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Science Concept 6: The Moon is an Accessible Laboratory for Studying 

the Impact Process on Planetary Scales 

 
Science Concept 6: The Moon is an accessible laboratory for studying the impact process on 

planetary scales 

 

Science Goals: 

a. Characterize the existence and extent of melt sheet differentiation. 

b. Determine the structure of multi-ring impact basins. 

c. Quantify the effects of planetary characteristics (composition, density, impact velocities) on 

crater formation and morphology. 

d. Measure the extent of lateral and vertical mixing of local and ejecta material. 

 

INTRODUCTION  

Impact cratering is a fundamental geological process which is ubiquitous throughout the Solar System.  

Impacts have been linked with the formation of bodies (e.g. the Moon; Hartmann and Davis, 1975), 

terrestrial mass extinctions (e.g. the Cretaceous-Tertiary boundary extinction; Alvarez et al., 1980), and 

even proposed as a transfer mechanism for life between planetary bodies (Chyba et al., 1994).  However, 

the importance of impacts and impact cratering has only been realized within the last 50 or so years.  

Here we briefly introduce the topic of impact cratering.  The main crater types and their features are 

outlined as well as their formation mechanisms.  Scaling laws, which attempt to link impacts at a variety of 

scales, are also introduced.  Finally, we note the lack of extraterrestrial crater samples and how Science 

Concept 6 addresses this.  

Crater Types   

There are three distinct crater types: simple craters, complex craters, and multi-ring basins (Fig. 6.1).  

The type of crater produced in an impact is dependent upon the size, density, and speed of the impactor, as 

well as the strength and gravitational field of the target.   

Simple craters  

Simple craters, as their name suggest, are the most basic, and smallest, craters.  They are typified by a 

smooth, bowl-shaped profile, with essentially no flat floor within the crater.  They have a depth-to-diameter 

ratio of 1:3ï1:5 (Melosh, 1989; Melosh and Ivanov, 1999) with their rims slightly uplifted due to 

stratigraphic tilt and ejecta deposition.  Within the crater resides broken and melted target rock ï breccia, 

which has slumped off the crater walls and overlays fractured bedrock.   

Complex craters  

Between diameters of ~15ï20 km on the Moon, simple craters begin to transition into complex craters 

(on Earth this transition occurs between 2ï4 km [Pike, 1988]; transition diameter is inversely proportional 

to gravity, hence the smaller transition diameter on Earth compared to the Moon).  Complex craters can be 

categorized into two groups: central-peak and peak-ring craters.  Central-peak craters are characterized by a 

central dome which protrudes from the crater floor; a topographically high rim again defines the edge of the 

impact structure.  Between the central dome and crater rim is an area of relatively flat topography produced 

by breccia infill which overlays molten material.  Unstable material from the crater wall collapses inward 

as large discrete blocks forming terraces.  Complex craters have a smaller depth-to-diameter ratio compared 
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to simple craters, a consequence of central peak and peak ring formation.  Peak-ring craters are larger in 

diameter than central-peak craters and possess a ring of raised massifs roughly half the rim-to-rim diameter 

instead of a central peak.  The transition between central-peak and peak-ring crater morphology begins at 

diameters of ~140 km on the Moon (Melosh, 1989), however the transition is gradual and ill-defined; 

Antoniadi Crater is 145 km in diameter and possesses both a peak ring and a central peak, while 

Tsiolkovsky Crater, 190 km in diameter, contains just a central peak.  Above diameters of 200 km, nearly 

all lunar craters display remnants of a peak ring.  

Multi-ring basins  

Multi -ring basins are the largest type of impact structure and are characterized by the presence of at 

least one asymmetric, inward facing scarp ring outside the main crater rim.  As with peak-ring craters, they 

generally possess (at least) one peak ring.  Multi -ring basins begin on the Moon at diameters of ~300 km 

(Wilhelms, 1987).  No multi-ring basin has been verified on Earth; Vredefort (~300 km diameter), Sudbury 

(~200 km diameter) and Chicxulub (~180 km diameter) impact structures are thought to be the best basin 

candidates.   

