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ABSTRACT 

Basalt thicknesses in mare basins have been determined using assumptions about 

the premare topography of partly buried craters and by comparison to the Orientale basin. 

Differences in those assumptions have led to a factor of four difference in mare thickness 

estimates. Further, knowledge of thickness is restricted to areas in which buried craters 

are present. Using mixing models applied to multispectral images acquired by the 

Clementine spacecraft, we have shown that craters in the mare sometimes excavate 

highland material from below the mare cover. Using such craters and assumptions about 

their depth of excavation, we obtain independent estimates of basalt thickness. Our 

results are in agreement with the lower end of previous thickness estimates. These results 

allow us to determine a volume of 40,000 km3 for basalts in Mare Humorum, 

considerably less than the approximately 110,000 km3 from previous estimates. We also 

confirm a diameter of 425 km for Humorum based on the Clementine gridded global 

topography, assuming an original morphology like Orientale. 

Differentiation of lunar basin impact melt sheets would have important 

implications for our understanding of the lunar crust. Modeled differentiation of various 

lunar basin impact melt starting compositions show that it is possible to generate vertical 

compositional profiles with strong FeO and Ti02 variations. Cratering models show 

excavation of materials from a differentiated melt sheet can produce radial FeO and Ti02 

profiles that can be discriminated using Clementine UVVIS data. Analysis of craters and 

their ejecta in the Orientale melt sheet show no detectable FeO and Ti02 variations. This 

supports the model of Orientale melt sheet as an undifferentiated body. 

VI 



TABLE OF CONTENTS 

Acknowledgments ........................................................................................................... v 
Abstract .................... ............................ ....... .................................... ....... ... ....... ............... vi 

. List of Tables ...................... ... .............. .............. .. ................ ...... ..................................... ix 
List of Figures ....................................................................................... .... ... ................... x 
List of Abbreviations and Symbols ............... ..... ................................... ... .......... .... ... ... ... xiii 
Chapter 1 Introduction ................ .... .. ........... ........... ........ .......... .......... ........ ........ ........... 1 

Clementine Mission ............. ..... .................................. ..... .............. .......... ..... ... ... 2 
Clementine Data Products ... ..... ................................................ ........... ..... .......... . 3 
Crater Excavation ......................... ... ... ... .................. ... .. .............. ..... .. .............. .... 3 
Humorum Basalts ................... ....... ............................. ...... ......... .......................... 4 
Orientale Differentiation ..................................................................................... 4 

Chapter 2 Basalt Thickness in Mare Humorum: The Crater Excavation Method ........ 6 
Abstract ...... ........... .... .. ..................................................................... ................... 6 
Introduction .... ... ..... .. .. ... ........... ......................... ....................... .... .......... ... ..... ..... 7 
Methods ........................................................................... .. .................................. 9 

Detecting highland material in crater ejecta ........................................... IO 
Estimating depth of excavation ............................................................... 12 

Results ................................................................................................................. 15 
Discussion ...... ...... ........ ........................................................... ....... ..... ................ 16 

Mare volumes ...... ... .............. ... ...... .... ..... .. ... ....... .......... ...... ........ .... ......... 19 
Other geologic implications .................................................................... 21 

Conclusions ............. ........... ............................................................ ~ .................... 22 
Chapter 3 Did the Orientale melt sheet differentiate? .................................................... 39 

Abstract ............................................................................................................... 39 
Introduction ................... .' .......................................... ................. ....... ........ ........... 40 
Impact melt sheets .......... ......... .... ..................................... ......... .......................... 42 

Sudbury ................................................................................................... 44 
Sudbury Igneous Complex ..................................................................... 45 

Origin of the SIC .............................. ..... .. .. ....... ...... ................ : .... 46 
Debate (1) Impact Melt ........ ......... ... .............. .............................. 46 
Debate (2) Norman ..................................... ...... ........ .......... .. ....... 47 

Orientale .................................................................................................. 48 
Melt sheet comparisons ..... ... ... ....... ........ ......... .. .... .. ................................ 50 
Melt sheet cooling .............................................. ..... .... .... .......... .............. 51 
Why is the differentiation of impact melts so important? ........ ............... 52 

Geochemical Modeling ................. ... ................................ .............. ... ...... .... ... .. ... 53 
Terrestrial Examples ... ......... ........... .......... .................................. 54 
Numerical Modeling .. .. ................ ............. .. .... ........ ... .. ............... 55 
Modeling Results ......................... ......... .... .. .. ... ........ .... ... ... ......... 56 
Summary of Geochemical Results ......... ... ... ... ........ ..... ....... ........ 59 

Methods .. ...... .. ............. ... ....... .... ................ .... .... .... .... ... ... .................................... 59 
Crater excavation .................. ................ .................... .... ........ .. ... ............ . 59 

Regolith Gardening ..... ... ............................................................. 62 
FeO and Ti02 Measurements ...................................................... 63 

Data ........................................ ............ ......... ........ ............... ..................... 63 
Craters in Orientale ................................ ....... .. ..... .... .... ... ..... ....... 63 
Data processing .... .......................................... ....... ......... ....... ...... 64 

Results .... ..... .. ........... .. ..... ......... ..... ........... ...... ............ .... .... .. ... ........ ......... ........... 65 

vu 



Discussion ........................................................................................................... 68 
Conclusions ......................................................................................................... 70 

Chapter 4 Conclusions ....................................................... .......... .. .... .. ...... .................... 130 
Clementine Data .................................................................................................. 130 
Lunar Prospector .................................................... ............................................. 130 
Crater Excavation ................................................................................................ 131 
Mare Basalt Thickness ........................................................................................ 131 
Orientale Melt Sheet ........................................................................................... 132 

References .................... ..... ............ ..................... ... .......................................................... 133 

Vlll 



LIST OF TABLES 

Table 2.1. Craters in Humorum ..................................................................................... 23 

Table 2.2. Humorum basalt volumes ............................................................................. 24 

Table 3 .1. Compositions used in differentiation modeling ................... ......................... 71 

Table 3.2. Phase assemblages as percentage of total solid produced from models ....... 72 

Table 3.3. Craters in Orientale used in this study .......................................................... 73 

lX 



LIST OF FIGURES 

Figure 

Figure 2.1 Map of Mare Humorum ........................... .................. ................................... 25 

Figure 2.2 Mixing model results at Gassendi 0 ............................................................. 26 

Figure 2.3 Cartoon of crater excavation model.. ......... .. .... ............................................. 27 

Figure 2.4 Ratios of differently colored sand in ejected mass ....................................... 28 

Figure 2.5a Mixing model results at Hippalus A ........ .. ............. .. ................. ................. 29 

Figure 2.5b Mixing model results at Liebig FA. .... · .. ... .... .... .... .... .... ............................... 30 

Figure 2.6 Comparison of basalt thickness measurements ............................................ 31 

Figure 2.7 Differences in thicknesses estimates ................................................. ........... 32 

Figure 2.8a Linear profiles ................................................. ....................... .'.,. .................. 33 

Figure 2.8b Quadratic profiles ............... ... ... .. ............ ... .......... ... .................................... 34 

Figure 2.9a Humorum and Orientale altimetry profiles ................................................. 35 

Figure 2.9b Humorum and Orientale altimetry profiles ................................................ 36 

Figure 2.9c Humorum and Orientale altimetry profiles ................................................. 37 

Figure 2.9d Humorum and Orientale altimetry profiles ................................................ 38 

Figure 3. la Manicouagan FeO vs. Ti02 ... .. .............. .. ... ... .... ......................................... 74 

Figure 3.lb Manicouagan FeO vs. Si02 ........................................................................ 75 

Figure 3. lc Manicouagan Ti02 vs. Si02 . ...................................................................... 76 

Figure 3. ld East Clearwater FeO vs. Ti02 ................ ......... .. ..... ..... ... .... ... ........... .. .. ... .. . 77 

Figure 3. le East Clearwater FeO vs. Si02 ........ ......... ..... ........................................ ....... 78 

Figure 3. lf East Clearwater Ti02 vs. Si02 .......... ...................................... .................... 79 

Figure 3. lg Lake St. Martin FeO vs. Ti02 ............. ... ......... ....... ..... .... .... ... ... ... .... .... ...... 80 

Figure 3.lh Lake St. Martin FeO vs. Si02 .. .... .......... ..... ..................................... ........... 81 

x 



Figure 3. li Lake St. Martin Ti02 vs. Si02 .................................................................... 82 

Figure 3. lj Sudbury FeO vs. Ti02 ................................................................................. 83 

Figure 3.lk Sudbury FeO vs. Si02 ................................................................................ 84 

Figure 3.11 Sudbury Ti02 vs. Si02 ................................................................................ 85 

Figure 3.2 Mineralogical variation through Sudbury Igneous Complex ...... ................. 86 

Figure 3.3 Geologic sketch map of the Orientale basin . ................................................ 87 

Figure 3.4 FeO and Ti02 profiles through Kilauea Iki lava lake ..... .......... .................... 88 

Figure 3.5a Maclennan Township Section ..................................................................... 89 

Figure 3.5b Levack Railway Section ...................................... .... ...... ....... ..... .. .. ....... ...... 90 

Figure 3.5c Creighton Mine section ............................................................................. .. 91 

Figure 3.5d Capreol Section .. ....................................................... .. .... ...... ............. ......... 92 

Figure 3.6 Diagram of the crystal settling and plagioclase flotation models ................. 93 
' 

Figure 3.7a Stratigraphic columns for crystal settling model. ....................................... 94 

Figure 3.7b Stratigraphic columns for plagioclase flotation model. .............................. 95 

Figure 3.8a FeO profile for average LKFM, crystal settling model. ............................. 96 

Figure 3.8b Ti02 profile for average LKFM, crystal settling model. ............... ............. 97 

Figure 3.8c FeO profile for average LKFM, plagioclase flotation model. .................... 98 

Figure 3.8d Ti02 profile for average LKFM, plagioclase flotation model. ................... 99 

Figure 3.8e FeO profile for average highland crust, crystal settling model. .................. 100 

Figure 3.8f Ti02 profile for average highland crust, crystal settling model. ....... ......... . 101 

Figure 3.8g FeO profile for average highland crust, plagioclase flotation model. ........ 102 

Figure 3.8h Ti02 profile for average highland crust, plagioclase flotation model. ....... 103 

Figure 3.8i FeO profile for low FeO crust, crystal settling model. ................. ............... 104 

Figure 3.8j Ti02 profile for low FeO crust, crystal settling model.. ........... .......... ......... 105 

Figure 3.8k FeO profile for low FeO crust, plagioclase flotation model. ...................... 106 

Figure 3.81 Ti02 profile for low FeO crust, plagioclase flotation model. .................... . 107 

Xl 



Figure 3.9 Cartoon of crater excavation model.. ............................................................ 108 

Figure 3.10 Ratios of differently colored sand in ejected mass ..................................... 109 

Figure 3 .11 a FeO for crystal settling model. ................................................................. 110 

Figure 3 .11 b Ti 02 for crystal settling model. ......................... ............................... ........ 111 

Figure 3.1 lc FeO for plagioclase flotation models ........................................................ 112 

Figure 3.1 ld Ti02 for plagioclase flotation models ...................................................... 113 

Figure 3 .12 Regolith gardening versus radial ejecta thicknesses ................................... 114 

Figure 3.13 Image of Orientale showing location of craters ........... .. , .............................. 115 

Figure 3 .14 FeO map of Orientale ................................................................................. 116 

Figure 3.15 Ti02 map of Orientale ....... ......................................................................... 117 

Figure 3 .16 Methods for constructing radial profiles .................................................... 118 

Figure 3.17 Radial average FeO and Ti02 profiles for example crater ......................... 119 

' Figure 3.18a Radial FeO individual profiles for example crater ................................... 120 

Figure 3.18b Radial Ti02 individual profiles for example crater .................................. 121 

Figure 3.19 Radial average FeO and Ti02 profiles for crater #21.. ............................... 122 

Figure 3.20 Radial average FeO and Ti02 profiles for crater #33 ................................. 123 

Figure 3.21 Radial average FeO and Ti02 profiles for crater #11.. ............................... 124 

Figure 3.22 Radial average FeO and Ti02 profiles for crater #12 ................................. 125 

Figure 3.23 Image of crater #20 showing FeO distribution ........................................... 126 

Figure 3.24 Radial average FeO and Ti02 profiles for crater #20 ................................. 127 

Figure 3.25 Plot of FeO versus radial distance .............................................................. 128 

Figure 3.26 Plot of Ti02 versus radial distance .............................................. .. ........ ..... 129 

Xll 



LIST OF ABBREVIATIONS AND SYMBOLS 

FH 

FM 

HIGP 

HIRES 

ISIS 

LID AR 

LKFM 

LOIV 

LWIR 

MH 

MM 

NIR 

PCS 

PGE 

SIC 

USGS 

UVVIS 

Fresh highland 

Fresh mare 

Hawaii Institute of Geophysics and Planetology 

High-resolution camera 

Integrated Software for Imaging Spectrometry 

Laser-ranger 

Low-K Fra Mauro basalt 

Lunar Orbiter IV 

Long-wave infrared camera 

Mature highlands 

Mature mare 

Near-infrared camera 

Percent crystallized solid 

Platinum group element 

Sudbury Igneous Complex 

United States Geological Survey 

Ultraviolet-visible camera 

Xlll 



CHAPTERl 
INTRODUCTION 

My dissertation research consisted of two main studies: a measurement of the 

thickness of mare basalt units and a study of impact melts sheets looking for evidence of 

differentiation. The Moon is an important object of study in planetary science, as it is a 

simple end member planet without water or an atmosphere to modify its surface. After its 

formation and initial differentiation, the major processes in lunar geology have been 

impact cratering and basaltic volcanism. This dissertation consists of two parts, each of 

which addresses one of these processes. The chapters were intended to be submitted 

independently as journal articles. The common thread to these projects is the use of data 

from the Clementine spacecraft and the use of impact cratering to probe what lies beneath 

the lunar surface. 
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CLEMENTINE MISSION 

The Clementine mission was the first targeted lunar mission in over twenty years. 

