27 71.23 E 100

948 40.9 18.23 71.52 E 100

949 41.6 53.58 76.80 E 100

950 42.5 29.55 59.48 E 100

951 42.7 80.22 61.56 E 100

952 42.9 91.21 79.92 E 100

953 43.1 -78.22 74.64 E 100

954 43.1 -56.54 81.12 E 100

955 43.6 65.36 62.72 E 100

956 43.6 8.05 36.16 E 100

957 43.7 47.44 38.22 E 100

958 44.1 -15.82 66.30 E 100

959 44.1 52.12 75.81 E 100

960 44.5 -88.19 87.52 E 100

961 44.5 39.66 43.89 E 100

962 44.7 117.53 85.89 E 100

963 44.8 96.59 41.17 E 100

964 45.5 -13.41 70.14 E 100

965 46.1 82.46 71.84 E 100

966 46.2 -70.56 65.29 E 100

967 47.2 18.58 60.32 E 100

968 47.7 64.43 81.58 E 100

969 50.5 33.89 55.31 E 100

970 51.0 19.30 59.31 E 100
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971 51.7 77.24 82.47 E 100

972 52.1 119.03 80.43 E 100

973 52.8 -56.18 72.32 E 100

974 53.3 59.08 41.57 E 100

975 53.6 -4.77 57.46 E 100

976 54.0 30.80 53.75 E 100

977 54.7 29.87 54.72 E 100

978 55.2 -17.64 83.94 E 100

979 55.2 6.76 36.68 E 100

980 55.5 80.81 41.06 E 100

981 56.3 31.99 41.82 E 100

982 56.5 83.68 83.26 E 100

983 56.6 -0.77 70.89 E 100

984 56.6 -46.72 81.63 E 100

985 56.8 64.33 43.45 E 100

986 57.1 -0.57 62.19 E 100

987 58.3 3.05 80.22 E 100

988 59.6 -66.19 68.66 E 100

989 59.7 43.68 81.47 E 100

990 59.9 -7.76 85.84 E 100

991 60.0 86.04 66.89 E 100

992 61.0 -21.88 86.75 E 100

993 61.7 -10.94 74.33 E 100

994 62.5 79.55 78.00 E 100

995 62.6 -92.91 70.64 E 100

996 62.6 125.68 70.92 E 100

997 63.5 -28.54 65.05 E 100

998 64.0 65.28 45.65 E 100

999 64.8 48.72 41.61 E 100

1000 66.2 38.56 70.69 E 100

1001 67.8 48.48 60.44 E 100

1002 69.7 -82.93 72.86 E 100

1003 71.1 -90.33 77.00 E 100

1004 71.3 50.79 71.71 E 100
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1005 72.5 85.54 73.38 E 100

1006 73.9 59.59 58.99 E 100

1007 76.2 65.52 54.42 E 100

1008 77.8 60.56 66.65 E 100

1009 79.1 3.72 67.10 E 100

1010 83.7 -29.29 56.43 E 100

1011 85.2 57.11 45.08 E 100

1012 90.6 -83.45 70.67 E 100

1013 90.7 -24.53 74.26 E 100

1014 101.6 48.26 59.31 E 100

1015 102.8 36.54 60.33 E 100

1016 109.1 107.47 77.35 E 100

1017 109.7 0.50 37.65 E 100

1018 144.6 41.53 48.70 E 100

1019 156.2 60.50 66.76 E 100

1020 163.0 58.94 57.65 E 100

1021 177.2 -16.77 69.47 E 100

1022 202.4 28.08 74.22 E 100
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B.2 Lava Flow Thickness Estimation Results

Table B.2: Lava flow thickness estimation results on Mercury from craters with rims fully exposed. Dint: initial crater diameter, ktc: product

of diffusivity and time between crater formation and lava emplacement, ktl: product of diffusivity and time after lava emplacement, Text: lava

flow thickness exterior to the crater rim, Tint: lava flow thickness interior to the crater rim, z0: vertical offset.

Number Diameter

(km)

Lon. (◦) Lat. (◦) Dint (km) ktc (m2) ktl (m2) Text (m) Tint (m) z0 (m)

1 11.4 91.94 70.21 10.0 500 1109615 164 852 165

2 13.5 61.18 39.27 11.3 582316 360354 23 936 10

3 16.9 -28.53 60.23 16.2 500 250000 228 1380 214

4 18.6 44.56 36.95 16.6 1700180 439403 121 1279 122

5 20.9 30.25 40.67 18.6 500 1907414 314 1471 313

6 21.8 -85.79 82.62 21.0 500 159565 67 949 45

7 22.8 -109.10 71.38 20.9 500 1000000 69 680 47

8 29.6 51.98 54.26 29.4 39900 55200 250 545 285

9 30.7 -134.65 83.57 30.2 500 1257722 84 910 99

10 30.7 -89.03 63.72 30.6 500 548298 231 693 231

11 32.8 -22.02 58.06 32.5 500 50000 274 1352 275

12 34.9 -104.70 70.32 34.4 500 3028371 234 1636 229

13 40.8 27.09 49.15 39.0 500 1200000 175 900 184

14 45.4 21.12 40.88 45.4 3019529 2444347 204 1592 200
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Number Diameter

(km)

Lon. (◦) Lat. (◦) Dint (km) ktc (m2) ktl (m2) Text (m) Tint (m) z0 (m)

15 50.9 -5.40 33.78 47.0 500 3500000 216 1485 209

16 54.6 -26.46 57.29 51.0 500 4529110 117 1735 69

17 56.1 -90.52 64.67 54.0 500 2500000 292 1662 292

18 64.5 -23.85 46.75 64.2 400000 350000 262 823 238

19 70.8 -99.94 66.31 69.4 500 5043504 465 937 395

20 72.6 -31.50 61.04 71.1 500 5851998 378 1441 378

21 83.4 -10.78 53.53 82.0 500 221220 536 637 520
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Table B.3: Uncertainties of the lava flow thickness and the diffusivity-time product after lava flooding. Text_min and Text_min: minimum and

maximum values of Text. ktl_min and ktl_maxminimum and maximum values of ktl.

Number RMS misfit (m) Text_min (m) Text_max (m) ktl_min (m2) ktl_max (m2)

1 34 144 184 1109615 2400000

2 33 9 41 36035 1100000

3 29 184 287 25000 900000

4 13 75 183 175761 790925

5 13 260 387 1716672 3242603

6 46 5 149 15957 600000

7 45 7 151 700000 3000000

8 62 170 356 5500 500000

9 49 3 192 125772 2263899

10 28 149 340 54830 1041766

11 33 190 386 5000 250000

12 15 148 350 302837 5753904

13 51 84 297 120000 2280000

14 26 108 333 977739 4399825

15 29 119 346 1050000 4900000

16 38 17 250 452911 8605309

17 45 190 428 250000 4750000

18 58 156 404 35000 665000

234



A
p
p

en
d
ix

Table B.3: Uncertainties of the lava flow thickness and the diffusivity-time product after lava flooding. Text_min and Text_min: minimum and

maximum values of Text. ktl_min and ktl_maxminimum and maximum values of ktl.

Number RMS misfit (m) Text_min (m) Text_max (m) ktl_min (m2) ktl_max (m2)

19 57 357 609 504350 9078307

20 65 269 523 2925999 11118796

21 90 425 685 22122 420318
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