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a b s t r a c t

Topographic data measured from the Mercury Laser Altimeter (MLA) and the Mercury Dual Imaging

System (MDIS) aboard the MESSENGER spacecraft were used for investigations of the relationship

between depth and diameter for impact craters on Mercury. Results using data from the MESSENGER

flybys of the innermost planet indicate that most of the craters measured with MLA are shallower than

those previously measured by using Mariner 10 images. MDIS images of these same MLA-measured cra-

ters show that they have been modified. The use of shadow measurement techniques, which were found

to be accurate relative to the MLA results, indicate that both small bowl-shaped and large complex craters

that are fresh possess depth-to-diameter ratios that are in good agreement with those measured from

Mariner 10 images. The preliminary data also show that the depths of modified craters are shallower rel-

ative to fresh ones, and might provide quantitative estimates of crater in-filling by subsequent volcanic or

impact processes. The diameter that defines the transition from simple to complex craters on Mercury

based on MESSENGER data is consistent with that reported from Mariner 10 data.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

The study of crater morphology on asteroids and planets has

shown that several factors influence the shape of craters when they

are first formed. These factors include the density, strength, poros-

ity, nature of the porosity (macro- versus micro-porosity), hetero-

geneities, and curvature of the target surface (e.g., Cintala et al.,

1978; Fujiwara et al., 1993; Holsapple, 1993; Asphaug et al.,

1996; Cheng and Barnouin-Jha, 1999; Housen and Holsapple,

2003; Schultz et al., 2005; Barnouin-Jha et al., 2003, 2005); the

mass, velocity, and impact angle of the projectile (e.g., Gault

et al., 1968; Gault and Wedekind, 1978; Holsapple, 1993); and

the planetary surface gravity (e.g., Gault and Wedekind, 1977;

Holsapple, 1993). The dimensions of craters traditionally used to

investigate these influencing factors (Pike, 1974, 1976, 1977) in-

clude the crater diameter, D, defined as the distance through the

crater center between rim crests, and the crater depth, d, defined

as the difference in elevation between the average height of the

rim crests and the deepest point in the crater (Fig. 1; see Table 1

for variable definitions).

By carefully measuring these parameters for the freshest craters

possible on several planetary surfaces including Mercury, Pike

(1980, 1988) demonstrated that the gravitational acceleration at

the target planet surface plays a major role in the transition of

the morphology from simple bowl-shaped craters to complex cra-

ters, which possess terraces, central peaks, and flat floors (Fig. 2).

These studies also reveal that the crater diameter, Dt, at which

the transition from simple to complex crater morphology occurs,

is between a factor of 1.5 (Garvin and Frawley, 1998) and two

times greater than on Mercury despite the similarity in gravity be-

tween Mercury (3.70 m/s2) and Mars (3.72 m/s2). Pike (1980, 1988)

suggested that the cause may be differences in the apparent

strength (cohesion) of the surface of Mercury relative to Mars,

which is richer in volatiles and possesses sedimentary rocks that

are likely weaker. The small values of Dt observed on the icy Gali-

lean satellites (Fig. 2) relative to the Moon add credence to this

view, as the crusts on these satellites are volatile rich and may thus

be comparatively weak (Schenk, 2002) while possessing gravity

fields comparable to that of the Moon.

Schultz (1988) proposed that differences in both impact veloc-

ity and projectile-to-target density ratios may be additional con-

tributors to the variations in Dt for planetary bodies with

comparable gravity. The most common impact velocity is expected

to be 42 km/s on Mercury and 13 km/s on Mars (Hartmann, 1981;
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Horedt and Neukum, 1984; Schultz, 1988; Neukum and Ivanov,

1994; Le Feuvre and Wieczorek, 2008). On the basis of a large body

of experimental evidence for impacts into both solid and granular

targets, Schultz (1988) indicated that higher impact velocities tend

to generate shallower transient crater cavities relative to their

diameter, which result in less collapse during crater modification

than an equivalent sized crater formed at lower impact speeds.

Although recently disputed (Strom et al., 2005), some authors

had proposed that projectiles impacting Mercury are likely to be

cometary, and thus lower in density than those impactors at Mars,

where asteroidal projectiles are probably more common (Hart-

mann, 1981; Horedt and Neukum, 1984; Schultz, 1988; Neukum

and Ivanov, 1994). Low-density projectiles reduce the transient

depth to diameter ratio of craters because these projectiles do

not penetrate into the target as effectively as do higher density

projectiles. Due to this combination of the higher impact velocity

and lower projectile density, Mercury transient craters are ex-

pected to be shallow before gravitational forces lead to their iso-

static adjustment. As a result, larger values of the crater diameter

D are permitted on Mercury before complex crater morphologies

are formed relative to other planets where projectiles might be

denser and travel more slowly.

Understanding the factors controlling the dimensions of craters

during their formation not only yields information on how impact

conditions on Mercury might differ from those on the Moon and

Mars, but also provides a quantitative basis with which to assess

the extent of crater degradation by other impact or endogenic

processes (Guest and Gault, 1976; Head et al., 1976; Malin and

Dzurisin, 1977, 1978; Oberbeck et al., 1977). Changes in d, D, and

even in the resulting Dt are all possible. Re-examining such a

framework is particularly important in the case of Mercury, where

new results indicate the presence of widespread volcanism in large

impact basins and intercrater plains (Head et al., 2008, 2009; Mur-

chie et al., 2008; Strom et al., 2008; Denevi et al., 2009). Modifica-

tion by subsequent impacts (e.g., ejecta in-filling, impact erosion,

and seismic shaking) continue to influence the shape of craters

as well, but possibly to a lesser extent than previously thought

(Cintala et al., 1977; Dzurisin, 1978; Wilhelms, 1976; Oberbeck

et al., 1977; Spudis and Guest, 1988). Careful analysis of topo-

graphic observations and images of craters at various states of

preservation provides a quantitative route to assess how volcanic

and subsequent impact processes have altered the surface of Mer-

cury (e.g., McCauley et al., 1981; Malin and Dzurisin, 1977, 1978),

possibly leading to insights on the thermal evolution of this planet.

In order to assess quantitatively both the factors influencing the

topography of initial formed craters on Mercury and those affected

subsequently by modification processes, the state of crater degra-

dation needs to be tracked. The levels of crater degradation on

Mercury are well defined in a variety of studies based on Mariner

10 data (Cintala et al., 1976; Head et al., 1976; Malin and Dzurisin,

1977, 1978; Oberbeck et al., 1977; Spudis and Guest, 1988). These

well-established criteria can be used for determining the state of

degradation of each crater investigated (Pohn and Offield, 1970;

McCauley et al., 1981; Spudis and Prosser, 1984; Spudis and Guest,

1988).

We use the data collected by the Mercury Laser Altimeter (MLA)

and Mercury Dual Imaging System (MDIS) on board the Mercury

Surface, Space ENvironment, GEochemistry, and Ranging

(MESSENGER) spacecraft during its flybys of the inner planet to

assess the morphology of both fresh and degraded craters on

Mercury. Through the use of both instruments, we circumvent

some of the pitfalls associated with traditional photoclinometry

and shadow-length techniques for measuring crater depth and

rim height (Pike, 1988). Use of these traditional techniques with

Mariner 10 data has led various authors to report significant

variations in the relationship between d and D (see Pike, 1988,

Fig. 1. Definitions of crater diameter, D, and depth, d, used in this study. The profile shown was obtained by MLA during MESSENGER’s first flyby of Mercury (Zuber et al.,

2008). The vertical exaggeration (VE) is 10 to 1.