The goal of the mission was to provide uniform global coverage for the Moon. The 

spacecraft returned image data from 4 cameras at a variety of wavelengths. In addition, it 

provided global altimetry and gravity data. The science payload included an ultraviolet-

visible (UVVIS) camera, a near-infrared (NIR) camera, the laser-ranger (LIDAR) high

resolution (HIRES) camera, and a long-wave infrared (LWIR) camera [Nozette et al., 

1994]. I used the UVVIS data;· along with the LIDAR topography data in my studies. 

I was fortunate enough to spend three weeks at the Clementine operations center, 

"The Batcave," during operations for this mission. I helped with the instrument planning 

for the NIR camera. This work mainly consisted of plotting the range of data values 

returned after each orbit and, with the instrument engineer, making sure that the data was 
' 

not saturated and that it filled the dynamic range of the returned data. This was to 

maximize the contrast and keep the signal to noise ratio high. I gained valuable 

experience in how a spacecraft operates. This gave me a better understanding of how the 

data is collected. 

After returning from the Batcave, I began working with the UVVIS data. I found 

that the techniques which I had used with the NIR data were valuable in working with 

this data set. I wrote calibration routines to flat field the data and correct the photometry. 

At this point, members of the Clementine science team were rapidly updating the 

photometry. I went through several iterations of my programs for processing the data. 

Finally, the USGS ISIS programs became available at HIGP, and I started using them 

instead of my programs. Many ISIS routines were specifically written by the team at 

USGS to handle the Clementine data. My earlier work helped me to understand all the 
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steps in the ISIS processing. This gave me a better understanding of the value and 

limitations of the output data products. 

CLEMENTINE DATA PRODUCTS 

The importance of the Clementine UVVIS data set is that it provides near global 

coverage of the lunar surface, at moderate and uniform resolution (about 125 m/pixel) 

and in 5 bands at 415, 750, 900, 950, and 1000 nm. The bands were selected to maximize 

spectral information about the lunar surface. Additionally, this is a digital data set, unlike 

the previous photographic coverage, and can be easily manipulated on the computer. 

Previous coverage was poor on much of the lunar farside and near Orientale (see Plate 2 

in Wilhelms, [1987]). Clementine topographic coverage extends from high northern to 

high southern latitudes. Topographic coverage was previously limited to a few Apollo 
. 

ground tracks or limited areas where stereo photographic coverage was available. 

The 5 band color of the UVVIS data is very important. It allowed me to 

distinguish materials of different compositions. In addition, algorithms have been 

developed that allow estimates to be made of the FeO and Ti02 contents of materials 

exposed at the lunar surface [Blewett et al., 1997; Lucey et al., 1997]. 

CRATER EXCAVATION 

The main technique that I used for probing beneath the lunar surface was the 

detection and characterization of materials excavated by impact craters. Using 

knowledge of the cratering process, I estimated the initial locations of these materials 

beneath the lunar surface. This has proved to be a powerful technique for studying the 

lunar subsurface. 

3 



HUMORUM BASALTS 

My first project (Chapter 2) was a study of basalt thickness in Mare Humorum. I 

undertook this work to address the differences in basalt thickness estimates from three 

previous workers (De Hon [1974, 1975, 1977, 1979], Horz [1978], and Head [1982]). I 

used the Clementine UVVIS data and mixing models to look for highland material 

excavated by mare craters. Detection of highland material allowed me to estimate mare 

thickness. My results support the low thickness estimates of Horz [1978]. 

I used my thickness values to estimate a volume for mare basalts in Humorum. 

My results were significantly lower than previous estimates. Then I used the Clementine 

topography data to make another estimate of mare volume in Humorum. I compared 

radial topographic profiles of the basalt filled Humorum basin with scale profiles from 

Orientale. Using the best fit profiles outside the filed area, I determined the relative sizes . 
of the two basins. I then looked at the volume difference between the filled Humorum 

and the scaled, unfilled Orientale basins. This volume difference gave me another 

estimate of basalt volume in Humorum. The volume estimates from the two techniques 

were similar, lending confidence in the result. 

0RIENTALE DIFFERENTIATION 

My second project was to look for evidence of differentiation in the Orientale 

melt sheet. This project consisted of three parts: modeling of differentiation of the melt 

sheet, determining the expected FeO and Ti02 compositional profiles excavated from 

such a differentiated body, and examining the Orientale melt sheet for evidence of such 

differentiation. Differentiation was modeled using the program of Langi [per. comm.] 

with a variety of likely lunar starting compositions . I modeled two types of 

differentiation; crystal settling and plagioclase flotation. Expected profiles were 
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modeled using the results of the differentiation models and using crater excavation. I 

then compared the modeling results to profiles extracted from the data. Results are 

discussed in Chapter 3. 
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CHAPTER2 
BASALT THICKNESS IN MARE HUMORUM: 

THE CRATER EXCAVATION METHOD 

Submitted to the Journal of Geophysical Research with co-author Paul G. Lucey. 

ABSTRACT 

Basalt thicknesses in mare basins have been determined using assumptions about the 

premare topography of partly buried craters and by comparison to the Orientale basin. 

Differences in those assumptions have led to a factor of four difference in mare thickness 

estimates. Further, knowledge of thickness is restricted to areas in which buried craters 

are present. Using mixing models applied to multispectral images acquired by the 

Clementine spacecraft, we have shown that craters in the mare sometimes excavate 

highland material from below the mare cover. Using such craters and assumptions about 

their depth of excavation, we obtain independent estimates of basalt thickness. Our 

results are in agreement with the lower end of previous thickness estimates. These results 
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allow us to determine a volume of 40,000 km3 for basalts in Mare Humorum, 

considerably less than the approximately 110,000 km3 from previous estimates. We also 

confirm a diameter of 425 km for Humorum based on the Clementine gridded global 

topography, assuming an original morphology like Orientale. 

INTRODUCTION 

Basaltic volcanism is an important geologic process on the Moon [e.g., Taylor, 

1982; Wilhelms, 1987; Heiken et al., 1991]. It is a "process that was common to the 

terrestrial planets and which represented a significant part of planetary evolution" 

[Basaltic Volcanism Study Project, 1981]. The compositions of the mare basalts reflect 

the compositions of their source regions, since they formed by partial melting of those 

sources. Combining erupted volume with compositional information allows an estimate 

to be made of the size of the source region. The thicknesses of mare basalts can be used 

with their areal coverage obtained from geologic mapping to estimate the volume of mare 

fill. Head [1982] summarizes four basic approaches for determining mare thicknesses: 

1) Crater morphometry, 2) Stratigraphic and topographic relationships, 3) Geophysical 

techniques, and 4) Crater penetration. 

Morphological techniques have been developed to measure mare thicknesses . 

Baldwin [1970] proposed that, by assuming that buried craters had a characteristic shape, 

one could estimate the thickness of the mare partially burying a crater. Eggleton et al. 

[1974] made depth estimates using rings on mare surfaces left by buried craters. De Hon 

[1974, 1975, 1977, 1979] and De Hon and Waskom [1976] also used partially buried 

craters in the mare ~o estimate mare thickness. Whitford-Stark [1979] used partially filled 

craters and crater morphology to estimate the thickness of the thin fill in Mare Australe. 

De Hon and coworkers used the depth I diameter ratios of Pike [1967, 1974] to update the 

crater depth estimates of Baldwin and to calculate rim heights from diameters. They 
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noted, however, that this method only measures thickness of basalts deposited since the 

impact that formed the crater; earlier pre-impact basalt thicknesses are not measured. 

Horz [ 1978] made a study of crater shapes and concluded that craters were typically 

degraded more than De Hon estimated, and used this argument the halve the depths 

obtained by De Hon. 

Head [ 1977] pioneered the use of stratigraphic and topographic relationships for 

obtaining mare thicknesses. Regional slope and the presence of domes were used to 

obtain an upper bound on mare thickness. Head [1982] assumed the mare filled basins 

were roughly similar in shape to the young Orientale basin. He used this shape to make 

estimates of mare thicknesses and volumes in other basins. Head concluded that De 

Hon's estimates for mare thickness are low by a factor of more than 2, which implies 

Horz's estimates are low by a factor of four or more. 

' A variety of geophysical techniques have also been used to measure mare 

thicknesses. For example, Cooper et al. [1974] used seismic refraction data and obtained 

a depth of 1385 m for the mare flows which fill the Taurus-Littrow valley at the Apollo 

17 site. Other methods used to determine depth of the mare include orbital radar 

measurements [e.g., Maxwell and Phillips, 1978]. These methods have the limitation of 

poor spatial resolution or they require in situ instrumentation. 

Impact craters excavate subsurface material. A cratering event of sufficient size 

in the mare will penetrate the mare/highland contact and excavate material of highlands 

composition. This fact can be exploited to determine the depth of the mare-highland 

contact because remote sensing can be used to detect highland and mare materials and 

models of the cratering process allow us to estimate depths of excavation. 

Exploitation of the crater penetration technique has mainly been limited to 

compositional measurements such as those from the Apollo orbital x-ray spectrometer 

[Andre et al., 1979a, b] or to ground based spectroscopy [e.g., Lucey et al., 1991; Hawke 
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and Bell, 1981]. These techniques suffered due to poor spatial resolution (x-ray) or 

limited areal coverage. The Clementine spacecraft has returned spectral data of high 

spatial resolution for most of the lunar surface. We have used this data to develop the 

crater penetration technique as a tool for measuring the thickness of lunar spectral units. 

We used Clementine UVVIS data to study impact craters in Mare Humorum. We 

selected Mare Humorum because previous work suggested the existence of at least one 

crater (Gassendi 0) that excavated highland material from beneath the mare [Pieters et 

· al., 1975; Lucey et al., 1991]. Mare Humorum is a well studied lunar mare basin [e.g., .,, 

Johnson et al., 1973; Pieters et al., 1975; Lucey et al., 1991; Hawke et al., 1993]. 

Abundant spectral remote sensing data exists for it and the MHO spectral standard site is 

located on the mare [e.g., Johnson et al., 1973; Pieters et al., 1975]. 

Because of the importance of mare basalt volumes in determining the thermal 

' 
history of the Moon, we have undertaken this study to attempt ' to resolve the 

disagreements in mare depth estimation between previous workers. The purposes of this 

paper are as follows: (1) to fully describe our crater penetration technique for 

determining the thicknesses of geologic units, (2) to apply this technique to investigate 

the thickness of basaltic material in Mare Humorum, (3) to use our new knowledge of 

basalt thickness together with altimetry data to estimate basalt volumes within Humorum, 

and (4) to compare our results with those obtained by previous workers. Our results are 

presented below. 

METHODS 

The presence of highland material in the ejecta or interior of a crater in the mare 

indicates that the cratering event penetrated the mare/highland contact. The 

compositional difference between mare and highland material is readily detectable by 

spectral methods, so that highland material in sufficient abundance can be detected in 
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craters which have penetrated the mare. Combining the distribution and abundance of 

highland material with insight derived from studies of the impact process allow us to 

make estimates of the depth of the mare/highland contact. We use this to estimate mare 

basalt thicknesses in Mare Humorum. 