Formation of Impact Craters  

The cratering process can be divided into three distinct stages: contact/compression, excavation, and 

modification (Fig. 3.9).  All impacts, regardless of scale, will experience these three stages during crater 

formation.  The most common angle for impact is 45
o
 (Gilbert, 1893; Shoemaker, 1962) to the horizontal. 

 Contact/compression begins when the leading edge of the impactor hits the target surface.  This creates 

two shock waves; one travels into the target, the other through the impactor.  Tens of gigapascals of 

pressure can be created by the shock, melting and vaporizing target and impactor material; peak shock 

pressure is the same in both target and impactor.  Evidence of these high shock pressures includes shatter 

cones in shocked rock and high pressure phase minerals (coesite and stishovite).  The contact/compression 

stage is defined by the time taken for the shock to travel up through the impactor, be reflected at the 

impactorôs rear edge, travel back through the impactor as a release wave (releasing the impactor from the 

high shock pressures), and reach the impactor-target interface.  This time can be approximated by the time 

taken for the impactor to travel a distance equal to twice its diameter at its impact speed; for an impactor 1 

km in diameter travelling at 20 km/s contact/compression would last ~0.1 s.  

 Excavation is the next stage, determining the volume of excavated material.  Following shock 

compression and release impacted rock is accelerated and driven away from the impact point.  The path of 

 

FIGURE 6.1 Impact craters on an airless body like the Moon range in size from pin-size structures to 

continent-size structures.  This illustration shows a broad range of examples (from left to right): (a) a 10 

micron-diameter crater on a glassy, ~465 micron diameter lunar spherule from the Luna 16 landing site 

(Hartung et al., 1972); (b) a 1 kilometer diameter simple crater called Moltke; (c) a 28 kilometer diameter 

complex crater called Euler; (d) a 320 kilometer diameter peak-ring impact basin called Schrödinger; and 

(e) a 970 kilometer diameter multi-ring impact basin called Orientale.  Image Credit: LPI (Priyanka 

Sharma). 
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movement of a particle is dependent on its original location within the target.  Material moves along 

streamlines away from the impact point resulting in the formation of a bowl-shaped, transient cavity.  This 

cavity is in effect split into two distinct regions separated by the hinge streamline (Fig. 6.2).  Material found 

to a depth equal to approximately one third of the transient cavityôs depth is driven upwards and out of the 

cavity; this is known as the excavation cavity (the excavation and transient cavity are equal in diameter).  

Below this depth, material is driven downward and outward.  This flow of (particle) material is described 

by the Z model (Maxwell and Seifert, 1974; Maxwell, 1977), which is based on numerical simulations of 

high energy explosions, although Croft (1980) showed that this can be applied to the excavation of high-

speed impact craters.   

Eventually the shock and release waves, through attenuation, lose their ability to excavate or displace 

target rock.  At this point the cavity is at its largest size, and is referred to as the transient crater.  The size 

of the transient crater is dependent on many factors including impactor speed, angle of impact, and 

impactor and target material.  The transient crater is an ephemeral feature and so must be estimated from 

theoretical studies and geological field studies; these have suggested the maximum transient crater depth is 

approximately one third of its diameter (this proportion appears to remain constant for craters of widely 

varying sizes).  This can be used to estimate the volume of the excavation cavity, as well as the impactor 

energy.  The latter however is non-unique; energy can represent a wide variety of impact conditions.  The 

formation of the transient crater marks the end of the excavation stage.  Excavation lasts longer than 

contact/compression, but is still very short, geologically speaking, lasting no more than a few minutes for 

the very largest basin-forming impacts. 

Following excavation, the final stage of crater formation, modification, begins.  Here rock strength and 

gravity are the dominant forces resulting in the collapse of the transient crater which alters the crater 

morphology.  In simple craters, this involves the failure of the crater walls, leading to breccia infill of the 

crater floor.  For complex craters and multi-ring basins, modification is more complex with various theories 

proposed for the formation of central peaks, peak rings, and basins; see Science Goal 6b for a discussion of 

these.  In general, the modification stage can be thought of as ending when motion ceases completely. 