Table 1

Definition of variables.

Variable Definition

D Crater rim-to-rim diameter

d Crater depth from rim crest to crater bottom

d/D Crater depth to diameter ratio

Dt Crater transition diameter from simple to complex craters

e Emission angle from surface normal to camera

i Solar incidence angle from surface normal to Sun

Fig. 2. Diameter at which craters transition from simple bowl-shaped to complex

craters as a function of surface gravitational acceleration for the Moon (Pike, 1980),

Mercury (Pike, 1988), Mars (Pike, 1980), Earth (Pike, 1980), Europa, Ganymede, and

Callisto (Schenk, 2002). Large symbols are the geometric means of all the variables

considered when assessing this transition. Small symbols represent the various

types of data used to derive the geometric mean and include the intersection of the

d-to-D curves for simple and complex craters, when flat floors and terraces are first

observed, and so on (see Pike, 1980, 1988, for additional details).
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for details). Pike (1988), for instance, reported a 4 km change in

estimated Dt for Mercury from 10 km to 14 km between his 1980

and 1988 studies. It is expected that MLA and MDIS observations

obtained from the flybys and the orbital mission will provide com-

plementary data to further assess and improve estimates of Dt

determined by Pike (1988). In fact, no significant difference may

be found given our past martian experience. In this latter case,

the measurement of d and D obtained from individual Mars Orbiter

Laser Altimeter (MOLA) tracks were found to be statistically iden-

tical to those measured 20 years earlier by Pike (1980) using the

traditional techniques with data from the Viking mission (Garvin

and Frawley, 1998; Boyce and Garbeil, 2007). Only a small increase

was found in the value of Dt on Mars, which increased from 6–7 km

to 7–8 km, mainly because of the larger number of craters investi-

gated in more recent studies. But the Viking data were of better

resolution than the Mariner 10 data, and the trajectory, illumina-

tion and spacecraft attitude were better known.

The data obtained by the MESSENGER spacecraft are of superior

quality relative to Mariner 10. During the flybys, MLA provided a

direct measurement of the surface topography for two transects

that exceeded 3000 km along the planet’s equator (Zuber et al.,

2008), which Mariner 10 could not provide since it had no laser

altimeter. While not used in this study, MLA orbital data provides

up to two 6000 km tracks daily, depending on thermal and power

constraints (Zuber et al., 2012). During the flybys, the MDIS instru-

ment collected high-resolution images (>50 m/pixel) of several re-

gions investigated by MLA during the flybys. MDIS is also collecting

additional data that can be used with MLA during MESSENGER’s

orbital phase, but these data will be employed in a follow-on study.

The MDIS images obtained during the flyby are very useful for

assessing the location of the MLA data relative to the center of cra-

ters. The images also provide an accurate measure of crater diam-

eter and an assessment of their degradation state. The topography

from both instruments obtained during the flybys allows an assess-

ment of the original d/D values measured from Mariner 10, and

provides some new views on the factors that are responsible for

the formation and subsequent evolution of craters on Mercury. In

addition, this early look provides a preview of the analysis that

can be carried out with better quality data to understand crater

formation and evolution on Mercury once all of the MESSENGER

orbital data are acquired and analyzed.

2. Measurements of crater diameter and depth from MLA and

MDIS

Three types of topographic data are available fromMESSENGER.

The first data type is obtained by combining MDIS images with

MLA transects collected during the flybys of Mercury and the sub-

sequent orbital mission. In this study we will focus on the data col-

lected during the two flybys, where data were collected along the

equator of Mercury at approximately 15–90�E, and 210–290�E

(Figs. 3 and 4). The second data type is derived from the length

of shadows within craters measured from a series of MDIS narrow

(NAC) and wide angle camera (WAC) images acquired in regions

from 45� and 110�E and 250� and 300�E with fairly low Sun angles.

A third data type is derived from NAC and WAC images where

either geometric stereo (Wewel et al., 2000; Gwinner et al.,

2000; Scholten and Gwinner, 2004; Scholten et al., 2005) or photo-

clinometric stereo (Gaskell et al., 2008) techniques provide digital

elevation models (DEMs) at several locations around the planet

(Oberst et al., 2010).

This study focuses on the use of the shadow length technique in

addition to the MLA–MDIS combination. This approach is

necessary to increase the total number of craters measured,

especially at sizes <10 km in diameter. Craters of this scale that

are well-resolved by the MLA–MDIS data are few, primarily be-

cause of the large �800 m spacing between 20 and 30 m diameter

footprints typically obtained by MLA. Furthermore, MLA data do

not frequently include craters that are particularly fresh, and thus

indicative of the cratering processes affecting their formation. The

DEMs derived with stereo techniques available at the time of this

study were also not of sufficiently high resolution to be employed

in this study. The shadow length technique provided the comple-

mentary measurements of d and D needed to obtain sufficient sta-

tistics. This section describes how these two topographic datasets

(altimetry and shadow measurements) were used to measure d

and D and describes the tests employed to assess the quality of

the results obtained using the two approaches.

2.1. Combined MLA–MDIS measurements

Zuber et al. (2008) provide a discussion of the acquisition and

analysis of the topographic profile obtained by the MLA during

the first flyby of Mercury. Also included therein is an assessment

of the roughness properties of the impact craters encountered

along the profile.

For the purpose of measuring the shapes of craters, usable re-

turns from the MLA were obtained up to a range of 1500 km from

the surface. Spurious noise counts were removed using as a guide

the two channels of MLA that retrieve returns from the surface of

Mercury with the greatest likelihood (Cavanaugh et al., 2007). As

a further caution, we flagged returns as noise when the point-to-

point slope along the profile significantly exceeded the angle of re-

pose (>32�). With these refinements, the resulting MLA data were

of very good quality, with a typical footprint size varying from

23 to 134 m and with a shot spacing that varied from 725 to

888 m (Zuber et al., 2008). The large variation in footprint is due

to the wide range of distance to the surface over which MLA oper-

ates. Some small uncertainties exist in the along-track solutions for

the spacecraft, which translate to less than one shot spacing on the

surface of Mercury.

The profiles obtained by MLA were correlated with surface fea-

tures seen by the MDIS instrument. For the correlations shown in

Figs. 3 and 4, for example, we used high-resolution mosaics (50–

500 m per pixel) obtained with the WAC and NAC camera using

the most up to date spacecraft navigation and pointing data, and

the best camera distortion model available (June 2011). Following

this processing, good alignments were found between the MLA

footprints and features observed in the NAC images. At most, a

few pixel offset exists between any surface structure and the

MLA measurements. These largest errors usually occur when using

the highly smeared reprojections of image data taken near the limb

of Mercury that occurred with images obtained during the flyby.

We typically could not make reliable crater identifications in these

areas.