DETECTING HIGHLAND MATERIAL IN CRATER EJECTA 

We selected Clementine Ultraviolet and Visible Imaging System (UVVIS) 

[Nozette et al., 1994] images covering Mare Humorum. The UVVIS instrument collects 

data in five bands: 415, 750, 900, 950 and 1000 nm at a resolution of a few hundred 

meters per pixel. The data were flat fielded, calibrated, registered and combined into 5 

band image cubes using the Integrated Software for Imaging Spectrometry (ISIS) routines 

developed for Clementine at the USGS [M. Robinson and K. Becker, pers. comm., 1995-

1996]. The five band image cubes were then ready for use in our analyses. 

We selected all the craters in Mare Humorum that were larger than about 10 

pixels across in the UVVIS images (Figure 2.la); this includes almost all craters larger 

than about 2 km in diameter. We determined the diameters of several craters using the 

diameter in pixels and multiplying by the number of meters/pixel given by ISIS. We then 

used these craters as standards and measured the diameters of the rest of the craters using 

LO IV images. Our measured values of crater diameters are consistent with Andersson 

and Whitaker [1982] but we have increased the precision (to± 0.1 km from± 1 km) and 

extended the measurements to smaller craters. 

Our approach to determining the presence and abundance of highland material is 

to use spectral unmixing. We ran spectral unmixing models using the Spectral Image 

Processing System [Kruse et al., 1993] for the calibrated UVVIS image cubes showing 

craters in Mare Humorum. We first selected four end members for use in our mixing 

models and used areas in our images as the model end member components. The end 
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members were selected to be representative of the area based on geologic knowledge and 

ground based spectra. The end members and their corresponding areas are: mature mare 

(MM) - an area south of the MHO spectral standard site; fresh mare (FM) - the rim and 

wall of Gassendi J; fresh highland (FH) - the rim and walls of a small bright crater on 

Agatharchides H; mature highlands (MH) - a highland area NE of Mare Humorum. We 

did not refine the end members any further, as they were known to represent the materials 

of interest, 'lfld residuals were less than 1 % in our mixing models. 

We ran two and three component mixing models for various combinations of 

these end members [Kruse et al., 1993; Boardman, 1989]. The mixing models were all 

constrained so the amount of each end member was between zero and 1 and the sum of 

the end members was one or less [Kruse et al., 1993]. Outputs from this mixing model 

are image cubes with bands showing the amount of each end member, the sum of the end 

' 
members, and the residuals. We first ran a two component mixing model. near Gassendi J 

and R, typical craters away from the mare margin, to determine if we could distinguish 

fresh mare from mature mare. The results showed fresh mare exposed on the walls and in 

the ejecta blankets of craters on the mare, as expected, showing we are able to distinguish 

between these two materials. The crater Gassendi 0 has been shown by Pieters et al. 

[1975] and Lucey et al. [1991] to expose both highland and mare material. We ran a 

number of three component mixing models for the Gassendi 0 area using various 

combinations of the end members (Figure 2.2). The results which most clearly 

distinguished different materials came from a mixing model that showed fresh mare and 

fresh highlands excavated from the crater, which is located on a mature mare surface. 

After inspection of the initial results of our modeling using various end members, we 

chose to use three component models with the mature mare, fresh mare and fresh 

highland end members to search for excavated highland materials, since we were most 

interested in seeing excavated highlands materials. 
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Because of the much greater magnitude of albedo variation relative to color on the 

Moon, we were concerned that the mixing model results were dominated by albedo rather 

than composition. To test that the mixing model results were not simply mapping albedo, 

we normalized an image cube to the 750 nm band and ran a spectral mixing model on the 

resulting image cube. The results clearly showed fresh highland material excavated at 

Gassendi 0, as before, lending confidence to this analysis. 

After our initial mixing model work, Lucey et al. [1995, 1996] developed 

algorithms to determine FeO and -Ti02 contents of lunar surface materials. They 

generated FeO and Ti02 maps of the lunar surface at the -35 km scale (i.e. using each 

UVVIS frame as a single pixel) . We have used their algorithms to generate maps of FeO 

and Ti02 in individual image cubes (on a pixel by pixel basis) . We used these maps to 

detect materials of different FeO and Ti02 content excavated from beneath the lunar 

' 
surface. We used these as a check of the results of our spectral unmixing models. 

ESTIMATING DEPTH OF EXCAVATION 

We use impact craters to estimate mare thickness. To determine mare thickness 

from abundance and distribution of excavated highland material we must have some 

knowledge of the cratering process (Figure 2.3). Extensive studies have been done of the 

distribution of ejected material [Melosh, 1989 and references therein] and attempts have 

been made to trace material back to its point of origin [e.g., Stoffler et al., 1975]. The 

maximum depth of excavation is generally accepted to be 1110 the diameter of the 

transient crater [M elosh, 1989]. For simple craters ( < -14 km on the Moon), the final 

crater is a good approximation of the transient crater and we have confined our analysis 

to these simple craters. We also assumed that We have selected 1110 the crater diameter 

as the maximum depth of excavation of material. Thus, craters that expose subsurface 

material of different composition give unit thicknesses of <1110 the diameter of the 
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excavating crater. We use the amount of material excavated to make an estimate of the 

most likely thickness of the surface unit. Similarly, if no material of a different 

composition is excavated we obtain a lower bound on unit thickness (> 1110 diameter). 

Stofjler et al. [1975] discuss the distribution of ejecta from small experimental 

craters in layered sand targets. They plotted relative mass of ejecta from different depths 

versus radial distance in the ejecta blanket (Figure 2.4). By examining the relative 

amounts and radial distance of ejecta of different compositions and comparing the results 

to this figure, we obtain a qualitative estimate of depth of excavation. For example, if 

excavated FH material is restricted to within one crater radius from the rim, we obtain an 

estimate near the deepest limit of excavation, approximately 0.066 diameters. If FH 

material is present at greater than 4 crater radii from the rim, we obtain shallow depths 

(less than 0.034 diameters). For excavated FH extend to 2 and 3 crater radii from the 

crater rim, we obtain intermediate depths of 0.052 and 0.043 diameters. 

The results from Stofjler et al. [1975] experiments into noncohesive sand give a 

maximum depth of excavation of approximately 0.066 of the crater diameter. This is less 

than the 0.1 diameters from other estimates [Melosh, 1989]. We believe this is due to 

differences in the target characteristics. The formation of simple craters on the Moon 

(<14 km [Pike, 1974]) is dominated by target strength. Larger lunar craters and craters in 

strengthless targets (like sand) are dominated by gravity. These craters have lower depth 

I diameter ratios than simple craters. Since we are concerned here with quantitative depth 

estimates, we corrected for this difference. Therefore, we adjusted the depth estimates 

from Stofjler et al. [1975] by a factor of 1.5 so the maximum depth estimates match. This 

gives us depths of 0.1, 0.078, 0.064 and 0.051 for ejecta confined within 1, 2, 3 and 4 

crater radii from the rim. 

Additionally, we need to make adjustments for the presence of preexisting surface 

material. The continuous ejecta blanket provides complete coverage only out to about 1 
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radius from the crater rim [Melosh, 1989]. For small craters, this deposit is largely 

ejected material. Regolith gardening will mix in local material with the ejecta at the 

surface. The age of the mare surfaces in Humorum are 3.2 to 3.6 Ga (Boyce 1976). 

Regolith thickness produced over a given period of time can be calculated using 

t = 2.08A 0.64 

where tis the thickness in meters and A is the age in Ga [Quaide and Oberbeck, 1975]. 

For ages of 3.6, 3.2, 2.0, 1.0, and 0.5 Ga the thicknesses are 4.72, 4.38, 3.24, 2.08, and 

1.33 ·meters. The craters where we detected excavated highland material are Copernican 

in age, with one exception, Kelvin Don the mare edge [Titley, 1967]. Since these craters 

are less than -1 Ga in age, we need an ejecta blanket thickness of >2.08 meters to 

preserve the original composition of the ejecta blanket. 

Ejecta thicknesses can be calculated using equation 6.3.2 in Melosh [1989], 

t=0.14R0.74(r/R)-3.0 

where t is thickness, R is the crater radius, r is the distance from the crater center and all 

values are in meters. We calculated ejecta thickness for 1, 3, 5, and 7 km radius craters 

and compared these to regolith thickness values. The crossover points show where we 

expect the ejecta blanket to begin to be gardened into the preexisting material. For 

Copernican craters of 1, 3, 5, and 7 km radius, this effect will start at 2.2, 2.9, 3.3, and 3.6 

radii respectively. This will restrict the distribution of ejected material that can be 

detected. 

Additionally, the value we pick is a function not only of the radial extent but also 

the distribution of ejected material. For less uniform distributions we used greater error 

estimates. We have combined the results of this method with our mixing model results 

and with geologic context to make our depth estimates. 
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RESULTS 

We have analyzed forty four selected craters in Mare Humorum in order to obtain 

estimates of mare thicknesses. For the craters that did not show highlands material in 

their ejecta or interior, we selected 1/10 the crater diameter as a lower bound for mare 

thickness. For the craters that excavated highland material we obtained thicknesses of 

less than 1/10 the crater diameter in all cases. We made more detailed thickness 

estimates for these craters by examining mixing model results in image form (Figure 2.5). 

The methods described above were used together with the geologic context of the crater 

to make a final estimate of the depth to the mare/highland contact. Details of the depth 

estimates for several individual craters excavating FH are discussed below. Results for 

other craters are shown in Table 2.1. 

Hippalus A is an 8.0 km diameter crater in eastern Mare Humorum. Results of 
. . 

our mixing model show FH and FM present in the crater and its exterior deposits (Figure 

2.5a). Using one tenth the crater diameter as our estimate constrains basalt thickness as 

less than 800 m. However, additional information is present which allows us to better 

constrain our estimate. Major amounts of FH is present slumping down the wall and near 

the rim of the crater. A lesser amount of FH material is present in the ejecta blanket. FH 

material in the ejecta blanket extends to three crater radii from the crater rim. This 

distribution suggests, using Figure 2.4, that the mare/highland contact is shallower than 

the deepest depth of excavation. We estimate mare thickness at 300 ± 100 m. 

Liebig FA is a 3.3 km diameter crater in western Mare Humorum. This crater 

shows an ejecta blanket that is mostly FM, but with a distinct ring of FH near the crater 

rim (Figure 2.5b ). Note the excellent agreement with the idealized case shown in Figure 

2.3. We estimate mare thickness at 300 ± 50 m. 
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Vitello E is 7 .0 km diameter crater in southern Mare Humorum. Abundant FH 

material is excavated with some MM present in the wall and slumped down into the bowl 

of the crater. A small crater in Vitello E's ejecta blanket excavates FH from beneath a 

MM surface. The abundance of FH material together with the presence of some mare 

material suggests a relatively shallow contact. FH material appears out to at least two 

crater radii from the rim. We estimate the thickness at 200 ± 100 m. 

Gassendi 0 is 10.8 km in diameter and located in northeastern Mare Humorum. 

Lucey et al. [ 1991] noted that highland material is present in the mare at Gassendi 0 in 

Mare Humorum. Our results show FH exposed in the SE quadrant of the crater and 

ejecta blanket, but only in this quadrant (Figure 2.2). Lucey et al. [ 1991] show consistent 

results at much lower resolution. Slumping of FM material and the presence of FM high 

on the crater wall in this sector indicate a low amount of penetration into the highland 

layer beneath the mare. FH material is confined to within one radius of the crater rim. 

We interpret this as a deep contact with complicated structure, such as a buried hill or 

crater rim, and estimate the mare thickness here as 500 ± 200 m. 

Gassendi OA is 4.5 km in diameter and located northeast of Gassendi 0. The 

crater shows a ring of FH but with some FM in the walls, which suggests an intermediate 

depth of excavation. Excavated FH material extends out to two radii from the crater rim. 

We estimate thickness at 200 ± 50 m. 

DISCUSSION 

Mare Humorum is a Nectarian age basin centered at 24°S, 39°W on the lunar 

nearside [Spudis, 1993]. Stratigraphic relationships suggest it is one of the young lunar 

basins [Wilhelms, 1987]. The basin has been flooded in the center and patchy deposits 

occur around the basin. Head [1982) suggested the flooding is to a level similar to the 

Outer Rook ring of Orientale. 
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Previous isopach maps of basalt thickness in Mare Humorum were based on a 

small number of control points. De Hon [1977, 1979] made isopach maps of basalt 

thicknesses for the western maria, including Humorum. His Figure 2 [De Hon, 1977] 

shows the sparse distribution of control points he used (12 points in Humorum). The 

small number of data points limit the accuracy of such a map. In addition, other workers 

disagree with his depth measurements, preferring values that are lower (Horz, 1978) or 

higher [Head, 1982] by a factor of two. We have used our new method to provide 

additional depth data points in Mare Humorum (Figure 2.1 a). The locations of our 

craters and those of De Hon [ 1977] are shown in Figure 2.1. A number of these craters 

excavated highland material from beneath the Mare Humorum (Table 2.1). Most of the 

others provide lower bounds to mare thickness. Our work provides 44 data points, 

significantly more data points than the twelve of De Hon [1977, 1979]. 