 
FIGURE 6.2 The impact of a projectile at 45

o
 showing the decrease in shock pressure, ejecta trajectories 

and excavation flow paths. (Modified after David Kring, UA/NASA Space Imagery Center). 
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Scaling Laws 

Statistically, only a small subset of craters has been studied on Earth.  These investigations, as well as 

high energy explosion and nuclear tests, have been used to formulate scaling laws (e.g., Croft, 1985) 

linking small, simple impacts to larger terrestrial and lunar impact structures, including multi-ring basins.  

Scaling laws have been formulated to estimate, among other things, transient crater diameter, melt volume, 

and depth of excavation.  Currently, scaling laws represent the best estimates for predicting crater features 

at all scales, however their ability to accurately predict features of the largest impact structures, multi-ring 

basins, remains uncertain.  Our understanding of cratering processes has, however, been severely impeded 

on Earth where other geologic processes erode impact sites.  Thus, we are driven to the Moon for answers.  

Science Concept 6 aims to highlight lunar sites where in-situ studies can test and re-evaluate scaling laws 

for basin-scale impacts. The scaling laws relative to the various Science Goals of Science Concept 6 will be 

discussed in greater detail throughout this section. 

Apollo Missions ï Lunar Crater óGround Truthô 

A few craters were visited, and sampled, during the Apollo missions (Table 6.1), though most were <2 

km in diameter, limiting samples to small, simple craters or reworked debris from larger craters.  Because 

impact cratering was so poorly understood at the time of Apollo, these few samples allowed some basic 

conclusions about lunar craters be made.  One of these conclusions was that the vast majority of lunar 

craters were formed by impacts rather than volcanism (volcanism was a popular pre-Apollo hypothesis for 

the formation of many lunar craters; e.g. Fielder and Marcus, 1967); another was that craters distribute 

ejecta on global scales producing regolith.  Science Concept 6 aims to address both fundamental and 

detailed issues to expand our knowledge of impact cratering through further óground truthô studies.  

TABLE 6.1 Craters visited (with approximate diameters) during the Apollo missions (data from 

http://www.lpi.usra.edu/lunar/missions/apollo/). 

Apollo Mission Crater  Diameter (m) 

11 Little West 183 

12 Halo 7 

 Sharp 13 

 Block 13 

 Bench 55 

 Head 95 

 Surveyor 150 

 Middle Crescent 335 

14 Flank 38 

 North Triplet 105 

 Cone 340 

15 Spur 70 

 Elbow 290 

 Dune 340 

 St. George 1750 

16 Cinco 65 

 Buster 85 

 Flag/Plum 230 



337 

 Wreck 740 

 N. Ray 980 

17 Van Serg 96 

 Shorty 105 

 Lara 530 

 Steno 545 

 Nasen 600? 

 Camelot 650 

 

 

SCIENCE GOAL 6A: CHARACTERIZE THE EXISTENCE AND EXTENT OF MELT SHEET 

DIFFERENTIATION  

Introduction  

Impact cratering is one of the most influential processes that affect the evolution of the lunar surface 

(Ahrens and OôKeefe, 1972) and similar planetary bodies.  When impacts of sufficiently high speed occur 

they generate pressures on the order of 40ï100 GPa, far greater than the threshold of whole rock melting.  

In large-scale impacts, large volumes of impact melt can pool into sheets, which can be kilometers thick 

(Fig. 6.3).  Chemical differentiation is thought to separate these large melt sheets into varying lithologies 

(Fig. 6.4) based on density.  The notion that large impact melt sheets can differentiate carries important 

implications for how lunar samples and the early geologic history of the lunar highlands are interpreted 

(Grieve et al., 1991).  On Earth, examples of differentiated impact melt sheets have been found (e.g. 

Therriault et al., 2002), however due to destructive terrestrial processes such as erosion and plate tectonics, 

examples are rare.  These kind of destructive processes do not occur on the Moon, thereby making it an 

ideal laboratory for exploring melt sheet differentiation. The aim of Science Goal 6a is to study lunar melt 

sheets and characterize the existence and extent of melt sheet differentiation. This section will outline the 

most suitable lunar locations to achieve this goal. 