Fig. 5 illustrates how d and D of craters were measured using a

combination of MLA and MDIS data. For each crater, we determine

the depth from MLA as described by the equation in Fig. 1. The

diameter is measured by fitting a circle using least squares to

points selected by hand that outline the rim of observed craters

in the MDIS images. The errors in the circle fit provide an uncer-

tainty in the diameter obtained and capture any associated lack

of circularity that most natural craters possess as a consequence

of either impact angle effects or the influence of pre-existing target

structures. In the case of simple craters (D < 12 km), we used only

profiles that passed as close as possible to their center. Any offsets

tend to give the craters a shallower appearance. If such an offset

was suspected, mainly due to registration problems, it is indicated

in our results (Section 3).

The MDIS images were essential for assessing the degradation

state of each crater. Craters were grouped into five classes
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following the well-established criteria of Trask (see McCauley

et al., 1981; Spudis and Prosser, 1984; Spudis and Guest, 1988).

Class 5 are the freshest, while Class 1 features are barely recogniz-

able as craters. Fig. 6 provides examples from MDIS and extensive

descriptions of each crater degradation class that guided our anal-

yses. The degradation states of some of the craters measured were

difficult to discern because of the high solar incidence angle. This

also had been a difficulty for craters analyzed with Mariner 10 data

(Spudis and Guest, 1988).

2.2. Shadow-length measurements

Depths of craters on Mercury were also estimated by measuring

the length of shadows cast by the walls of craters. The length of

such a shadow cast inside a crater is defined as the distance in

the direction of the Sun separating both at the crater rim and crater

floor, the mean pixel value between the sunlit region and the sha-

dow itself. Knowing the Sun angles, and the camera orientation, an

estimate of the crater depth can be obtained from this defined

shadow length. In this study, we use the well-detailed technique

of Chappelow and Sharpton (2002). Unlike the more traditional

measurement methods (e.g., Pike, 1988, and references therein),

this technique allows one to measure accurate crater depths with-

out being limited to wall shadows that must pass through a crater’s

center. The Chappelow and Sharpton (2002) technique allows

using the outline of the shadows produced within a crater to deter-

mine whether a crater is flat-floor, cone-shaped, or parabolic. With

this knowledge, the Chappelow and Sharpton (2002) approach pro-

vides excellent estimates of the depth of craters when the appro-

priate equation for depth from shadow length is employed. The

approach is most accurate when the shadows within the craters

do not completely hide their floors so that the appropriate conic

section of revolution (cone or parabola) that describes a crater

can be visually confirmed.

This study slightly modifies the Chappelow and Sharpton

(2002) method to account for the general viewing geometries

encountered by MDIS during the flybys. The original technique of

Chappelow and Sharpton (2002) is limited only to data where cra-

ters are observed directly overhead, where the emission angle, e,

defined as the angle between the observed and surface normal is

near 0�. The modification corrects the shadow length in the direc-

tion of the Sun by using the actual viewing geometry (or emission

Fig. 3. Location of the MLA footprints (top) and heights (bottom) measured during the first MESSENGER flyby of Mercury. The image mosaic is composed of data obtained

during the second and third flybys of Mercury by the MDIS instrument.

Fig. 4. Location of the MLA footprints (top) and heights (bottom) measured during the second MESSENGER flyby of Mercury. The image mosaic is composed of data obtained

during the first and second flybys of Mercury by the MDIS instrument, and some Mariner 10 data.
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angle, e) to account for any foreshortening or lengthening of shad-

ows in the direction of the observation (see Appendix A and Fig. 1A

for further details). The values of i and e employed for this analysis

were computed for each pixel within the MDIS images analyzed

using the same best spacecraft trajectory, navigation data, and

camera distortion model also used to correlate MDIS to MLA data

(see Section 2.1).

The requirement that a shadow does not completely hide a cra-

ter floor limits the maximum range of solar incidence angles, i used

for the measurement of shadows in simple craters to <80�. Values

of i > 80� usually hide the bottom of simple craters. Larger complex

craters with i > 80� were measured, but only as long as their flat-

floor nature could be identified visually, limiting the length of

any measured shadow to within the crater floor.

The minimum limit of i considered when measuring shadow

lengths was 65�. Experience with data from the Lunar Orbiter Laser

Altimeter (LOLA) indicates that fresh lunar crater walls typically

possess average wall slopes between 25� and 30� relative to the

horizontal. Such an angle is equivalent to 60–65� relative to a sur-

face normal, the angle used to define i. The limit that imust be >65�

thus avoids the mistake of measuring the lengths of shadows from

sub-pixel shadows that are the result of sunlight just skimming

along the rough surface of these crater walls.

The diameter D for each crater shadow length measured was

obtained using the same approach used when D was measured

with the MLA–MDIS combination (Section 2.1). The diameter of

each crater was determined by fitting via least squares a circle to

hand drawn points delineating the rim of each measured crater.

The variance in the circle fit usually reflects the natural lack of

circularity associated to some degree with all natural impact

craters. When measuring craters using both the shadow-length

technique and the MLA–MDIS combination, craters that appeared

in clusters as likely secondaries were ignored.

As for the crater measurements obtained using MLA, the degra-

dation state of each crater measured was assessed. The same crite-

ria were employed as those discussed in Section 2.1. The

degradation class established for many of these crater measured

was made fairly easily given the range of i investigated, which

are very suitable to assess the morphology of surface features.

In summary, we measured the d and D for simple craters with

65� < i < 80�, and complex craters with 65� < i for complex craters.

We corrected our results for any e effects that might influence the

values of d, and kept track of their degradation state. A summary of

the number of craters measured in each degradation class is shown

in Table 2. Out of a total of 205 craters measured using shadow

lengths, 144 craters fell within these i ranges and are all listed in

Table 3. Another 38 craters were measured with the combined

MDIS–MLA approach and are also listed in Table 3.

2.2.1. Determining the statistical uncertainties associated with each d

To determine the statistical uncertainties associated with each d

measured, the length of a shadow for a given crater in a given im-

age were measured by the same researcher several times, but at

disparate occasions. For craters that appeared in multiple images

of differing resolutions, a shadow length and consequent d was

measured in each image and the resulting variance in d weighted

by the resolution of the image. In the case of larger flat-floored cra-

ters, d was determined from shadow-lengths cast at several (usu-

ally six but sometimes more) locations along a crater wall in

Fig. 5. Example of how MLA and MDIS data were combined to measure the shape of craters on Mercury. Despite the fact that the profile through the left crater does not go

through its center, MLA measures a fairly flat surface over several laser shots and, therefore, provides a good estimate of this crater’s d using the definition of Fig. 1 given its

very flat and fresh appearance.
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order to obtain the variance in d that are often present in large

complex craters.

To minimize any resolution effects on the shadow measure-

ments obtained, no crater was considered with less than 10 pixels

across its diameter. In many cases, observed shadows just ex-

ceeded half that number. This ensured that d was accurate to at

least 25%. Furthermore, recall that the method of Chappelow and

Sharpton (2002) fits a circle or ellipse to the edge of a shadow

within a simple crater. In this way, measured shadow lengths do

not need to be an integer numbers of pixels in length; shadow

length measurements that are fractions of subpixel are possible.

2.2.2. Evaluating viewing geometry and solar incidence on measured

d/D

The measured d/D values were examined as a function of both e

and i to verify that the viewing geometry did not affect the mea-

surements obtained. The effect of e on the results for d/Dmeasured

is shown in Fig. 7 for two ranges of e: 0� < e < 20� (Fig. 7A) and

20� < e < 60� (Fig. 7B). The ranges of e correspond to the two

populations of images used in measuring d. The large variation in

d/D observed within each e range indicates no dependence of d/D

on e. The absolute difference in the magnitude of d/D seen between

the two ranges of e reflects only the resolution of the images used.