De Hon's control points and our craters are at different locations. In order to 

compare the results of our method to those of De Hon [ 1977, 1979], we first estimated 

the De Hon model thickness of the mare using his isopach maps. De Hon's actual crater 

control point locations are listed in Table 1 of De Hon [1977]. We located his selections 

on the geologic map of Mare Humorum [Titley, 1967]. We used the locations of our 

craters (see Figure 2.1) relative to the isopachs to estimate the De Hon depth. By 

measuring the location of a crater between two isopach lines and using the fraction of the 

distance, rounded to the nearest 50 m (115 of a isopach separation), we obtained our best 

estimate for De Hon's mare thickness at each crater. Results are shown in Table 2.1. 

Horz's estimates are obtained by dividing De Hon's results by 2 and Head's are 

approximated by multiplying De Hon's results by 2. 

We plotted our measurements versus those obtained from the isopach map of De 

Hon in order to compare our results of those of De Hon and others. Figure 2.6 shows our 

measurements versus those of De Hon, Horz and Head. The 1: 1 correlation with De Hon 
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is plotted as a solid line, the 1: 1 correlation with Horz is plotted as a dashed line and the 

1: 1 correlation with Head is plotted as a dot-dash line. There is considerable scatter in 

the data points, but the fit shows that the thickness is in general much less than the De 

Hon estimate. 

Since Figure 2.6 shows so much scatter, we wanted another way to compare our 

measurements to those of De Hon, Horz, and Head. Since the locations of our 

measurements don't coincide with those of De Hon, we took the difference in thickness 

between our measurements and those at the nearest tie point of De Hon [1977]. We then 

plotted these differences versus the distance to the nearest tie point (Figure 2.7). Again, 

the estimates of Horz are closest to our values, supporting lower mare thickness 

estimates. 

An important conclusion of this work is that our results support the crater 

degradation model of Horz [1978]. This result clearly implies that the mare thicknesses 

reported by De Hon are everywhere overestimated by a factor of two. This conclusion 

should be taken into account in models for the total volume of mare basalt and mare 

basalt loading in basins. Note that our conclusions here are different than in previously 

published abstracts [Budney and Lucey, 1995, 1996]. 

Based on these results, we constructed a new isopach map of basalt thickness in 

Mare Humorum (Figure 2.lc). This map thins the mare near the edges of the basin and 

restricts the zero isopach to the current mare margin. 

Staid et al. [1996], as part of their study of Mare Tranquillitatis basalts, made 

several estimates of mare thicknesses. They obtain results that are both thicker and 

thinner than those of De Hon. They interpret this difference as due to the sparse sampling 

of the De Hon data and suggest that in general thicknesses are actually greater than those 

of De Hon. However, these conclusions are based on a small number of data points. In 
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addition, the greater thickness estimates are associated with complex craters, where the 

simple 1110 depth to diameter ratio may not hold. 

The thickness of mare basalts is important for determining mare volume, vertical 

mixing and other lunar problems. The disagreement on mare basalt thickness between 

the work of De Hon, Horz, and Head makes it difficult to constrain modeling of these 

problems. Our technique is an independent way of testing these three hypotheses. 

MARE VOLUMES 

One reason we estimate mare thicknesses is to use the measurements to determine 

mare volume. Mare volume is mare thickness times areal coverage. Estimates of the 

fraction of melting times the volume gives the size of the source regions [see discussion 

in Head and Wilson, 1992]. Volumes can be used to derive eruption flux over geologic 

time. This has implications for heat input into the source regions and the thermal history 

of the Moon. We estimate mare volume in Humorum using two methods: 1) volumes of 

rotation fitted to our thickness measurements and 2) topographic comparison with 

Orientale. 

We constructed a radial profile of basalt depth in Mare Humorum to estimate 

mare volumes and compare our results to other impact basins and previous results. To do 

this we measured the locations of craters and plotted altimetry (relative to lunar mean) 

and altimetry minus basalt thickness versus distance from basin center to basin margin. 

We did this both with only the craters that excavated FH and with all our craters. We 

have assumed the basin is radially symmetric, which is probably a good first order 

approximation based on the general shapes of craters. We then fitted both first and 

second order polynomials to the surface altimetry and the altimetry minus our basalt 

thicknesses to obtain our radial profiles (Figure 2.8). We obtained the volume of mare 
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basalts in Humorum by rotating our radial profile about the basin center and integrating 

the volume swept out (Table 2.2). 

We estimate mare volumes in Humorum by comparison with Orientale (the 

freshest lunar basin). This is a logical extension of the earlier work of Head [1982], 

although we come to a different conclusion. We have assumed for this work that the 

Orientale and Humorum basins are basically similar in shape and differ only in size. This 

is consistent with the proportional growth model of basin formation [Spudis et al., 1984; 

Spudis, 1993] . We relied on the efforts of previous workers to obtain our relative size 

estimates for the two basins. 

Different workers obtain different estimates for the size of Humorum. To 

minimize this problem in part of our following discussion, we used matching pairs of 

estimates for the size of both Humorum and Orientale. Wilhelms [ 1987] gives diameters 

of 820 km for Humorum and 930 km for Orientale. Melosh [1989] gives diameters of 

410 km for Humorum and 620 km for Orientale, although these are for the most 

prominent rings, not necessarily equal to the basin diameter. Spudis [1993] gives 

diameters of 425 km for Humorum and 930 km for Orientale. Spudis and Adkins [1996] 

give diameters of 825 km for Humorum and 930 km for Orientale. 

We obtained the Clementine gridded global topography data [G. Neumann, per. 

comm., 1996; see also Smith et al., 1997] for use in comparing our results at Humorum 

to other basins. We selected basin centers and plotted distance to basin center versus 

altitude for Humorum and Orientale basins. There is significant scatter in the data so we 

binned the data by 10 km distance intervals and plotted a radial mean al time try with one 

sigma error bounds. We then scaled the Orientale profile based on the relative size of the 

four measurements discussed above. We then vertically offset the Orientale data and 

plotted it over the Humorum data so we could compare basins profiles . Since the center 
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of Humorum is filled with basalt, the offset was chosen to give the best fit at the basin 

margins. We also plotted our altitude corrected depth measurements for Mare Humorum. 

We obtained the best correlation for Humorum to Orientale by visual inspection 

of our plots. This choice uses the diameters ( 425 km for Humorum and 930 km for 

Orientale) from Spudis [1993] with approximately 2800 meters of vertical offset (Figure 

2.9). The profile implies a minimum basalt thickness in the center of Humorum of 1400 

m; the thickness of the basalts in Orientale would need to be added to this to get a total 

thickness estimate. None of the excavations of highland material occur in the thick 

central part of the basin. We used these profiles to make a minimum estimate of mare 

basalt volume in Humorum. We took the difference between the Humorum and Orientale 

profiles, rotated around the basin center and integrated to obtain a volume of rotation. 

Results are shown in Table 2.2. 

We have derived mare basalt volumes in Humorum using several methods 

summarized in Table 2.2. Our estimates are all about 40,000 cubic km of fill. Solomon 

and Head [1980] used a basalt load of 110,000 to 120,000 cubic km in their geophysical 

modeling of Humorum. Our estimate is over a factor of two lower than their estimate. 

This would reduce the load in the basin. One geologic implication is that the lithospheric . 

thickness would be considerably less than they modeled. 

OTHER GEOLOGIC IMPLICATIONS 

Thin fills in the mare have important implications for the extent of vertical mixing 

[Head, 1982]. Reduced mare thickness would either increase the amount of material 

mixed in or imply that vertical mixing is less efficient that previously suspected. Mare 

thickness measurement can also be used for other purposes. H orz [ 1978] notes that his 

thin fills conflict with some geophysical interpretations. He suggests the presence of a 

competent impact melt sheets beneath the mare to explain the differences. Such a melt 

sheet is visible around the edges of the mare in the Orientale basin, but its distribution 
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and thickness in the center of the basin are unknown. The extent of such melt sheets 

would have important implication for lunar sample provenance [e.g., Norman, 1994]. 

CONCLUSIONS 

The crater penetration technique is a useful method for determining the thickness 

of geologic units. Spectral methods can be used to distinguish different materials for use 

in this technique. The Clementine spacecraft has returned multispectral data of sufficient 

resolution to make well constrained estimates of the point of origin of excavated 

materials. 

We have applied the crater penetration technique to the problem of mare basalt 

thickness in Mare Humorum. We obtain estimates of thickness that are closer to those of 

Horz than those of De Hon or Head. This suggests basalt thicknesses are on the lower 

end of the previously suggested range. Our work supports the crater degradation model 

of Horz. Lower thickness estimates should be used in future modeling, for example, of 

vertical mixing. 

Mare basalt volumes in Humorum are less than half of previous estimates. This 

suggests that basalt loads are much less than those previously modeled. Geophysical 

modeling must take into account these new results. In addition, global surface volcanic 

output may be lower than previously estimated, suggesting reduced heat flow or a higher 

difficulty in transporting molten material to the lunar surface. 
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TABLE 2.1. CRATERS IN HUMORUM 
# Crater name t Latitude Longitude Diameter Mare Thickness(m) 

(km) De Hon * This work 

1 Doppelmayer J 24°29·s 41°3·w 5.6 >1500 >560 
2 Doppelmayer K 24°2·s 40°3s·w 5.4 >1500 >540 
3 Doppelmayer L 23°37' s 40°2s·w 4.4 >1500 >440 
4 Doppelmayer S 28°7' s 43°36'W 4.4 100 ± 50 200± 50 
5 Doppelmayer S( 1) 21°49'S 44°45'W 4.2 0- 50 0±50 
6 Doppelmayer T 25°58'S 43°12·w 3.0 900 ± 50 150 ± 50 
7 Doppelmayer T( 1) 24°39'S 42°3s·w 3.8 >1500 >380 
8 Gassendi J 21°35's 36°58'W 9.2 850 ± 50 >920 
9 Gassendi J( 1) 20°39·s 35°49'W 2.5 400± 50 >250 

10 Gassendi 1(2) 20°11' s 35°43'W 2.1 300± 50 >210 
11 Gassendi JA 22°22·s 37°33'W 3.2 1450 ± 50 >320 
12 Gassendi L 20°22·s 41°38' w 5.6 950± 50 450 ± 100 
13 Gassendi L( 1) 19°5s·s 42°53·w 3.2 650± 50 >320 
14 Gassendi 0 21°55' s 35°0' w . 10.8 450± 50 500± 200 
15 Gassendi OA 21°12·s 34°21' w 4.5 200 ± 50 200± 50 
16 Gassendi R 21°56' s 37°43'W 4.0 1250 ± 50 >400 
17 Gassendi T( 1) 19°5·s 37°2o·w 5.5 x 4 400 ± 50 >400 
18 Gassendi TA 18°4' s 35°39·w 3.7 150 ± 50 >370 
19 Gassendi TA( 1) 17°58' s 36°12·w 2.7 150 ± 50 >270 
20 Gassendi Y 20°53' s 38°24'W 5.0 1000± 50 >500 
21 Hippalus A 23°46'S 32°46' w 8.0 600± 5·0 300± 100 
22 Hippalus B 25°23·s 30°18'W 5.4 600± 50 50±50 
23 Hippalus B( 1) 24°49' s 31°56'W 2.9 750± 50 >290 
24 Hippalus C 24°8'S 30°32' w 3.6 750± 50 300±50 
25 Kelvin D 27°55·s 33°18'W 6.0 50±50 50±50 
26 KelvinF 26°47' s 35°36' w 3.7 400± 50 >370 
27 Kelvin G 26°12'S 33°52·w 2.6 200± 50 >260 
28 Liebig F 24°39·s 45°4o·w 8.7 600± 50 0±50 
29 Liebig F(l) 24°8'S 44°54'W 2.6 800± 50 >260 
30 Liebig F(2) 23°18'S 44°43·w 2.4 850 ± 50 >240 
31 Liebig FA 24°4s·s 44°57' w 3.3 750 ± 50 300± 50 
32 Loewy B 23°12·s 32°51' w 4.0 500± 50 0±50 
33 Puiseux A 26°32'S 39°42·w 3.2 1050 ± 50 >320 
34 Puiseux A( 1) 26°46'S 39°5o·w 2.0 950± 50 >200 
35 Puiseux B 25°43' s 38°50' w 3.6 1450 ± 50 >360 
36 Puiseux C 24°42' s 37°46'W 3.1 >1500 >310 
37 Puiseux D 25°43' s 36°6'W 7.2 700± 50 >720 
38 Puiseux F 23°24·s 38°48'W 4.2 >1500 >420 
39 Puiseux G 28°14'S 37°43'W 3.3 350 ± 50 >330 
40 Puiseux G(l) 27°48'S 38°7' w 2.4 550 ± 50 >240 
41 Puiseux G(2) 26°57' s 37°57' w 2.3 750 ± 50 >230 
42 Puiseux H 27°24' s 36°56'W 4.0 500 ± 50 >400 
43 Vitello E 29°8'S 35°4o·w 7.0 50± 50 200 ± 100 
44 Vitello E( 1) 28°22' S 35°49'W 1.8 200 ± 50 50±50 

t Informal names in italics. *Estimated mare thickness from De Hon [1977]. 
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TABLE 2.2. HUMORUM BASALT VOLUMES (KM3) 