 

 

 

 

FIGURE 6.3 The structure of a multi-ring basin (modified after LPI classroom illustration). 
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Terrestrial Differentiated M elt Sheet Analogs 

Chemical and textural characteristics of returned lunar samples interpreted as impact melts show 

similarities to those formed on the Earth, suggesting parameters governing melt processes are similar for 

both bodies (Floran et al., 1978). Terrestrial analogs are an integral part in understanding processes on 

other planetary bodies; they promote development of models, experiments, and other methods of 

understanding which can be used for comparisons to non-terrestrial cases. The Sudbury and Manicouagan 

impact structures have been found to possess differentiated melt sheets; understanding these terrestrial 

structures will therefore aid understanding and exploration of melt sheet differentiation on other bodies.  

Sudbury impact structure 

The first impact structure recognized to possess a differentiated melt sheet was the Sudbury impact 

structure, Canada.  The impact occurred ~1.85 Ga (Zieg and Marsh, 2005) into primarily granitic and 

gneissitic target rocks, with an estimated 5 km ceiling of metamorphosed sediments (Kring, 1995); the 

crater is 220 km in diameter (Stöffler et al., 1994).  The crater contains an igneous complex that includes a 

~2.5 km thick differentiated melt sheet (Fig. 6.5) (Grieve et al., 1991).  The differentiation process, which 

took anywhere from days to months for complete differentiation, divided the melt into a norite (~56% 

SiO2) layer overlain by granophyre (~70% SiO2) with a thin transition zone of quartz gabbro between them 

(Zieg and Marsh, 2005).  

Manicouagan impact structure 

A more recently confirmed differentiated, terrestrial melt sheet is within the Manicouagan impact 

structure, Canada.  The Manicouagan impact occurred 214±1 Ma (Hodych and Dunning, 1992), creating an 

impact structure ~100 km in diameter (Grieve, 1987).  Target lithologies were Precambrian crystalline 

rocks overlain by a thin (<200 m), discontinuous layer of Middle Ordovician carbonates and shales (Spray 

et al., 2010).  The structure is unique among Earthôs larger impact structures in that it is so well preserved, 

exposed, and has not been subjected to significant erosion or tectonic events, unlike Sudbury (Spray et al., 

2010).  Despite its pristine state, the differentiated nature of the 55 km diameter melt sheet remained 

undiscovered until resource drilling commenced in the mid-1990ôs.  Prior to this, geological field studies 

estimated the melt sheet to be ~230 m thick with another 50 m of material lost to erosion (OôConnell-

Cooper and Spray, 2010).  The drill core from the central part of the melt sheet, core MAN-0608, 

confirmed a clast free melt sheet with a thickness of ~1100 m (Spray et al., 2010), a more modest thickness 

than the >2.5 km thick melt sheet of the Sudbury impact structure (Stöffler and Deutsch, 1994).  Core 

MAN-0608, unlike the other homogeneous cores from shallower regions of the melt sheet, revealed two 

distinct geochemical layers with a transitional dividing zone.  The top 278 m represents the upper layer 

which is relatively enriched in silica (60.55 wt. %) and relatively depleted in CaO and MgO with a bulk 

composition of quartz monzodiorite.  The bottom 525 m represents the lower layer which is enriched in 

 

FIGURE 6.5 Chemical compositions for the units of the Sudbury Igneous Complex, as well as an overall 

average composition (after Therriault et al., 2002). 
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CaO and MgO but relatively depleted in silica (56.64 wt. %) with a bulk composition ranging from quartz 

monzodiorite to monzodiorite (Fig. 6.8) (OôConnell-Cooper and Spray, 2010).  