The best resolutions images were used to measure the smallest cra-

ters and had 0� < e < 20�, while lower resolution images that facili-

tated measuring larger craters had 20� < e < 60�. Consequently, the

observed larger d/D for 0� < e < 20� and smaller d/D for 20� < e < 60�

is simply a result of the difference in crater sizes measured which

are known to become shallower with increasing crater size, espe-

cially after the transition to complex morphologies (Pike, 1974)

which for Mercury occurs between 10 and 14 km (Section 1).

A quick analysis of the effects of i on d/D (Fig. 8) might indicate

that d/D decreases with increasing i especially when i > 80�. How-

ever, when D is considered, it becomes immediately obvious that

the observed distribution is truly only a consequence of increasing

crater size and not i, which are known to become shallower with

increasing size (Pike, 1974).

The data obtained for simple craters (D < 12 km) for i < 80�

might be influenced by i. While measuring some of these craters

it was noticed that shadows cast off crater walls did not have a

well-defined crisp edge, but were somewhat diffuse. The slow rise

in crater slope and the natural roughness of the floors of these cra-

ters near the distal edge of the shadow could lead to this slow

brightening of the shadow observed at some small craters. Also,

an opposition effect in the crater wall opposite to the shadow,

whose slope approaches the normal to the Sun at high i < 80�,

might cause a stronger than Lambertian reflection that could short-

en any observed shadow lengths seen in especially smaller craters.

These effects do not seem to have a great effect on our measure-

ments and can be absorbed by the observed statistical variances.

First, measurements of d for the same crater but at different i

shows little difference in the measured value of d and d/D. Second,

larger craters approaching Dt (10–14 km) dominate the data that

appears to shallow with i, probably reflecting the expected

Fig. 6. Crater degradation class: (A) Class 1 (1.4�N, 124.5�E; 35.6 km diameter). This may be a pre-Tolstojan crater, where the rim is present only in a few areas, and the rim

crest is only partially preserved (CN0108827057M_IF_1.IMG); (B) Class 2 (�1.4�N, 125�E; 38.6 km diameter). The may be a Tolstojan crater where ejecta are no longer present

and numerous superposed craters are visible (CN0108826166M_IF_1.IMG); (C) Class 3 (0.8�N, 120�E; 43.9 km diameter). This crater could be of Calorian-age, and shows

degraded rims, smooth plains fill, and some degradation of the terraces (CN0108828978M_IF_1.IMG); (D) Class 4 (2.3�N, 121.4�E; 52.7 km diameter). This crater could be of

Mansurian age, where a few superposed craters are seen and the rim and ejecta appear fairly fresh, but no rays are preserved (CN0108827052_IF_1.IMG); (E) Class 5 (�2.7�N,

125�E; 8.26 km diameter). Possible Kuiperian-aged crater that appears fresh, with crisp rims and well-preserved ejecta, including some subtle distal ejecta rays

(CN0108826166M_IF_1.IMG). For all craters the dimensions were measured using the MDIS DEM.

Table 2

Summary of craters measured.

Crater degradation classification or measurement approach Number

Class 5 (freshest) 23

Class 4 75

Class 3 58

Class 2 13

Class 1 (most degraded) 2

Classification NA 11

Depth measured using shadow lengths 144

Depth measured using MLA 38

Total analyzed 182
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Table 3

Location, dimension and degradation class of craters measured on Mercury.