Previous workt 110,000-120,000 

Volume of rotation 

linear 

quadratic 

linear with lower bounds 

quadratic with lower bounds 

Relative to Orientale profile 

tSolomon and Head [1980] 

24 

39,700 

37,900 

44,200 

41,300 

39,700 



B 

Liebig 

Lie~ig F(2) 

Ll~gF(1) 

GASSEN DI .......,,,,~~" 

S.Rim 
Gassendi 

GassendiTA 

Gassendi T~1) ~assendi T 

Gassendi J_(2) "\j ....------' 
0 

GassendiY 
0 

Gassendi J (1) 
0 

Doppelmayer L O 

Ooppelmayer K 0 

Gassendi J 

GassendiR 0 
0 

Gassendi JA 
0 

OPuiseux F 

0 
Gassendi OA 

0 
Gassendi o 

Liebig FA 0 ° Doppelmayer J • 0 
o Doppelmayer T (1) Puiseux C 

Doppelmayer T 
0 

Puiseux B o 

hill* 

PuiseuxA 
0 

Puiseux A (1) • 

Puiseux DO 

Puiseux G (2) 
0 

Kelvin G • 
KelvinF 

0 

Doppelmayer s · Q 
oPuiseuxH 

o Puiseux G (1) 

o PuiseuxG 
PUISEUX • 

Vitello E (1) 

Vitello () 

c 

A 

Figure 2.1 Map of Mare Humorum. (a) Locations of craters used in this study. Crosses 

show location of De Hon measurements. Craters in italics indicate detection of excavated 

fresh highland material. Star indicates hill of highland material (Doppelmayer Eta) 

surrounded by mare. (b) Isopach map of Humorum basalt thickness after De Hon 

[1977]. (c) New isopach map from this work. Maps extend from 30 to 48 Wand 16 to 

26 S, approximately 500 x 500 km. North is to the top. 
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Figure 2.2 Mixing model results at Gassendi 0 . Top left - 750 nm image. Middle 

left - fresh highland. Bottom left - FeO. Top right - mature mare. Middle right -

fresh mare. Bottom right - Ti02. Note presence of fresh highland material in the 

southeast quadrant of the ejecta blanket. Gassendi 0 is 10.8 km in diameter. North 

is to the top. 
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Figure 2.3 Cartoon of crater excavation model. A - plan view. B - cross section. Both 

craters are on a mature mare (MM) surface underlain by fresh highland (FH) material. 

The larger crater shows a ring of fresh highland (FH) material excavated and deposited on 

the surface closest to the crater rim. The smaller crater shows fresh mare (FM) material 

only excavated to the surface. Note that even though this crater penetrated into the FH 

unit, no FH was excavated to the surface. 
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Figure 2.4 A) Ratios of differently colored sand in ejected mass versus distance from 

crater center for vertical gun cratering experiment into noncohesive sand. B) Preimpact 

target stratigraphy for impact experiment. [For this experiment, the final crater diameter 
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Mixing model results at Hippalus A (a) and Liebig FA (b). Top left - 750 nm image. 
Middle left - fresh highland. Bottom left - FeO. Top right - mature mare. Middle 
right - fresh mare. Bottom right - Ti02. Note that fresh highland material occurs 
around the rim of the craters in the ejecta blanket; fresh mare material is depleted in 
the corresponding area. Low FeO excavated highland material is distinct in the 
Hippalus A FeO image (and suggested in the Ti02 image). Note smaller crater 
excavating only fresh mare to the ENE of Hippalus A. Hippalus A is 8.0 km in 
diameter. Liebig FA is 3.3 km in diameter. Saturation in the images is an artifact of 
the stretching process used to display the images. North is to the top in all images. 

Figure 2.Sa Mixing model results at Hippalus A. 
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Figure 2.Sb Mixing model results at Liebig FA. 
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Radial profiles used for volumes of rotation calculations for craters excavating highland 

material. a) Linear profiles. b) Quadratic profiles. Solid line is fit to altimetry data and 

represents the mare surface. Dashed line is fit to altimetry minus thickness data and 

represents the base of the mare. *= Clementine altimetry value at measured crater. 

Diamond = altimetry minus our thickness measurements. Volumes were calculated from 

the area between the two curves rotated about the vertical axis for these examples and are 

shown in Table 2.2. Additional cases with estimated lower bound data from Table 2.1 

were also calculated but are not shown. 
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Comparison of Humorum (solid line) and Orientale (dashed line) Clementine altimetry 
profiles. Darker lines are radial means. Thinner lines are 1 sigma variations. Orientale 
has been reduced in size by a scale factor and the altitude offset to match at 240 km 
distance. Diamonds show mare thickness measurements from this work adjusted to 
average Humorum altimetry. Volume is integrated difference between the two profiles. 
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CHAPTER3 
DID THE ORIENTALE MELT SHEET 

DIFFERENTIATE? 

To be submitted to the Journal of Geophysical Research with co-authors G. Jeff Taylor 

and Paul G. Lucey. 

ABSTRACT 

Differentiation of lunar basin impact melt sheets would have important implications for 

our understanding of the lunar crust. Modeled differentiation of various lunar basin 

impact melt starting compositions show that it is possible to generate vertical 

compositional profiles with strong FeO and Ti02 variations. Cratering models show 

excavation of materials from a differentiated melt sheet can produce radial FeO and Ti02 

profiles that can be discriminated using Clementine UVVIS data. Analysis of craters and 

their ejecta in the Orientale melt sheet show no detectable FeO and Ti02 variations. This 

supports the model of Orientale melt sheet as an undifferentiated body. 
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INTRODUCTION 

Impact cratering is a fundamental geological process on the Moon. The surface of 

the Moon is covered with craters ranging in size from microscopic pits on mineral grains 

to the 2600 kilometer diameter South Pole-Aitken basin. Large impacts are responsible 

for shaping the most visible lunar surface features. Large impact basins were apparent to 

early lunar workers [Baldwin, 1949; Hartmann and Kuiper, 1962; Hartmann and Wood, 

1971]. Recent compilations list· over 40 multiring basins on the Moon [Wilhelms, 1987; • 

Spudis, 1993]. The basin forming process sculpted distinctive land forms and is the 

primary mechanism for transporting material laterally across the lunar surface. 

Impact melt sheets are generally thought to be uniform in composition, showing 

no signs of differentiation [Dence, 1971; Howard, 1974; Hawke and Head, 1977; 

Grieve et al., 1977; Grieve and Florin, 1978; Phinney and Simonds, 1977; Florin et al., 

1978; Palme et al., 1979; Simonds and McGee, 1979; Grieve, 1991; Stoffier et al., 

1994]. However, the Sudbury Igneous Complex may be a differentiated impact melt 

sheet [e.g., Grieve et al., 1991]. Impact theory predicts that the clast contents of impact 

melts get lower with larger impact size [Melosh, 1989]. Since clasts are important in the 

initial cooling of impact melts [Onorato et al., 1978], theoretical results suggest larger 

impact melt sheets may remain hot long enough to differentiate. Thus, the large Orientale 

impact melt sheets may have differentiated. We studied the melt sheet composition at 

Orientale to check for signs of differentiation. 

Evidence of impact melt is common at lunar craters larger than a few kilometers 

in diameter and melt sheets are common on the floors of craters more than a few tens of 

kilometers in diameter [Dence, 1971; Howard, 1974; Hawke and Head, 1977]. Melt 

sheets have been identified in impact basins; the Maunder formation in the interior of 

Orientale has been interpreted as an impact melt deposit produced during this basin 
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forming event [see in Wilhelms, 1987; Spudis, 1993]. Cratering theory predicts impacts 

should produce melt in proportion to their size [Melosh, 1989; Warren et al., 1996]. The 

large number of impacts and the common occurrence of impact melt suggests that impact 

melt rocks should be common on the lunar surface. Indeed, impact melts are common in 

the lunar sample collection, comprising 30-50 % of these materials [Heiken et al., 1991]. 

If impact models are correct, the proportionately larger volume of melt from larger 

impacts suggests that basins melts may be common. Certain samples have been 

interpreted as such [Spudis and Ryder, 1981; Spudis, 1993]. 

The relatively common occurrence of impact melt materials suggests their nature 

is important for interpreting the lunar sample collection and lunar geologic history. 

Current understanding based on studies of smaller terrestrial impact craters suggests 

impact melts from a single event have a uniform composition [Heiken et al., 1991; 
' 

Dence, 1971; Grieve et al., 1977; Florin et al. , 1978; see below]. For example, an 

intensive investigation of the 100 km terrestrial crater Manicouagan has demonstrated 

that the melt sheet is chemically homogenous, both vertically and horizontally, and can 

be modeled as a mixture of the target lithologies [Florin et al., 1978; Phinney et al., 

1978]. 

It is not known if the compositional uniformity of melt sheets scales up to large 

impact basins. Grieve et al. [ 1991] suggested that the Sudbury Igneous Complex (SIC) is 

a differentiated impact melt sheet. They showed that the SIC could be a mix of the target 

lithologies. Norman [ 1994] disagreed argued for an endogenous origin for the SIC. He 

presented textural and isotopic evidence more consistent with an endogenous origin. He 

argued that the case for impact origin for the differentiated SIC should be compelling. He 

notes that the presence of differentiated impact melt bodies on the Moon would have 

important implications for our understanding of the lunar crust, especially for 

interpretations derived for the study of "pristine" lunar highland cumulates. For example, 
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many of the samples currently considered of endogenous origin might be formed in 

impact events [Spudis, 1993]. 

Differentiation of an impact melt sheet could produce chemical trends that might 

be visible through remote sensing. Impact craters excavate material from beneath the 

surface and deposit them as ejecta on the surface. Our knowledge of the cratering process 

allows us to estimate where these materials originated. The vertical compositional 

variations produced during differentiation would be excavated by craters penetrating the 

melt sheet. By examining the compositions of the various ejecta deposits, we can 

determine the vertical composition of the melt sheet. The Clementine UVVIS instrument 

acquired images in 5 bands for most of the lunar surface [Nozette et al., 1994]. With this 

data, it is possible to make estimates of surface compositions, including FeO and Ti02 

[Lucey et al., 1995, 1996, 1997; Blewett et al., 1997]. We have used Clementine UVVIS 

images to probe the Orientale impact melt sheet to look for compositional heterogeneity 

and evidence of differentiation. 

IMPACT MELT SHEETS 

Terrestrial impact melts have been studied and, in general, they are uniform in 

chemical composition [Heiken et al., 1991; Dence, 1971; Grieve et al., 1977; Florin et 

al., 1978; ·see below]. The melt composition is a mixture of the target rocks [Dence, 

1971; Grieve et al., 1977; Grieve, 1991]. Any differences can usually be explained by 

variations in degree of assimilation of included target clasts [Grieve et al., 1977; Grieve 

and Florin, 1978]. Variations are more common in simple structures with small amount 

of melt [Grieve et al., 1977]. Melts are chemically homogenized across the 65 km 

Manicouagan melt sheet and down to the scale of cubic millimeters [Phinney and 

Simonds, 1977]. Melt rocks can be texturally diverse. Grain sizes coarsen upwards from 

base towards the center of the melt sheet [Phinney and Simonds, 1977]. Lithic and 
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mineral clasts are present in varying amounts; however, these clasts do not accurately 

reflect the abundances of the source regions [McCormick et al., 1989; Grieve, 1991]. 