Manicouagan as an analog for the lunar highlands 

The Manicouagan impact structure is an excellent analog for the Moon because the central uplift is 

composed of anorthositic material.  Anorthosites are very common on the Moon, making up the highlands 

material which accounts for ~83% of the lunar surface.  Manicouagan is one of only a few terrestrial 

impacts that contain anorthosite, the others being the Charlevoix (54 km diameter) and Mistastin (28 km 

diameter) impact structures, both in Canada, though these have comparatively less anorthosite than 

Manicouagan.  The Manicouagan structure has not been reworked by constant bombardment so it provides 

a good comparison to pristine lunar highlands material.  The largest impacts on the Moon incorporate more 

mafic, mantle material in their melts so Manicouagan is likely only an analog for small- to intermediate-

sized events impacting the highlands. 

Crater Sizes and Resulting Melt  

Lunar craters range in size from micro-structures recorded in glasses to vast basins that stretch up to 

thousands of kilometers across the surface (Ahrens and OôKeefe, 1972).  Such a wide range of sizes 

generates, as expected, an equally wide range of resulting melt products with the relative volume of melt 

produced and retained within the crater increasing as event magnitude increases (Fig. 6.9).  Melt volume, 

Vm, is calculated using the equation 

 

Vm=cDtc
d
 ,   (6.1)

          

 

where c and d are constants (~1ï2 × 10
-4
 and 3.85, respectively; see Table 2 of Cintala and Grieve, 1998) 

determined by fitting the curves in Fig. 6.9 and Dtc is the diameter of the transient crater. 

Simple craters 

Melts in simple craters, like Alfraganus C (10 km diameter), occur only as thin veneers that coat the 

floor and, to a lesser extent, the rim (Hawke and Head, 1977) (Fig. 3.12, top panel).  Models suggest the 

ratio of the volume of melt to the volume of the transient cavity in a crater of this size will be ~0.007 

(Cintala and Grieve, 1998), equating to a melt sheet approximately 3 m in thickness.  The relatively small 

 

FIGURE 6.9 Calculations for melt volume as a function of transient crater diameter for varying impactor 

compositions and speeds (from Cintala and Grieve, 1998). 
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volumes of melt created are quickly choked with clasts, increasing the meltôs viscosity and quenching it 

rapidly (Cintala and Grieve, 1998).  Craters in this regime will not produce differentiated melt sheets. 

Complex craters 

Larger craters with thick melt sheets will be less susceptible to the clast choking process.  Complex 

craters have a higher ratio of melt volume to transient crater volume compared to simple craters.  Models 

suggest a crater the size of Tycho (102 km diameter) would have a ratio of ~0.04, producing a melt sheet 

~150 m thick (Fig. 3.12, middle panel) (Cintala and Grieve, 1998).  Though craters of this size have 

considerably more melt than simple craters they still lack the dimensions necessary to produce 

differentiated melt sheets. 

Impact basins 

Large amounts of melt are generated during basin-forming impacts and constitute an important rock 

type on the Moon (Spudis, 1993).  The calculated melt volume to transient crater volume ratio in basins 

ranges from 0.1 (Schrödinger) to greater than 1 for the largest basins.  Models suggest a basin the size of 

Schrödinger, the second smallest basin at 320 km in diameter, would produce a melt sheet approximately 

1.4 km in thickness (Fig. 3.12, bottom panel) (Cintala and Grieve, 1998).  The largest basin on the Moon, 

the South Pole-Aitken Basin (SPA), is thought to have a ~200 km thick melt sheet (Morrison, 1998). 

Scaling issues for the Earth and Moon 

ñDirect correlation from the Earth to the Moon regarding impact processes can lead to confusion at 

best and incorrect conclusions at worstò (Cintala and Grieve, 1998).  Accurate scaling is vital for 

determining locations to investigate possibly differentiated melt sheets.  For instance, five times as much 

melt would be produced for a given transient crater size on Earth compared to the Moon (Cintala and 

Grieve, 1998).  There are three variables that need to be considered when modeling impact melt generation: 

impact speed, target gravity, and projectile size (Cintala and Grieve, 1994).  Only speed and gravity need to 

be considered with regards to scaling issues between the Earth and Moon because average projectile size 

will be comparable. 

Impact speed 

On Earth, impacts tend to have slightly higher speeds than those on the Moon.  This speed difference is 

relatively small due to their proximity; it would have been even less in the past when the two bodies were 

closer together.  In their present positions, this small speed difference can cause an almost 70% greater 

volume of melt on the Earth for craters of identical size (Cintala and Grieve, 1994). 