Crater # Longitude Latitude Diameter, D (km) Depth, d (km) Class

102 118.22 �0.74 2.07 ± 0.08 0.34 ± 0.02 5

103 283.70 �2.29 31.67 ± 0.26 1.86 ± 0.20 5

104 287.62 �1.95 10.37 ± 0.38 0.89 ± 0.10 3

106 293.02 �1.87 5.90 ± 0.15 0.97 ± 0.06 5

107 287.47 �1.24 2.04 ± 0.05 0.28 ± 0.01 4

109 290.59 �0.14 3.40 ± 0.29 0.41 ± 0.05 5

110 278.01 38.29 56.62 ± 0.59 2.85 ± 0.30 4

111 286.53 38.86 24.15 ± 0.80 1.92 ± 0.41 4

112 288.85 39.86 17.83 ± 0.67 2.29 ± 0.09 4

114 288.36 22.81 11.50 ± 0.18 1.09 ± 0.10 4

115 286.37 24.93 11.05 ± 0.20 0.88 ± 0.04 3

116 285.89 26.66 6.48 ± 0.20 0.58 ± 0.02 3

117 284.70 27.21 38.10 ± 0.58 1.66 ± 0.07 4

119 280.88 21.09 51.85 ± 1.14 1.94 ± 0.20 3

122 279.79 12.74 15.00 ± 0.62 1.06 ± 0.11 4

123 294.99 21.78 6.53 ± 0.18 0.60 ± 0.03 3

124 295.26 24.13 16.43 ± 0.19 2.13 ± 0.25 3

125 291.64 23.23 28.31 ± 1.28 2.02 ± 0.14 3

126 279.40 8.83 14.34 ± 0.49 1.19 ± 0.03 3

127 279.61 5.04 14.65 ± 0.27 1.18 ± 0.03 3

128 282.70 4.94 32.62 ± 0.19 1.63 ± 0.09 4

129 279.14 3.54 34.93 ± 0.34 1.41 ± 0.09 3

130 281.80 �2.98 24.92 ± 0.40 2.20 ± 0.31 4

131 284.90 �4.23 51.08 ± 1.84 1.13 ± 0.18 3

132 278.05 �5.64 45.00 ± 1.23 1.61 ± 0.16 3

139 285.37 14.44 7.76 ± 0.22 0.77 ± 0.06 4

142 292.33 2.41 5.01 ± 0.11 0.61 ± 0.02 4

143 286.69 7.51 8.24 ± 0.11 0.74 ± 0.02 4

144 285.52 7.88 4.57 ± 0.25 0.58 ± 0.04 4

145 292.74 9.86 5.22 ± 0.16 0.60 ± 0.03 3

146 285.55 7.21 5.91 ± 0.09 0.49 ± 0.01 3

147 278.00 0.20 30.08 ± 0.25 0.65 ± 0.13 3

152 290.20 �0.50 16.46 ± 0.47 1.00 ± 0.16 4

153 288.30 4.25 26.66 ± 1.25 1.12 ± 0.40 4

154 80.00 �6.75 28.78 ± 0.70 1.37 ± 0.14 2

156 74.50 �6.80 12.56 ± 0.93 1.45 ± 0.07 4

158 116.80 �1.00 10.78 ± 0.48 1.77 ± 0.11 4

159 288.00 �3.50 38.32 ± 0.82 1.30 ± 0.06 4

160 284.70 �2.50 3.13 ± 0.12 0.38 ± 0.02 3

161 280.50 0.50 18.52 ± 0.99 0.64 ± 0.07 3

162 283.00 3.20 15.90 ± 0.00 1.15 ± 0.06 4

163 279.80 �1.40 11.25 ± 0.19 0.73 ± 0.05 4

164 283.40 0.25 5.46 ± 0.07 0.53 ± 0.02 3

166 287.00 7.60 12.84 ± 0.13 0.99 ± 0.09 4

167 262.50 �5.00 23.17 ± 0.64 1.73 ± 0.15 4

168 287.15 10.30 9.21 ± 0.16 0.73 ± 0.07 4

169 261.40 �8.70 37.79 ± 0.93 2.26 ± 0.22 4

202 113.95 �9.81 1.24 ± 0.08 0.20 ± 0.02 NA

203 113.85 �9.77 1.30 ± 0.10 0.21 ± 0.02 NA

205 112.94 �9.71 2.07 ± 0.09 0.31 ± 0.03 4

206 107.40 �9.66 2.76 ± 0.22 0.31 ± 0.03 3

207 115.84 �9.62 1.54 ± 0.10 0.32 ± 0.04 5

208 106.95 �9.60 2.38 ± 0.03 0.24 ± 0.02 4

210 114.13 �9.55 1.39 ± 0.09 0.22 ± 0.03 4

211 115.86 �9.51 1.72 ± 0.03 0.32 ± 0.03 5

212 118.76 �9.48 2.00 ± 0.04 0.39 ± 0.04 5

213 115.87 �9.46 1.95 ± 0.04 0.32 ± 0.03 3

214 117.19 �9.42 1.40 ± 0.03 0.26 ± 0.03 4

215 117.65 �9.42 2.53 ± 0.05 0.44 ± 0.03 3

216 107.74 �9.42 2.83 ± 0.10 0.38 ± 0.04 3

217 115.81 �9.39 4.23 ± 0.04 0.85 ± 0.04 5

218 116.61 �9.36 1.28 ± 0.04 0.26 ± 0.03 4

219 117.22 �9.37 1.25 ± 0.03 0.26 ± 0.04 5

220 116.09 �9.28 1.07 ± 0.04 0.19 ± 0.04 5

221 116.60 �9.10 1.27 ± 0.02 0.21 ± 0.03 5

222 107.03 �9.09 2.43 ± 0.15 0.27 ± 0.03 3

223 113.97 �9.10 3.98 ± 0.04 0.70 ± 0.04 4

224 118.13 �9.08 1.46 ± 0.01 0.30 ± 0.03 4

225 119.03 �8.98 7.50 ± 0.16 1.58 ± 0.08 3

227 117.92 �8.98 1.49 ± 0.03 0.29 ± 0.03 5

229 112.93 �8.93 2.05 ± 0.05 0.35 ± 0.03 3

230 117.02 �8.89 1.00 ± 0.04 0.19 ± 0.03 5

232 116.97 �8.85 1.54 ± 0.06 0.31 ± 0.04 5

234 115.98 �8.75 3.18 ± 0.09 0.50 ± 0.03 2
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Table 3 (continued)