Clast compositions are biased towards the more refractory source material [Onorato et 

al., 1978]. 

Figure 3.1 shows comparisons of three major elements it the melt sheets of four 

terrestrial impact melt sheets. We chose FeO and Ti02 because these are the elements we 

can measure using our data; Si02 because it is the most common rock forming element. 

Figures 3. la-c show the data for Manicouagan. The melt sheet forms a tight cluster 

[Florin et al., 1978] within the field of the basement (target rocks) [Grieve and Florin, 

1978]. Figures 3.ld-i are for the East Clearwater [Palme et al., 1979] and Lake St. 

Martin [Simonds and McGee, 1979] impact melts. These also show good clustering of 

the melt sheet within the field of the basement. Figure 3. lj-1 show the data for Sudbury 

[Stoffler et al., 1994]. The melts are not as clustered as for the previous· craters because 

the melt sheet, the Sudbury Igneous Complex, is differentiated. Nevertheless, the melt 

compositions still fall within the field of the surrounding basement. 

An undifferentiated impact melt sheet is expected to be relatively uniform in 

composition [e.g., Dence, 1971; Florin et al., 1978] both horizontally and vertically. 

Terrestrial melt sheets are uniform in composition up to craters the size of Manicouagan 

(100 km diameter crater; 65 km melt sheet). However there is still debate over whether 

this extends to larger craters and basins on the Earth and Moon. Larger melt bodies 

would cool more slowly, allowing time for differentiation to occur. At the Sudbury 

impact structure, many workers think the Sudbury Igneous Complex is a differentiated 

impact melt sheet (see below). 
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SUDBURY 

The Sudbury Structure is a roughly elliptical body in the Precambrian rocks of the 

Canadian shield. It consists of the Sudbury Basin, the Sudbury Igneous Complex (SIC), 

and the surrounding brecciated basement rocks. The SIC consists of an upper 

granophyric layer and lower norite. Krogh et al. [1984] obtained an age of 1850±1 

million years for the igneous crystallization age of the igneous bodies that compose the 

SIC. The SIC is overlain by the Onaping Formation, pyroclastic-looking rocks composed 

of devitrified glasses, shocked basement rock fragments, and sulfides [Faggart et al., 

1985; Stoffier et al., 1994; Pye et al., 1984]. The Sudbury Structure has been variously 

interpreted as endogenously formed [e.g., Muir, 1984], as an impact structure that 

triggered subsequent igneous activity [e.g., Peredery and Morrison, 1984], or as an 

impact structure with melt sheet [e.g., Grieve et al., 1991]. 

The presence of shatter cones and ring structures argue conclusively for an impact 

origin for the Sudbury Structure. The original crater at the Sudbury Structure was 

originally thought to be about 50-100 km in diameter, comparable or a bit larger than the 

size of the SIC. However, more recent work suggests diameters of 200 km or larger 

[Peredery and Morrison, 1984; Grieve et al., 1991; Deutsch and Grieve, 1994; Stoffier 

et al., 1994; Spray and Thompson, 1995]. Peredery and Morrison [1984] estimate a 

diameter for the Sudbury Structure of -190 km based on the zones of brecciation around 

the structure. Deutsch and Grieve [1994] discuss how the LITHOPROBE high resolution 

seismic transect results are consistent with an originally circular shape with 200-280 km 

initial diameter. 
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SUDBURY IGNEOUS COMPLEX 

The feature of main interest for our work here is the Sudbury Igneous Complex 

(SIC). The SIC has been of interest to terrestrial geologist because of its close association 

with valuable deposits of nickel and other ores. The SIC is estimated to have originally 

been about 50 km in diameter and 2.5 km thick. The SIC has a two layer structure: a 

lower gabbro-norite rock body under which lie the ore deposits and an upper granophyric 

rock, commonly called a micropegmatite, separated by a transition zone of one to several 

hundred meters thickness (Figure 3.2) [Collins, 1934; Naldrett and Hewins, 1984]. 

Collins [1934] collected extensive geochemical data for the SIC. He notes that 

the data support an origin as a single magma body that has undergone gravitational 

differentiation. In addition he describes the lack of evidence for feeder dikes for the SIC. 

He does, however, describe clast rich dikes extending out from the main body. He notes 

that these clast rich dikes could not be the feeder dikes, as the volume 'of material that 

would have flowed into the SIC would have swept the clasts away. Collins predated all 

work on impact structures or he surely would have recognized the offset dikes as 

textbook examples of injection dikes from an impact event. 

Naldrett and Hewins [1984] also interpret the SIC is a differentiated body. On the 

basis of the composition of the SIC, they argue against an origin as a simple sill. The 

Si02 content and isotopic composition strongly suggest assimilation of local crustal 

rocks. There are complementary Eu anomalies in the norites and granophyres, which is 

consistent with differentiation. Naldrett and Hewins [ 1984] suggest that assimilation of 

local crustal rock followed by gravitational differentiation formed the SIC. However, 

they make no inferences about the origin of the assimilation event (i.e., impact melting or 

reaction with an intruding magma). 
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Origin of the SIC 

There is disagreement regarding an origin of the SIC an a differentiated impact 

melt sheet. Here we discuss some of the evidence for and against an impact origin for the 

SIC. This will serve as background in our search for evidence of differentiation at 

Orientale. We assume that the supporting evidence (e.g., shatter cones, ring structures) 

for the origin of the Sudbury Structure as an impact is conclusive (as admitted in 

Norman, [1994]). 

Debate (1) Impact Melt 

Arguments for the origin of the origin of the SIC as an impact melt sheet: 

1) The composition of the SIC is consistent with mixture of the surrounding 

rocks (see Figure 3. lj-1) . Grieve et al. [ 1991] used least squares mixing models to show 

that both the major and minor element compositions of the SIC can be modeled as a 

mixture of the target lithologies, with fits as good as or better than from previous work at 

other recognized impact structures. They do note SIC is differentiated, which has not 

been observed in previous studies of terrestrial impact melt sheets. They hypothesized 

that this could be due to the Sudbury Structure's larger size. Deutsch [1994] used isotopic 

compositions to study the SIC and Sudbury ores and concluded that they consist only of 

remobilized ancient crust, formed by the impact-induced, whole-rock melting of upper 

and lower crustal material down to 35 km maximum depth. The data restricts the input of 

fresh mantle-derived material to small quantities with unusual isotopic characteristics. 

Stoffier et al. [ 1994] also found the composition of all the melt lithologies is within the 

range of compositions of the country rocks. 

2) Nd isotopic evidence supports a crustal origin. Faggart et al. [1985] 

investigated isotopic systematics and concluded that the melts are consistent with a 

meteoritic impact origin. They found Nd isotopic signature is overwhelmingly crustal, 
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more akin to the surrounding country rocks than the underlying mantle. Deutsch [1994] 

found the Nd - Sr isotope data of the melt system match those of the country rocks; no 

mantle component is required. 

3) Oxygen isotopes exclude a direct mantle source for the norites [Deutsch, 

1994]. The average ol80 values exceed those for typical continental mantle by 1 to 1.5 

permil. 

4) Os isotopic data indicate the ores are exclusively remobilized crustal material 

[Deutsch, 1994]. 

5) The LITHOPROBE high resolution seismic transect supports an impact origin. 

LITHOPROBE results show the SIC is a continuous body. There is no indication of any 

feeder dikes required for terrestrial magmatism or the previously suggested hidden 

ultramafic mass beneath the SIC [Deutsch and Grieve, 1994]. 

Debate (2) Norman 

Norman [1994] argues that the implications for lunar science of the SIC being a 

differentiated impact melt body require an "overwhelmingly persuasive" case. He argues 

that the significant crustal component in the SIC does not require impact melting but 

could be the result of endogenous magmatic processes. In particular, two arguments 

support endogenous origin: 1) composition of ultramafic xenoliths in the Contact 

Sublayer, and 2) platinum group element (PGE) abundances and Re-Os isotopic 

compositions of SIC ores. He notes that the bulk composition of the SIC is not unusual 

for a magma. It is possible to melt large volumes of crust (50-90%) with an intruded 

mafic to ultramafic magma. In addition, he argues the Sm and Nd isotopics are not 

compelling for impact origin since they could be from an enriched mantle source. 
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Norman's arguments for an origin as an endogenous magma: 

1) Magmas can assimilate country rocks (up to 50-90% in some cases) and the 

bulk composition of the SIC is not unusual for a magma. 

2) Some plutons have Nd and Sr isotopic compositions approaching those of the 

SIC. Although the Nd and Sr isotopic compositions are consistent with a crustal source, 

they are also consistent with an enriched mantle source. 

3) The composition of ultramafic xenoliths in the Contact Sublayer suggest "they 

crystallized from a magma similar to that which formed the SIC, but more primitive." 

4) Platinum group element (PGE) abundances and Re-Os isotopic compositions 

of SIC ores don't show any evidence of meteoritic contamination. 

In general, while there is strong evidence for differentiation in the Sudbury 

Igneous Complex, debate remains about its origin as a melt sheet: Its important 

implications for planetary magmatism require strong evidence that the SIC is indeed a 

melt sheet before we use it as a model for interpreting impact events and planetary 

histories. Discovery of another differentiated melt sheet in an area that has not suffered 

such a long and active geologic history with all the possible magmatic and metamorphic 

events as in the Sudbury region would greatly aid in determining if this feature should be 

interpreted as a primarily an impact feature or as the result of modification or formation 

by magmatic processes. 

ORIENT ALE 

The Orientale basin is the youngest, best preserved large multiring basin on the 

Moon. The geology has been described in detail in previous work [Head, 1974; Moore 

et al., 1974; Scott et al., 1977; McCauley, 1977; Wilhelms, 1987; Spudis, 1993] and 

will only be summarized briefly here. The major geological units (Figure 3.3) in 
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Orientale are [after Scott et al., 1977]: the Maunder formation, interpreted as impact 

melt; the Montes Rook formation, interpreted as basin ejecta; and the Hevelius 

formation, also interpreted as basin ejecta. In addition, the basin interior has been 

partially flooded by mare basalts (Mare Orientale). 

Our analysis will be confined to th.e Maunder formation, which has been 

interpreted as impact melt by most workers. The Maunder formation is confined to the 

central part of the Orientale basin, within the Montes Rook ring. The central part of this 

formation is covered with the basalts of Mare Orientale. The Maunder formation consists 

of high albedo units [Scott et al., 1977] and can be divided into plains material, 

interpreted as clast poor impact melt, and a more hilly unit, interpreted as clast rich 

impact melt. Rilles are present that may indicate where impact melt drained [Greeley, 

1976]. Spudis et al. [1984] noted that the unit had to have been semi-molten for 

' 
considerable time for these melt drainage rilles to form. Near infrared spectra of the 

Maunder formation are typical of mature highlands material and are similar to the Apollo 

16 site [Spudis et al., 1984; Hawke et al., 1991; Head et al., 1993]. This supports an 

origin as impact melt, since an impact melt sheet should be of crustal composition. 

The main basin bounding ring of Orientale, the Cordillera ring, is 930 km in 

diameter [e.g., Wilhelms, 1987; Spudis, 1993]. However, this most prominent ring 

probably does not represent the diameter of the transient crater cavity. Spudis et al. 

[ 1984] estimated the transient crater as roughly 500-600 km in diameter and 50-60 km 

depth. Head et al. [1993] estimated that the transient crater cavity was 600 km in 

diameter. 

Head [1974] estimated a thickness of -1 km, an areal coverage of about 75,000 

km2, and a volume of -75,000 km3 for the plains facies at Orientale, which he interprets 

as the most thoroughly impact melted materials in the basin. The impact would have 

melted and homogenized mainly upper crustal rocks [Spudis et al., 1984; Head et al., 
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1993). Lange and Ahrens [1979) derived a formula for estimating volume of melt in a 

large impact. Using their formula, we get results for 500, 600, and 930 km diameter 

craters that are 2.7 x 105, 5 x lOS, and 2.2 x 106 km3 respectively. This gives mean melt 

thicknesses averaged over the entire basin interior of 1.4, 1.8, and 2.2 km. While some 

melt is ejected, substantial portions remain within the crater cavity. Grieve and Cintala 

[1992] used terrestrial and derived formulae for determining volumes. By using their 

formulae, we get melt volumes of 3.24 x 106 and 6.55 x 106 km3 for 500 and 600 km 

.,, diameter transient craters. Warren et al. [1996], in their Figure 3.3, suggest that the melt 

sheet at Orientale could be 10-20 km thick. 