Gravity 

The volume of impact melt is essentially independent of gravity (OôKeefe and Ahrens, 1977) however 

the dimensions of impact craters are dependent primarily on target body gravity. Impact experiments 

conducted with varying gravity yield successively smaller crater sizes as gravity increases, assuming a 

constant impact energy.  Models suggest lunar transient crater diameters are almost 50% larger than their 

terrestrial impact energy equivalents (Cintala and Grieve, 1994).  This has implications for how thick the 

melt sheet will be based on larger surface areas of transient craters for gravities less than Earthôs.  

Considering these variables, events of larger magnitude will be required to facilitate differentiated melt 

sheets for impacts on the Moon compared to the Earth. 

Analysis Methods 

Various depths within a melt sheet must be accessed to determine if any vertical composition 

heterogeneity exists.  Melt sheets may be many kilometers thick and buried underneath other lithologies, 

therefore testing the nature of internal differentiation within them could be problematic.  Methods for 

testing the existence and extent of their differentiation must therefore try to circumvent this problem.  

Geophysical analysis 

Seismic detection of subsurface features is an analysis method used widely by geologists to detect 

structural features and, to a lesser extent, lithological variation.  Seismic surveys could be used to infer 

density and structural changes beneath the surface and therefore investigate the nature of melt sheets and 

whether or not they are differentiated.  
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Stratigraphic analysis 

Currently the most robust method for testing melt differentiation on the Moon is through stratigraphic 

interpretation of uplifted central structures.  When an impact occurs, material from beneath the zone of 

melting is uplifted above the crater floor (Fig. 6.11).  Investigation of this material, for example in central 

peaks, can help determine the composition of originally deeper lithologies beneath the lunar surface.  Some 

of this deep, excavated and uplifted material may represent melt sheet material from older, larger impacts 

that the smaller crater impacted into; testing of the vertical heterogeneity of the uplifted melt could take 

place.  Figure 6.12 (Cintala and Grieve, 1998) shows the minimum depth of origin for central peaks with 

respect to final crater diameter.  These estimates are developed from the notion that the central peak must 

come from a depth below the zone of melting of the cratering event.  Any material above this depth would 

have been incorporated into the melt.  The subsequent craters used for differentiation analyses must lie 

within the limit of the transient crater because the melt sheet is proposed to be confined within this area 

(Kring, 2005).  

 

Ejecta analysis 

Another way of using subsequent craters to access the underlying melt sheet is to examine their ejecta.  

Distal ejecta material would have originated from shallower depths, while material proximal to the crater is 

 

FIGURE 6.11 The structure of a central-peak complex crater. The central uplift is shown to contain 

originally deeper lithologies (after LPI classroom illustrations). 

 

FIGURE 6.12 Minimum depth of origin for lunar central peak material as a function of final crater 

diameter for an impact velocity of 16.1 km/s (after Cintala and Grieve, 1998). 
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thought to have originated from deeper in the crust (Fig. 6.13).  Croft (1985) found that the depth of 

excavation is ~1/10 of the transient crater diameter.  With a reasonable estimate of the transient crater 

diameter, calculations could be made to ensure that the impact melt of interest was ejected.  This same 

technique was used for site selection on the Apollo 14 mission, the goal of which was to sample the ejecta 

of the 340 m diameter Cone Crater which was suspected to have excavated material from the Fra Mauro 

Formation (Imbrium Basin ejecta).  The astronauts obtained samples along a traverse towards and away 

from the crater, acquiring material from varying excavated depths (Kiefer, personal communication).  This 

method, on a larger scale, may prove useful for testing impact melt sheet differentiation.  As with the 

previous method, subsequent excavating craters must lie within the limits of the transient crater to access 

the melt sheet. 

Drill core analysis 

As shown in the discussion of the Manicouagan impact melt sheet, surficial geologic interpretation may 

not be sufficient to detect differentiation.  One way to precisely determine this phenomenon is by drilling 

into a melt sheet to collect rock core samples.  As stated earlier, the differentiated nature of the 

Manicouagan melt sheet was not discovered until it was drilled.  Although this may be out of scope for 

immediate lunar missions, drilling would be a definitive way to investigate lunar melt sheet differentiation. 