Crater # Longitude Latitude Diameter, D (km) Depth, d (km) Class

235 107.39 �8.70 7.11 ± 0.06 1.32 ± 0.08 5

236 115.07 �8.73 1.95 ± 0.04 0.32 ± 0.01 4

238 105.54 �8.60 2.85 ± 0.05 0.32 ± 0.02 4

239 118.41 �8.58 1.48 ± 0.01 0.25 ± 0.02 3

241 114.66 �8.52 2.01 ± 0.10 0.32 ± 0.03 3

242 119.07 �8.52 1.33 ± 0.01 0.24 ± 0.03 2

244 113.12 �8.50 1.07 ± 0.10 0.15 ± 0.03 4

245 114.22 �8.51 1.06 ± 0.07 0.19 ± 0.02 NA

247 108.36 �8.47 7.51 ± 0.06 1.02 ± 0.04 3

248 108.59 �8.40 4.23 ± 0.09 0.57 ± 0.01 3

249 119.42 �8.41 3.25 ± 0.10 0.57 ± 0.05 3

250 113.59 �8.40 1.05 ± 0.10 0.13 ± 0.02 4

251 108.52 �8.39 1.99 ± 0.16 0.23 ± 0.03 3

253 113.60 �8.26 1.69 ± 0.05 0.25 ± 0.03 3

254 115.31 �8.28 0.98 ± 0.02 0.16 ± 0.03 5

257 109.80 �8.21 2.98 ± 0.15 0.35 ± 0.04 4

259 109.80 �8.21 3.20 ± 0.04 0.47 ± 0.02 4

261 112.41 �8.09 1.50 ± 0.07 0.19 ± 0.01 4

262 118.64 �8.06 1.46 ± 0.03 0.28 ± 0.01 5

263 111.95 �8.05 2.84 ± 0.07 0.45 ± 0.05 3

264 108.19 �8.03 1.82 ± 0.17 0.19 ± 0.03 3

265 109.61 �8.02 2.52 ± 0.30 0.34 ± 0.04 4

266 114.69 �8.00 3.44 ± 0.04 0.49 ± 0.04 3

267 114.62 �7.99 1.16 ± 0.05 0.17 ± 0.03 4

269 114.84 �7.93 2.08 ± 0.02 0.32 ± 0.04 4

270 118.55 �7.89 3.14 ± 0.08 0.52 ± 0.07 3

271 114.43 �7.87 3.43 ± 0.11 0.45 ± 0.02 4

272 114.79 �7.80 2.99 ± 0.03 0.50 ± 0.04 4

273 117.20 �7.80 1.92 ± 0.04 0.36 ± 0.04 5

278 107.61 �7.70 3.98 ± 0.06 0.33 ± 0.05 4

279 110.50 �7.62 1.97 ± 0.04 0.31 ± 0.01 4

280 106.97 �7.59 1.60 ± 0.06 0.20 ± 0.01 4

281 110.11 �7.53 1.99 ± 0.10 0.32 ± 0.03 3

282 105.67 �7.50 1.84 ± 0.14 0.22 ± 0.02 4

283 112.22 �7.46 1.57 ± 0.03 0.23 ± 0.01 4

284 112.54 �7.41 1.63 ± 0.06 0.24 ± 0.01 4

285 115.06 �7.34 1.81 ± 0.04 0.29 ± 0.01 4

286 109.61 �7.30 1.45 ± 0.05 0.17 ± 0.03 4

287 109.34 �7.27 2.89 ± 0.05 0.41 ± 0.04 4

288 111.23 �7.20 2.65 ± 0.06 0.48 ± 0.04 3

289 113.83 �7.21 2.33 ± 0.01 0.44 ± 0.05 5

290 109.88 �7.08 3.43 ± 0.05 0.45 ± 0.04 4

292 105.90 �7.03 2.41 ± 0.19 0.26 ± 0.03 4

293 109.49 �7.00 5.44 ± 0.14 0.95 ± 0.10 5

294 110.40 �6.93 2.17 ± 0.05 0.37 ± 0.04 4

295 111.87 �6.75 1.49 ± 0.09 0.23 ± 0.03 4

296 106.99 �6.71 2.97 ± 0.05 0.40 ± 0.03 3

297 110.47 �6.64 1.34 ± 0.07 0.19 ± 0.04 4

298 108.13 �6.66 1.78 ± 0.04 0.20 ± 0.02 4

299 113.63 �6.64 2.25 ± 0.04 0.43 ± 0.03 4

300 110.58 �6.61 2.79 ± 0.04 0.50 ± 0.05 3

301 108.95 �6.49 2.33 ± 0.10 0.33 ± 0.03 4

302 108.72 �6.42 2.39 ± 0.13 0.46 ± 0.06 3

303 108.03 �6.18 5.08 ± 0.06 0.71 ± 0.06 3

305 113.12 �6.06 1.08 ± 0.06 0.21 ± 0.03 5

306 113.39 �6.03 1.24 ± 0.08 0.21 ± 0.03 5

307 107.34 �6.01 4.36 ± 0.07 0.56 ± 0.04 3

308 113.64 �6.02 1.85 ± 0.07 0.35 ± 0.05 4

310 109.87 �5.20 1.68 ± 0.09 0.28 ± 0.04 4

311 109.32 �5.04 2.16 ± 0.02 0.27 ± 0.03 4

312 108.03 �4.81 2.70 ± 0.07 0.38 ± 0.03 3

313 108.37 �4.77 2.23 ± 0.03 0.26 ± 0.02 4

314 107.91 �4.60 2.04 ± 0.06 0.25 ± 0.02 3

315 107.89 �4.29 2.20 ± 0.07 0.34 ± 0.03 4

316 108.83 �4.15 6.05 ± 0.08 0.87 ± 0.06 3

317 108.42 �3.92 2.46 ± 0.14 0.34 ± 0.03 3

318 108.17 �3.89 3.52 ± 0.10 0.50 ± 0.04 5

319 109.90 �3.85 2.45 ± 0.11 0.34 ± 0.02 4

320 108.48 �3.48 3.39 ± 0.13 0.46 ± 0.04 3

321 107.52 �2.60 8.73 ± 0.11 1.31 ± 0.07 3

mla1-crater1 22.00 �3.00 76.20 ± 10.85 1.56 ± 0.25 2

mla1-crater2 38.00 4.00 29.44 ± 4.23 1.36 ± 0.48 NA

mla1-crater3 68.50 �5.22 5.13 ± 0.93 0.28 ± 0.08 3

mla1-crater4 72.00 �5.40 5.39 ± 0.97 0.41 ± 0.24 NA

mla1-crater6 87.67 �3.89 111.01 ± 13.98 0.43 ± 0.02 2

(continued on next page)
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shallowing associated with craters that are on the verge of becom-

ing complex. And third, in many instances, there remains a signif-

icant variation of d/D at any i < 80�.

Since Chappelow and Sharpton (2002) and Chappelow (2008)

has developed a more versatile shadow length technique that

makes no a priori assumption on the shape of the crater. Only an

outline of the shadow needs to be fit by an ellipse. A subset of

our data was measured using this second technique, where no cor-

rection for e was employed, by utilizing MDIS images with e near

0�. A statistical Cochran paired t-test, which evaluates the likeli-

hood that two samples are identical when they possess uneven

variances, was used to compare the amount of overlap between

the sigma errors generated by the d measurements for each one

of the 100 or so craters measured using this second technique with

measurements using the first technique. On average the d mea-

surements by both methods are identical with an 87% level of con-

fidence. Thus, the shadow measurements performed by these two

methods can be considered identical and are integrated into the

rest of this study.

2.3. Assessing the shadow length measurements

For the purpose of assessing the quality of the crater measure-

ments obtained from the various topographic sources, we assume

Table 3 (continued)

Crater # Longitude Latitude Diameter, D (km) Depth, d (km) Class

mla1-crater7 89.99 �4.49 23.34 ± 3.19 1.21 ± 0.06 2

mla1-crater8 86.75 �4.80 7.10 ± 1.07 0.39 ± 0.14 NA

mla1-crater9 36.00 �4.00 41.23 ± 6.96 1.66 ± 0.02 NA

mla1-crater10 76.00 �5.00 89.90 ± 11.10 1.96 ± 0.43 4

mla1-crater11 50.00 �4.00 125.65 ± 17.79 2.71 ± 0.08 4

mla1-crater12 43.00 �4.00 27.25 ± 3.34 1.29 ± 0.14 1

mla1-crater13 47.00 �4.00 129.63 ± 16.32 2.30 ± 0.12 3

mla1-crater16 35.00 �4.00 34.37 ± 5.52 1.73 ± 0.31 4

mla1-crater17 38.00 4.00 32.24 ± 5.86 1.36 ± 0.47 3

mla1-crater18 41.00 4.20 11.94 ± 1.82 0.94 ± 0.07 4

mla1-crater19 44.00 4.00 9.02 ± 1.39 0.63 ± 0.05 3

mla1-crater20 53.80 �4.80 8.30 ± 1.36 0.96 ± 0.36 4

mla1-crater22 125.02 �8.88 31.83 ± 3.60 1.73 ± 0.15 2

mla1-crater23 60.85 �4.70 3.53 ± 0.64 0.46 ± 0.02 4

m2-crater1 229.70 �3.98 23.76 ± 3.99 0.50 ± 0.04 NA

m2-crater2 239.70 �3.30 16.84 ± 2.37 0.84 ± 0.04 2

m2-crater3 240.50 �3.60 9.90 ± 1.58 0.32 ± 0.06 NA

m2-crater4 241.87 �4.05 76.34 ± 7.79 2.31 ± 0.40 4

m2-crater5 244.40 �3.63 76.17 ± 9.47 1.90 ± 0.04 2

m2-crater6 244.89 �3.94 41.58 ± 4.59 1.87 ± 0.52 4

m2-crater7 248.45 �3.96 17.91 ± 2.38 1.06 ± 0.27 3

m2-crater8 257.91 �3.31 15.54 ± 2.17 0.55 ± 0.14 2

m2-crater8a 251.43 �3.42 3.13 ± 0.54 0.22 ± 0.01 4

m2-crater9 261.37 �3.62 9.23 ± 1.25 0.24 ± 0.00 3

m2-crater10 263.98 �3.44 3.45 ± 0.62 0.29 ± 0.00 3

m2-crater11 266.49 �3.18 17.31 ± 2.54 0.66 ± 0.25 2

m2-crater12 272.14 �3.15 29.46 ± 4.85 0.33 ± 0.06 2

m2-crater13 272.63 �3.60 26.08 ± 3.45 1.47 ± 0.08 3

m2-crater14 273.16 �3.55 34.56 ± 4.48 1.44 ± 0.04 2

m2-crater15 273.16 �3.55 3.57 ± 0.01 0.72 ± 0.06 NA

m2-crater16 275.31 �3.06 57.07 ± 3.57 0.81 ± 0.02 3

m2-crater17 277.46 �2.19 101.80 ± 3.81 0.32 ± 0.03 3

m2-crater18 280.77 �2.35 100.48 ± 3.55 0.46 ± 0.02 1

Fig. 7. d/D as a function of emission angle e, where d is measured from shadow

lengths. Data is shaded by crater diameter. Two sets of image resolutions were used

to measure d/D with corresponding values of e between 0–20� (A), and 20–65� ((B)

see text for further detail).

Fig. 8. The depth to diameter ratio d/D as a function of Sun incidence angle i, where

depth is measured from shadow lengths. Data is shaded by crater diameter. The

ratio d/D is not obviously influenced by i; most of the difference in d/D can be

attributed to the crater diameter and the transition to shallower complex craters.
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that the measurements collected by combining the MLA with MDIS

data are the most accurate. This assumption is justified given that

the MLA instrument measures range very accurately (<1 m) within

each of one of its footprints (Zuber et al., 2008). When determining

d, the MLA measurements possess some uncertainty given that a

MLA footprint may not fall exactly on a crater rim or at the very

lowest point within a crater. Nevertheless this uncertainty is very

small relative to naturally occurring variations in rim heights and

crater depth (e.g., Fig. 1) that can yield substantial variance to

any measurement of d.