These varied estimates for the thickness of the Orientale melt sheet show that the 

problem of volume of melt production in basins is still not well understood. However, 

the total volume of melt in all these estimates is still large. Additionally, we expect the 

' 
melt sheet to be thicker in the center than at the edges. Since the center of Orientale is 

covered by mare basalt, we will not be able to sample the center of the melt sheet. An 

additional problem is that the melt sheet may be covered by a fallback breccia, such as 

these present at Ries [Horz, 1983) or Sudbury [Stoffler et al., 1994). 

MELT SHEET COMPARISONS 

The estimated melt volumes at Orientale are at least an order of magnitude greater 

than at Manicouagan or Sudbury, the largest terrestrial examples. The Manicouagan 

Impact Crater had an original diameter of 100 km. The melt sheet is 55 km in diameter 

and has a preserved thickness of between 100 and 200 meters; original thickness is 

estimated at 300 to 400 meters [Florin et al., 1978]. The estimated preerosional volume 

is 1200 km3 [Phinney and Simonds, 1977; Grieve and Cintala, 1992]. As discussed 

above, Sudbury Structure had an original diameter of over 200 km. The average 

thickness of the presumed melt sheet, the SIC, is 2.5 km [Naldrett and Hewins, 1984]. 
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The initial melt volume is estimated to be 8000 km3 [Grieve et al., 1991; Grieve and 

Cintala, 1992] to -12,500 km3 [Stoffier et al., 1994]. 

MELT SHEET COOLING 

An impact melt sheet initially consists of a mixture of superheated melt and 

relatively cool fragments of rocks and minerals [Phinney and Simonds, 1977; Simonds et 

al., 1978]. The relative proportions of melt and elasts vary with crater size. Models of 

the cratering process show that a Sudbury sized melt sheet should have relatively less 

elastic debris than a smaller (20 km) crater [Grieve et al., 1991]. Clas ts originate outside 

of the zone of melting and are entrained in the melt as it flows radially outwards from the 

impact site [McCormick et al., 1989]. 

Thermal models suggest that melt sheets that contain elastic debris cool in two 

stages. First, the incorporated elastic material rapidly cools the melt by heat transfer. 

Then the sheet cools in a slower, thermal conduction stage [Onorato et al., 1978]. 

Abundant evidence exists for rapid cooling of impact melts by the abundant elasts 

[Phinney et al., 1978]. Glassy or very fine-grained igneous rock produced at some 

locations place limits of seconds or minutes for cooling times [Phinney and Simonds, 

1977]. There is a preferential loss of mafics to the melt with respect to more refractory 

minerals [Onorato et al., 1978; Simonds et al., 1978] . 

Thermal equilibrium between clasts and melt takes only a few seconds. At larger 

impacts, the elasts may be totally melted and then incorporated into the melt sheet. This 

rapid initial cooling phase is followed by the much slower thermal conduction phase, 

which is relevant to our discussion of cooling times. The Manicouagan impact melt sheet 

took about 1600 years to cool [Onorato et al., 1978] . The SIC may be a differentiated 

melt sheet that took :-1 os years to cool [Grieve et al., 1991] . The cooling time for a 

larger, Orientale sized melt sheet should be even longer, allowing more time for 
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differentiation to occur. It should be noted, however, that if enough clasts are present, 

even a large melt sheet can cool without differentiation (i.e. Manicouagan). 

WHY IS THE DIFFERENTIATION OF IMPACT MELTS SO IMPORTANT? 

The possible differentiation of the Orientale impact melt sheet is important 

because of the implication it would have for our understanding and interpretation of lunar 

history. Tests have been developed to determine if a lunar rock formed as an impact melt 

.... ·' or as internally generated, "pristine," magma [e.g.; Warren and Wasson, 1977]. Applying 

these tests to the SIC would indicate that the SIC is "pristine". Delano and Ringwood 

[ 1978] proposed that most highland rocks interpreted as "pristine" could actually be 

differentiated impact melts. The abundances of elements interpreted from these rocks 

would give misleading information about the true indigenous abundances in lunar rocks. 

Additionally, impact melts may have mobilized the more volatile elements on the lunar 

surface. They suggest that the petrologic distribution of lithologies is more consistent 

with an impact melt origin than with the lunar crust. Anders [1978] strongly disagrees. 

He notes that there is no evidence that differentiation occurs even in the largest impact 

basins and attacks Delano and Ringwood's isotopic evidence. Warren and Wasson 

[1978] note that there "pristine" rocks have plutonic textures that would not be expected 

from an impact melt sheet. They note the absence of metal laden cumulates that Delano 

and Ringwood proposed would form in differentiated impact melt sheets. They conclude 

the data is more consistent with "pristine" rocks being produced by endogenous lunar 

magmatism. 

If the SIC is a differentiated impact melt, this implies that some or all of the lunar 

magmatic cumulates might have crystallized from impact melts. This would remove any 

connection between these rocks and the thermal and chemical history of the lunar interior, 

and require the reinterpretation of that portion of lunar history that is based on studies of 
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these samples. These magmatic cumulate samples are important in determining the 

history of the lunar crust [Norman, 1994]. 

If lunar impact melts are differentiated bodies, then economically valuable ores 

may be present on the Moon or other planets. The SIC contains valuable deposits of 

sulfide ores. These ores occur in contact with the rocks at the base and in the clast rich 

dikes extending from the SIC [Naldrett, 1984a; Coats and Snajdr, 1984]. The ores have 

a magmatic origin and are within the range expected for equilibrium with a magma with 

the composition of the SIC [Naldrett, 1984a, b]. Since the volume of the SIC is · 

consistent with an impact event of its size (-220 km) [Stofjler et al., 1994], and there is 

no evidence of the hidden bodies that were supposed to lie beneath it [Deutsch and 

Grieve, 1994], the SIC may consist only of impact melt. Therefore, the sulfide ores may 

have segregated from the impact melt. This means there may be such ores at other large 

impact sites. Thus there may be ores present at melt sheets on the Moon or other planets. 

GEOCHEMICAL MODELING 

In order to determine if the Orientale impact melt sheet differentiated, we first 

need to understand what we expect in both an undifferentiated and differentiated melt 

sheet. As discussed above, an undifferentiated impact melt sheet is expected to be 

uniform in composition in both the horizontal and vertical dimensions. We will first 

check the horizontal dimension to see if this holds. A differentiated impact melt sheet 

should have a composition that changes vertically as we look deeper into the melt sheet. 

We first model differentiation of an impact melt sheet, then we use craters as probes into 

the Orientale melt sheet. We used two methods to model differentiation: 1) Analogy 

with chemical trends in terrestrial magma bodies; 2) Numerical modeling. 
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Terrestrial Examples 

Impact melt sheets form in an instant of geologic time [Dence, 1971; Head, 1974; 

Grieve et al., 1977] and a body of molten material of uniform composition is produced. 

As an analog, short lived lava lakes on Earth form essentially instantaneously. Helz et al. 

[1989] studied differentiation in the Kilauea Iki lava lake. The lake solidified from the 

surface downwards. Differentiation processes in this lave lake included settling of 

olivine phenocrysts and diapiric melt transfer. Helz et al. [ 1989] plot the final 

compositions for a number of oxides, including FeO and Ti02 versus depth 'in the lake 

(Figure 3.4). The diagonally lined field show the compositional range of eruption 

pumices having the same MgO content as the plotted core samples. Variations in MgO 

are due to changes in the erupted magma compositions as the lake formed. Points to the 

right of the diagonally lined field show enrichments in FeO and Ti02 relative to the 

eruption pumices. The shaded areas show depletions. The figure shows a general 

enrichment of FeO in the lower part of the lake (Zones III, IV, V, and VI) and a depletion 

near the surface (Zone II) relative to the erupted magma. Ti02 is enriched nearer the 

surface (Zones II, III, and IV) and depleted at depth (Zone V). Although we realize the 

scale and composition of a small lava lake is very different from an impact melt sheet, it 

does demonstrate differentiation of a single pulse magma body, and we are using these 

profiles as one model of differentiation in a impact melt sheet. 

Naldrett and Hewins (1984] studied the Sudbury Igneous Complex. Since this 

has been proposed as a terrestrial example of a differentiated impact melt sheet, it is an 

obvious candidate for comparison. Their work shows mineralogical variations through 

the stratigraphic sections (Figure 3.2). Note particularly the presence of the oxides + 

apatite + sphene horizon. This could be considered analogous to the ilmenite bearing 

layers in our fractional crystallization models below. Collins [ 1934] showed the SIC is a 
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differentiated body from a single melting event. He obtained chemical data for a number 

of sections across the SIC. FeO and Ti02 profiles for a number of sections are shown in 

Figure 3.5. These profiles all show enriched zones of FeO and Ti02. 

Numerical Modeling 

We modeled differentiation of an impact melt using the MAGFOX program of 

Langi [pers. comm.]. This program models low pressure fractional crystallization. In 

order to properly model the differentiation of an impact melt sheet, it is necessary to 

know the starting composition. As we cannot sample the melt sheet directly, we selected 

compositions representing impact melts and the lunar crust (Table 3.1). We first selected 

a variety thought to represent impact melts . These include LKFM compositions [Hess et 

al., 1977; Reid et al., 1977] and suggested basin melt compositions from Warren et al. 

[1996). We also selected material to represent crustal compositions: ·highlands crust 

[Hess et al., 1977; Taylor, 1982), anorthositic gabbro [Reid et al., 1977) and low FeO 

prebasin compositions [Korotev, 1996a, b; per. comm.]. Where values for all elements 

were not available, we made estimates based on values of similar materials or using 

known lunar element ratios (MnO for example) [these are shown in italics in Table 3.1). 

We believe these are a reasonable set of materials to cover the possible starting 

compositions of the melt sheet for our models. These compositions were chosen to span 

a range of possibilities and are consistent with other compilations [e.g., Heiken et al., 

1991; Stoffler et al., 1985). 

We ran these starting compositions through the numerical differentiation model. 

We used the output of the numerical model to predict changes in composition with depth 

in the melt sheet (e.g., graphs of FeO and Ti02 vs. depth for a variety of melt sheet 

thicknesses). We used these to predict what craters will excavate (see below). The 

method presented by Longi is a numerical model of perfect fractional crystallization. 
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While we realize perfect fractional crystallization is not achieved in any real system, it 

serves as a useful guideline in our study, as it represents the other end of a spectrum from 

no differentiation. 

Differentiation includes both crystallization and the movements of crystals within 

the melt. Therefore, in addition to the fractional crystallization, we also need to model 

where the solidified material ends up. We considered two possibilities: crystal settling to 

the bottom and plagioclase flotation (Figure 3.6). For simplicity, we model plagioclase 

flotation for each composition without considering relative densities of the melt and 

plagioclase crystals. Note that these two possibilities are end members in continua with 

no differentiation as the other end. 

Modeling Results 
' 

The MAGFOX program provides results that show crystallizing phases and the 

compositions of these phases. By analyzing the outputs, it is possible to obtain both the 

mineral phases that are crystallizing and the instantaneous chemical compositions of the 

crystallizing material. We didn't fractionate the last portion of the melt since it is hard to 

separate the last fraction of a melt body and we were also concerned about the veracity of 

the model in the last fraction. We used the average composition of the melt at this point 

for the composition of the remaining solid. Since the results of many cases were similar, 

we chose representative cases for the 6 impact melt, 3 crustal, and 3 low FeO prebasin 

compositions. The crystallized phases are shown in Table 3.2 for these representative 

samples. Stratigraphic columns for both the crystal settling and plagioclase flotation 

models are shown in Figure 3.7. FeO and Ti02 profiles are shown in Figure 3.8. All 

these are discussed in detail below. 
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Our representative sample for the impact melts is composition [2], an average 

LKFM basalt (Hess et al., [1977] Table 1 Comp 3 - Average LKFM basalt, soil glass). 

This composition crystallizes as follows (see also Table 3.2): 

1) 0-17 PCS (percent crystallized solid) = plagioclase; 

2) 17-55.7 PCS= plagioclase +olivine± spinel; 

3) 55.7-81.5 PCS= plagioclase +pyroxene± spine!; 

4) 81.5-87.5 PCS= plagioclase +pyroxene+ ilmenite; 

5) 87 .5-90 PCS = plagioclase + pyroxene + ilmenite + olivine; and 

6) 90+ PCS = undifferentiated remainder. 