Previous Work on Lunar Differentiation  

Given the extent of terrestrial erosion and the dynamic nature of Earthôs geologic processes, 

information on melt sheet differentiation is sparse; use of terrestrial melt sheet data to explain the 

composition and nature of lunar melt sheets, while useful, may not yield correct interpretations. 

Spectral analysis of Orientale Basin 

Budney et al. (1996) studied the melt sheet of the 930 km diameter Orientale Basin for signs of 

differentiation. Using spectral data from the Clementine UVVIS instrument they mapped radial FeO 

variations of ejecta from craters excavating Orientale basin floor material to determine if vertical 

differentiation of Orientale melt took place.  Initial results from their study suggested that the Orientale 

melt sheet is both laterally and vertically homogeneous.  This would mean only basins larger than Orientale 

could potentially contain differentiated melt sheets, dramatically reducing the number of candidate basins 

(Fig. 6.14).  However, the craters excavating basin floor material that were analyzed were located near the 

margin of the proposed Orientale transient crater.  Here the melt sheet is likely to be thinner than at the 

center of Orientale and heterogeneity may not be as apparent.  This study also suggested that a melt 

thickness of 1 km would be sufficient to see variations in FeO using the MAGFOX program for modeling 

fractional crystallization.   

 

FIGURE 6.13 A schematic representation of the various depths of origin for crater ejecta on the surface. In 

reality, ejecta will not be separated into such distinct layers as shown. 
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Rayleigh calculation for convection 

Morrison (1998) proposed that the South Pole-Aitken Basin melt sheet could have been as thick as 226 

km, producing a differentiated melt sheet consisting of anorthosites, norites, and possibly ultramafics.  The 

differentiated nature of the SPA melt sheet was prompted by Clementine spectral data of FeO 

concentrations in the outer ring of Apollo Basin; Apollo is thought to have excavated 28 km into the 

heterogeneous SPA melt sheet yielding variations of FeO from 10-12%, while the Apollo melt sheet yields 

FeO concentrations from 6-8%.  Morrison (1998) also used the Rayleigh equation to determine if 

convection and therefore differentiation occurs in an impact melt sheet 

R = gaBd
4
/(hv) ,       (6.2)  

where g is the acceleration due to gravity, a is the coefficient of thermal expansion, B is the temperature 

gradient in excess of the adiabat, d is the thickness of the melt, h is the thermal diffusivity, and v the 

kinematic viscosity.  Using the Rayleigh number, R, approximated from Manicouagan, lunar gravity and 

viscosities of impact melt estimated from lunar meteorites, an approximate minimum thickness for 

differentiating melt sheets on the Moon is 1.1 km.  If the Rayleigh number is the determining factor, melt 

sheets in excess of this thickness have the physical dimensions to convect as vigorously as Manicouagan 

and therefore differentiate.  Based on estimates for lunar melt thickness from Cintala and Grieve (1998) 

(Fig. 6.15), all lunar basins will have a melt thickness >1.1 km and, therefore, based on the Rayleigh 

criteria, will be thick enough to differentiate (Fig. 6.16). 

 

 

FIGURE 6.14 Imbrium Basin (center) and South Pole-Aitken Basin (lower periphery); the only two basins 

that may have differentiated melt sheets based on the spectral analysis of Orientale by Budney et al. (1996). 
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Spectral analysis of the South Pole-Aitken Basin 

Using the Spectral Profiler aboard the Kaguya spacecraft, a study by Yamamoto et al. (2010) suggested 

the SPA Basin has a highly differentiated impact melt sheet consisting of an orthopyroxene layer that 

overlies an olivine-rich layer.  However, a study by Nakamura et al. (2009) suggested SPAôs melt sheet is 

largely homogeneous given the spectral similarities of the central peaks in Finsen, Antoniadi, Bhabha and 

Lyman craters within SPA, despite their different estimated excavation depths.   