Errors in D as measured from MDIS data are also likely to be

small. Reprojections of one NAC image on top of another generate

small errors in registration that are on the order of a few NAC pix-

els (�50–200 m depending on the range of the MESSENGER space-

craft to the surface of Mercury). Furthermore, such reprojections

overlap well with the most recent control network developed for

Mercury using Mariner 10 data (Robinson et al., 1999). Here too,

the lack of circularity that exists in most naturally occurring craters

leads to variances in measured D that are typically larger than er-

rors obtained from registration problems.

We used the combined MLA–MDIS data to test the first of the

shadow length techniques for 10 craters. These 10 craters are the

only ones that possess both the lighting conditions suitable for

shadow length measurements and MLA transects obtained during

the Mercury flybys. As in Section 2.2, a paired Cochran paired t-test

indicates that the D and d measured using the MLA–MDIS combi-

nation and the shadow length techniques are indistinguishable,

with an average chance of 82% of being exactly equal to each other

(Fig. 9). In this particular analysis, the Cochran paired t-test was

used to compare the overlap between d/D and their associated

measurement uncertainties for each individual crater investigated

using both the MLA–MDIS combination and the shadow-length

measurement. Consequently, this study considers all the shadow-

length measurements of d, and the MDIS derived D as being essen-

tially equivalent to a measurement obtained with the MLA–MDIS

approach.

3. Diameter and depth results

Results are shown in Fig. 10 for d versus D obtained using just

the combined MLA–MDIS data. These data are compared to the re-

sults of Pike (1988) using the Mariner 10 data. In most cases, the

craters measured by MLA are shallower than those measured by

Pike. The most likely explanation is that most of the craters

encountered by MLA were not particularly fresh. This is consistent

with the degradation classification of the craters. MDIS images re-

veal that MLA did not measure a single Class 5 crater, with a crisp

appearance, fresh ejecta and rays. The MLA–MDIS data are insuffi-

cient to show alone any statistical evidence for differences in the

depth of craters with decreasing degradation state. The observed

shallowness of the smaller simple bowl shaped craters cannot be

attributed to the MLA profile missing the center of these craters,

except for the two cases shown in Fig. 10. In all the other cases,

within the limitations of the MLA andMDIS data sets obtained dur-

ing the Mercury flybys, the MLA transects passed through the cen-

ter of these craters.

When the 38 MLA–MDIS results for crater d and D are combined

with the additional 144 craters (Table 3) measured using shadow

lengths (Fig. 11), the maximum d values measured are well bound

by Pike’s analysis. No crater observed is deeper than Pike’s distri-

bution. In fact, most of the craters measured in this study are shal-

lower than those reported by Pike mainly because Pike did not

include degraded craters in his analyses.

When the crater degradation class is considered (Fig. 12), the

average value of d for small simple craters decreases slightly with

observed degradation class, very much as is assumed in other stud-

ies simply from d/D measurements (e.g., Garvin and Frawley,

1998). The data also suggest that degradation reduces d for larger

simple craters (5 km < D < 12 km) more quickly than for smaller

ones. This observation could be explained by the longer time a

large simple crater has to be exposed to the Mercury cratering flux

before it is considered degraded. The consequence of this longer

exposure to reach a given degradation state means that larger cra-

ters will have been exposed to a greater number of both large and

small impacts. These impacts tend to enhance D while reducing d

as rims are eroded and back-wasted, and the crater interior is filled

in with rim material (Cintala et al., 1976; Head et al., 1976; Malin

and Dzurisin, 1977, 1978; Oberbeck et al., 1977; Spudis and Guest,

1988).

For complex craters (DP 12 km), the decrease in d with

increasing degradation (decreasing degradation class) is even more

obvious than for the small simple craters. While rim erosion and

back-wasting over time are probably contributors to the observed

decrease in d, images (e.g., Fig. 6A and B) indicate that most of the

loss in d results from in-filling, often by smooth plains materials. It

might also be possible that some of the observed difference is the

Fig. 9. Evaluation of shadow length technique employed in this study. The

comparison of the crater depth d versus diameter D measured using the trusted

MLA–MDIS technique relative to measurements of shadow length reveal that both

data have a 76% chance of being identical when using a Cochran paired t-test. This

percentage chance is increased to 82% if the one crater indicated (arrow) is not

considered. A careful analysis of the location of the MLA track relative to the MDIS

images for this latter crater indicates that the MLA footprint did not go through its

bottom, leading to the observed shallower depth measured by MLA.

Fig. 10. Crater depth d to diameter D measured by combining MLA altimetry with

MDIS imagery. The gray regions span the one sigma error of the fits obtained by

Pike (1988) for the depth-to-diameter relation of the freshest craters on Mercury.

The crater profiles by MLA craters are split by crater degradation class. Craters

classified as ’?’ did not have sufficient image resolution or the Sun angle was too

high to accurately identify the class of the crater at the time when the measurement

was made. Two profiles shown with arrows may not have sampled the bottom of

the observed crater, probably resulting in shallower depths.
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result of isostatic uplift that could exist when comparing craters of

differing degradation state. It is not inconceivable that in it’s past

the crust and lithosphere of Mercury was warmer than in more re-

cent times. As a consequence, the formation of an older complex

crater might have encountered a softer target that would have

undergone greater isostatic adjustment than a younger and fresher

crater, which is more likely to have encountered a colder and stiffer

lithosphere.

Other factors could also be influencing the observed distribu-

tion of d/D results. It is well known, for example, that target

strength plays a role at the late stages of crater growth when exca-

vation is nearly complete and craters collapse (Fulmer and Roberts,

1963; Gault et al., 1968; Shoemaker, 1963; Cintala et al., 1976,

1977; Holsapple, 1993; Barnouin-Jha et al., 2007; Housen and

Holsapple, 2011). These strength effects can result in subtle

changes in crater morphology that might provide a way to differ-

entiate between targets composed of basalts, fragmented megar-

egoliths and sediments (Pike, 1980, 1988; Cintala et al., 1976,

1977). A preliminary analysis (Fig. 13) of the d/D ratio for Class 4

craters formed in a rough, hummocky terrain that might be more

battered and thereby weaker relative to other areas on Mercury

shows no difference relative to the general population of Class 4

craters measured. This class of crater is fairly fresh, and is present

in sufficient numbers in our study for such a quick analysis. How-

ever, these Class 4 craters may also be degraded sufficiently that

such target effects could be hidden. A better assessment of how

target properties influence the morphology of craters will be pos-

sible by analyzing orbital data currently being obtained by the

MESSENGER spacecraft for very fresh Class 5 craters alone.

As a final observation, our data for 182 craters indicate that

many of the features associated with the transition from simple

to complex craters, such as onset of terracing and the presence of

fairly substantial slumps (e.g., Fig. 14), usually occur at slightly lar-

ger diameters than indicated in a final assessment of Mariner data

(Pike, 1988). In those studies, Dt was found to be �10 km; here it

appears to be closer to �12 km but, as with the assessment of tar-

get property effects, additional analysis of orbital data will be

needed to confirm this result.

Fig. 11. Crater depth d to diameter D distribution measured using MLA and shadow

length measurements for �180 craters. Also shown is the measured diameter to

depth relationship from Pike (1988) for Mercury. The craters are split by

degradation class.

Fig. 12. Crater depth d to diameter D distribution measured using MLA and shadow length measurements for craters with decreasing degradation Class 5 (A), 4 (B), 3 (C), 2

and 1(D). Deepest craters are generally the freshest craters as is typically assumed.

Fig. 13. Crater depth d to diameter D distribution measured using MLA and shadow

length measurements for Class 4 craters, highlighting the craters formed in a rough

hummocky terrain.
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4. Conclusions

The use of MLA and MDIS data collected during the three MES-

SENGER spacecraft flybys provides an initial view of the d/D rela-

tionship for craters on Mercury that can be compared with

previous data derived from Mariner 10. The main results indicate:

1. The depth of small craters that are simple (<12-km diameter)

are well bound by previous observations by Pike (1988), with

no crater observed deeper than the distribution presented by

Pike. The depth of small fresh (Class 5) craters are defined by

the power function (in km):

d ¼ ð0:18� 0:1ÞDð0:98�0:04Þ

while the average population of all simple craters measured on

Mercury follow the shallower power function (in km):

d ¼ ð0:18� 0:1ÞDð0:70�0:3Þ

2. Large complex craters (>12 km diameter) match previous

observations reasonably well, falling within the bounds of the

Mariner 10 data, especially for fresher (Class 4–5) craters.

3. Consideration of crater degradation shows that in general both

simple and complex craters become shallower with increasing

degradation state. In the case of large complex craters, the

reduction of d is appears to be primarily caused by infilling,

often by material that fills many of the intercrater plains units

seen in many regions of Mercury (Spudis and Guest, 1988; Den-

evi et al., 2009). Differences in isostatic adjustment between a

very old and younger crater might also be a factor. The reduc-

tion in depth of simple craters is apparently the result of subse-

quent cratering that erodes them.

4. Initial consideration of the effects of target properties on the d/

D ratio show no obvious effects, but only slightly degraded,

Class 4 craters were available for our analysis. Future efforts

will be needed that combine high-resolution MLA data with

high-resolution images to more accurately assess other factors

that might contribute to the original shape of craters (e.g., tar-

get roughness, surface slope, target color properties, radar prop-

erties and so on).

5. The observed Dt value of �12 km is a little larger than the final

assessments published on the basis of Mariner 10 observations

(Pike, 1988), but additional study is required to confirm this

result.

The result that fresh (Class 5) simple craters are consistent with

Pike’s analysis and remain significantly deeper than those observed

on Mars (see Fig. 15), combined with the probable confirmation

that Dt remains large on Mercury relative to even the newer values

of 7–8 km for Mars seem to confirm previously held views on the

surface properties of Mercury relative to Mars. These views suggest

that Mercury’s surface is in a qualitative sense stronger than on

Mars, allowing for the formation of small fresh craters that are dee-

per than those on Mercury, more akin to what is observed on the

‘‘dry’’ Moon (Pike, 1980, 1988). Studies focusing on the effects of

target strength (Fulmer and Roberts, 1963; Gault et al., 1968;

Shoemaker, 1963; Cintala et al., 1976, 1977; Holsapple, 1993;

Barnouin-Jha et al., 2007), indicate that an increase in target

strength will restrict the amount of crater collapse that occurs

immediately following excavation, typically producing deeper

small craters that are less likely to become complex craters. The lar-

ger value of Dt on Mercury versus Mars substantiates the view that

Mercury’s upper crustal rocks are somewhat stronger than Mars’

(Pike, 1980, 1988). Such an interpretation would add credence to

the view that rocks are being significantly weakened on Mars due

to the wide-spread presence of volatiles, despite the fact that many

of the smaller fresh craters on Mars are more likely to have formed

in recent times in regions of Mars where significant amounts of vol-

atiles are probably not present (e.g., Bibring et al., 2005). This result

is also somewhat surprising given further experimental evidence

(Barnouin et al., 2011) confirming that increasing impact velocities

reduces d/D of transient craters formed at the end of excavation

phase of cratering. Such a reduction in d/D has also been reported

before in strong, solid targets, and plausibly in gravitational con-

trolled granular ones (see Schultz, 1988 and references therein).

Additional experimental and numerical investigations are required

to resolve exactly the consequences of impact velocity on the tran-

sient and final crater shape andwhat itmightmeanwhen interpret-

ing observations of craters on Mercury and Mars. It remains clear

that the observed difference inDt betweenMercury andMarsmight

still be due in part to the big differences in mean impact velocities

expected on these two planets. Additional analysis ofMercury high-

resolution imaging and MLA data collected during orbit, as well as

experimental and theoretical work will be needed to fully resolve

how the differences in surface strength and impact velocity at

Mercury relative to Mars influences the observed differences in Dt.
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Appendix A

The original shadow-length formulations derived by Chappelow

and Sharpton (2002) that provide estimates of d assume nadir

observations where the emission angle, e equals 0�. The MESSEN-

GER MDIS images used in this analysis were rarely obtained in

such a viewing geometry. The formulations of Chappelow and

Sharpton (2002), therefore, had to be modified for emission angle.

Fig. A1 illustrates how this correction was done in the idealized

case where the Sun, crater and MDIS are in the same plane. In this

instance, the shadow directly crosses the center of the observed

crater. In such an instance, a non-zero emission angle results in

an observed shadow that is either foreshortened or elongated.

After correctly being projected onto a flat sphere with a radius of

2440 km assumed for Mercury, it is trivial to show that the mea-

sured shadow length, lm is given by:

lm ¼ la � lb ¼ d tan i� d tan e

where la is the length of the shadow due to solar incidence and lb is

the length of the shadow enhanced or lost because of emission

angle effects. A ‘‘+’’ is used when the spacecraft is looking back at

the surface towards the Sun, while a ‘‘�’’ applies for the case where

the Sun is behind the spacecraft. The value of d for an observed cra-

ter can then be determined from:

d ¼
lm

tan i� tan e

This last formulation was used to replace that described by Chappe-

low and Sharpton (2002) for the case when a crater has a flat floor.

The other two formulations of Chappelow and Sharpton (2002) can

be re-written in the following manner by simply replacing the tan i

term with tan i ± tane:

d ¼
D

4ð1� lm=DÞðtan i� tan eÞ
for a parabolic shaped crater and;

d ¼
D

2ð1� lm=DÞðtan i� tan eÞ
for a conic shaped crater:

In most instances, the Sun, crater and imager were not all

aligned in the same plane. For these types of observations, it is triv-

ial to show that to obtain the correct value of d, the emission angle

term must be further multiplied by the sine of the angle v separat-

ing the vertical plane aligning the Sun and the crater and the ver-

tical plane defined by the crater and viewer. The new equations

now become:

Fig. A1. Schematic illustrating how incidence and emission angles need to be taken into account when measuring the depth of craters accurately, in the idealized case where

the Sun, crater and viewer are in the same plane.
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d¼
D

4ð1� lm=DÞðtan i� sinv taneÞ
for a parabolic shaped crater and;

d ¼
D

2ð1� lm=DÞðtan i� sinv tan eÞ
for a conic shaped crater:
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