 

 

 
FIGURE 6.15 Effective thickness of the melt lining as a function of final crater diameter (after Cintala and 

Grieve, 1998). 

 

FIGURE 6.16 Basins with melt sheets thick enough to differentiate based on the Rayleigh number criteria. 
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Requirements 

Three requirements are used to select impact sites at which to investigate lunar melt sheet 

differentiation: certainty of basin existence, the extent of post-basin cratering, and whether those post-basin 

craters excavated the basinôs melt sheet. 

Basin certainty 

Figure 6.17 shows the location of all named basins on the Moon and classifies them by certainty (after 

Wood, 2004).  Based on this classification, uncertain and possible basins are determined to be unsuitable 

candidates for testing lunar impact melt sheet differentiation.  

Post-basin cratering 

Post-basin impacts can act as probes into the underlying basin material, such as the melt sheet.  Areas 

with a large number of craters are deemed older than an area with fewer craters; an older surface may offer 

a greater number of potential probes into the subsurface.  Therefore, though some younger and smaller 

basins like Schrödinger (320 km diameter) are ideal for studying many cratering processes, their younger 

age means they may not have sufficient post-basin impacts (of a certain size) to test impact melt sheet 

differentiation.  However, the youngest basin, Orientale, may provide access to its melt sheet through post 

basin-forming cratering simply because of its large size (930 km diameter); a melt sheet with a larger 

surface area has a greater chance of being subsequently impacted on. 

Melt sheet excavation 

Not all post basin-forming craters are suitable for testing basin melt sheet differentiation.  If a crater is 

too large it will have a depth of melting which exceeds the underlying basin melt sheet, in which case 

uplifted central peak material will not contain the basin melt sheet of interest.  For instance, models suggest 

Orientale has a maximum melt sheet thickness of ~10.5 km (Cintala and Grieve, 1998).  Assuming only a 

small amount of regolith has accumulated above the melt sheet since formation, an impact onto Orientaleôs 

basin floor forming a crater > 69 km will melt material to a depth greater than that of Orientaleôs melt 

sheet.  Therefore at Orientale, craters Ò69 km in diameter will be targeted, as these craters will not, in 

theory, melt material to be a depth greater than Orientaleôs melt sheet and so can investigate differentiation 

of the Orientale melt sheet. 

 

 

FIGURE 6.17 The spatial extent of lunar basins.  Basins are classified by certainty (after Wood, 2004): red, 

certain; green, probable; blue, possible; yellow, proposed (uncertain). 
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Complications 

Post-impact regolith accumulations 

Models have been produced to determine the amount of regolith accumulated on the lunar surface since 

the start of the basin forming era.  Housen et al. (1983) suggest a minimum of ~100 m to a maximum of 

~1000 m of material has accumulated, while Pikeôs (1974) model instead suggests a minimum of ~200 m to 

a maximum of ~3000 m of material may be blanketing the pre-basin surface (Fig. 6.18) (Petro and Pieters 

2008).  This will be important when using the method of examining melt sheet material excavated from a 

post-basin crater.  If the basin is old (for example, Nectarian in age) and the crater excavating the basin 

material is young (Copernican in age), there would likely be a substantial amount of ejecta and regolith that 

must be penetrated. If the crater is too small it will only excavate regolith material and not the underlying 

basin melt sheet.  Conversely if the basin of interest is relatively young (Imbrian in age) there will be little 

material between the surface and the melt sheet.  Assuming a constant post-basin regolith accumulation rate 

of 1 mm/yr, the youngest basin (Orientale) would have ~38 m of regolith blanketing its surface. 

Fallback breccia accumulations 

During an impact, material is ejected from the crater, some of which falls directly back into the crater 

and accumulates atop the melt sheet (Figs. 6.3 and 6.11).  This fallback breccia must be considered when 

calculating the size of crater that is required to excavate the melt sheet.  The Sudbury impact melt, for 

 

FIGURE 6.18 Cumulative ejecta thickness from 42 impact basins estimated from the calculations of (a) 

Pike (1974) and (b) Housen et al. (1983) (after Petro and Pieters, 2008). 