This is shown in the first column of Figure 3.7a. Figures 3.8a-d shows FeO and Ti02 

compositional profiles for this composition. In the fractional crystallization model 

(Figure 3.8a), FeO starts climbing from near zero at PCS= 38 and trends upward to about 
' 

10% FeO at PCS = 78, and then climbs quickly to Fe0=23% at PCS = 90. For Ti02 

(Figure 3.8b), the abundance is very low, and then rises to about 8% when ilmenite 

begins crystallizing at PCS= 80, then drops back off to 5%. Figure 7b shows the column 

results for plagioclase flotation. The upper 50+% of the column is plagioclase. In the 

plagioclase flotation case (Figure 3.8c), FeO starts near 8% at the base of the column and 

rises to around 30% at PCS= 35, then drop down to zero. Ti02 (Figure 3.8d) is near zero 

in most of the column, but rises to 10-20% near PCS= 33-37. 

Our representative sample for the crustal compositions is [1], an average highland 

crust (Hess et al., [1977] Table 1 Comp 2 - Average highland crust). This composition 

crystallizes as follows (see also Table 3.2): 

1) 0-37 PCS= plagioclase; 

2) 37-85.5 PCS= plagioclase +olivine± spinel; 

3) 85.5-89.3 PCS= plagioclase +pyroxene± spinel; 
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4) 89.3-90.7 PCS= plagioclase +pyroxene+ ilmenite; 

5) 90.7+ PCS= undifferentiated remainder. 

This is shown in the second column of Figure 3.7a. Figure 3.8e-h shows FeO and Ti02 

compositional profiles for this composition. In the fractional crystallization model 

(Figure 3.8e), FeO jumps from near zero to 6% at PCS= 38. This then trends upward to 

about 8% FeO at PCS= 0.8, and then climbs quickly to Fe0=23% at PCS= 0.9. For 

Ti02 (Figure 3.8f), the abundance is very low, and then rises to about 5% when ilmenite 

begins crystallizing at PCS = 0.9·: Figure 3.7b shows the column results for plagioclase 

flotation. The upper 50+% of the column is plagioclase. In the plagioclase flotation case 

(Figure 3.8g), FeO starts near 8% at the base of the column and rises to around 30% at 

PCS = 0.25. Ti02 (Figure 3.8h) is near zero in most of the column, but rises to 10-20% 

near PCS= 0.25. 

Our representative sample for the low FeO prebasin composition is [12] (Korotev 

[ 1996a] Table 2 Comp 7 - Pre basin component of feldspathic fragmental breccias) and 

differentiates as follows: 

1) 0-72 PCS = plagioclase; 

2) 72-89.2 PCS= plagioclase +olivine± spinel; 

3) 89.2-95.6 PCS= plagioclase +pyroxene± spinel; 

4) 95.6-96.4 PCS= plagioclase +pyroxene+ ilmenite; 

5) 96.4+ PCS = undifferentiated remainder. 

This is shown in the last column of Figure 3.7a. Figure 3.8i shows FeO doesn't rise 

above 0% till 72 PCS, then rises to about 15%. Ti02 (Figure 3.8j) is not detectable below 

95.6 PCS. In the plagioclase flotation model (Figure 3.7b), the upper 80% is plagioclase. 

FeO (Figure 3.8k) starts at 10% at the base of the stratigraphic column and rises to near 
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30% at 15 PCS before dropping back to zero. Ti02 (Figure 3.81) is again difficult to 

determine. 

Summary of Geochemical Results 

We can compare the results of the terrestrial examples and the numerical 

modeling to predict what we may find at Orientale. The models and terrestrial examples 

above show several possible trends for FeO and Ti02 in a differentiated impact melt. 

The Helz et al. [1989] work and the crystal settling models show FeO depletions at depth 

and enrichment near the surface. The crystal settling models also show Ti02 enrichment 

near the surface, although the Helz data shows the opposite trend. For Sudbury and the 

plagioclase flotation models, there is an enriched zone of FeO and Ti02 underlying a 

strongly depleted zone, with a less depleted zone beneath the enriched zone. 

' 
Comparisons of the FeO and Ti02 profiles in Figures 3.5 and 3.8 suggest that the 

plagioclase flotation model may be the most similar to what happened at the SIC. This is 

also supported by the stratigraphic columns in Figures 3.2 and 3.7b. All of our model 

suggest we may find a differentiated body with enriched zones of FeO and Ti02. 

METHODS 

CRATER EXCAVATION 

Impact craters excavate material from beneath the lunar surface. If the subsurface 

material is of different composition, it is often possible to detect the presence of that 

different material and determine something about its composition. These types of 

measurements have been made, for instance, the Apollo orbital x-ray spectrometer 

measurements of surface elemental compositions [Andre et al., 1979a, b] or ground based 

spectroscopic measurements [e.g., Lucey et al. , 1991; Hawke and Bell, 1981] . These 

techniques were limited by poor spatial resolution and limited areal coverage. The 
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Clementine spacecraft has returned spectral data of high spatial resolution for most of the 

lunar surface. Previous work has shown that materials of different composition ejected 

by lunar craters can be detected and characterized using Clementine data [e.g., Budney 

and Lucey, 1997]. 

Extensive studies have been done of the distribution of ejected material [Melosh, 

1989 and references therein]. Staffler et al. [1975] discuss the distribution of ejecta from 

small experimental craters in layered sand targets and attempt to trace material back to its 

point of origin. In general, the material excavated from the deepest depth is confined to 

the ejecta closet to the crater (Figure 3.9; see also Figure 3.10). The maximum depth of 

excavation is generally accepted to be 1110 the diameter of the transient crater [Melosh, 

1989], which for simple craters ( <= -15 km on the Moon) is a good approximation of the 

final crater. We will use this knowledge of the cratering process to probe the 

stratigraphic composition of the Orientale melt sheet. 

Stojjler et al. [1975] discuss the distribution of ejecta from small experimental 

craters in layered sand targets. They plotted relative mass of ejecta from different depths 

versus radial distance in the ejecta blanket (Figure 3.10). By examining the relative 

amounts and radial distance of ejecta of different compositions and comparing the results 

to this figure, we obtain a qualitative estimate of depth of excavation. For example, if 

excavated material of a different composition is restricted to within one crater radius from 

the rim, we obtain an estimate near the deepest limit of excavation, approximately 0.066 

diameters. If this material is present at greater than 4 crater radii from the rim, we obtain 

shallow depths (less than 0.034 diameters). For excavated material extend to 2 and 3 

crater radii from the crater rim, we obtain intermediate depths of 0.052 and 0.043 

diameters. 

We used the StOffler crater experiment data to model the expected compositional 

distribution of ejecta radially from an impact crater. This is intended to show what type 
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of profiles we should look for when examining ejecta on the surface. We are restricted to 

simple craters, less than -14 km on the Moon [Pike, 1967, 1974]. We chose a 10 km 

impact into three thicknesses of melt sheet to cover the expected range of thickness 

estimates: 1, 3, and 10 km. Note that a 3 km impact into a 3 km melt sheet will model 

that same as a 10 km impact into a 10 km melt sheet so these models should be useful for 

a variety of crater sizes and melt sheet thicknesses. We used two of the compositional 

profiles created in our geochemical models; our other compositional profiles should be 

similar. 

We modeled impacts into a crystal settled melt sheet using the compositional FeO 

and Ti02 profiles determined earlier for the average highland crust (composition 1 in 

Table 3.1; Figure 3.8e&t) as our example. For the plagioclase flotation models, we used 

the profiles for the average highland crust (Figure 3.8 g&h) and for LKFM (composition 
' 

2; Figure 3.8c&d). We divided the profile into 3 layers whose thicknesses were 

proportional to the layer thicknesses in the St0ffler experiment (see Figure 3.10). The 

FeO and Ti02 contents of each sublayer were modeled using the average composition 

over each depth interval. Radial profiles were determined by mixing the average contents 

of each layer in the proportion shown at that radial position in Figure 3.10. 

Results of our modeling are shown in Figure 3.11. These show FeO and Ti02 

compositions versus distance from the crater center. Also shown are the one sigma errors 

in the FeO and Ti02 algorithms of Blewett et al. [1997] (see below). For the crystal 

settling model, FeO profiles should be detectable for both 1 & 3 km thick melt sheets 

(Figure 3.lla). Ti02 profiles may be detectable in a 3 km thick melt sheet (Figure 

3.llb). For the plagioclase flotation model, FeO profiles may be detectable in thin melt 

sheets (Figure 3.1 lc) . Ti02 is not detectable (Figure 3.1 ld) in this melt sheet. In 

summary, for strongly differentiated, thin melt sheets, we should be able to detect radial 
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FeO variations in the larger craters. Ti02 profiles are not detectable above the level of 

errors in the algorithms. 

Regolith Gardening 

To use crater ejecta to probe the subsurface, we must account for the effects of 

local mixing of ejecta into the substrate and mixing of ejecta into the substrate by regolith 

gardening. The continuous ejecta deposit extends out to about 1 diameter from the crater 

rim [Melosh, 1989]. For small craters, this deposit is largely ejected material. Regolith 

gardening will mix in local material with the ejecta at the surface. We need to make 

adjustments for the presence of preexisting surface material. The age of the melt sheet 

surface in Orientale is approximately 3.8 Ga; it is the marker for the beginning of the 

Late Imbrium time period [Wilhelms, 1987]. While the exact ages of craters cannot be 

determined, they can usually be placed into the Copernican, Eratosthenian, or Late 

Imbrium time periods. Regolith thickness produced over a given period of time can be 

calculated using the equation of Quaide and Oberbeck, [1975], t=2.08A0.64 where tis the 

thickness in meters and A is the age in Ga . For ages of 3.8 (Late Imbrium), 3.2 

(Eratosthenian), and 1.1 (Copernican) Ga the thicknesses are 4.89, 4.38, and 2.21 meters. 

Where ejecta thickness is greater than the thickness of regolith gardening, we can 

assume the surface composition has not been altered. Ejecta thicknesses can be 

calculated using equation 6.3.2 in Melosh [1989]. Thickness, t=0.14R0.74(r/R)-3.0 where 

R is the crater radius, r is the distance from the crater center and all values are in meters. 

We calculated ejecta thickness for 2, 6, 10, and 14 km diameter craters and plotted these 

against regolith thickness values (Figure 3.12). The crossover points show where we 

expect the ejecta blanket to begin to be gardened into the preexisting material. For 

Copernican craters of 2, 6, 10, and 14 km diameter, this effect will start at 2.2, 2.9, 3.3, 

and 3.6 radii respectively from the crater center. For older craters, the crossover is closer 
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to the crater rim. This will restrict the distribution of ejected material that has not had its 

chemistry altered by mixing with preexisting surface material. However, the material 

excavated by the crater is not destroyed, just gardened into the regolith, so it should still 

give some signal. We will keep this effect in mind as we analyze our data. 

FeO and Ti02 Measurements 

Algorithms have been developed to make estimates of surface compositions, 

including FeO and Ti02 [Lucey et al., 1995, 1996, 1997; Blewett et al., 1997] .- We used 

the Blewett et al. [1997] method to make FeO maps and the Lucey et al. [1997] method to 

make Ti02 maps of surfaces in Orientale. Since the Lucey et al. [ 1997] method does not 

explicitly list the error limits for Ti02, we used the error limits from Blewett et al. [1997] 

for both elements. These errors are 1.04% in FeO and 1.14% in Ti02. Our modeling and 

' 
radial profile results show variations in FeO should be easily detectable, and depleted 

areas should be easy to separate from average compositions. Ti02 should also be 

detectable in its enriched zones, although its low concentration and confinement to thin 

layers may make it more difficult to detect in practice. 

DATA 

Craters in Orientale 

We selected all the craters in the melt sheet of Orientale that were larger than 

about 10 pixels across in the UVVIS images (Figure 3.13); this includes almost all 

craters larger than about 2 km in diameter. We determined the diameter of each crater 

using a program that calculates the diameter in pixels from 3 points selected on the crater 

rim and multiplies by the number of meters/pixel in the mosaics. Our measured values of 

crater diameters are consistent with Andersson and Whitaker [1982] but we have 

increased the precision (to ± 0.1 km from ± 1 km) and extended the measurements to 
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smaller craters and many craters in Orientale that were not previously measured (Table 

3.3). 

We estimated the ages of craters in Orientale for use in estimating the amount of 

regolith gardening. First we examined the geologic maps for craters with mapped ages 

[Scott et al., 1977). A subsequent literature search failed to find any additional values. 

We then used the Orientale 750 nm mosaic [McEwen, 1996] to estimate ages of craters. 

Some craters ages could be constrained by comparison with previously mapped craters; 

for example, those that occur on the Eratosthenian Maunder ejecta blanket. For other

craters, we used the following criteria adopted from Wilhelms (1987): fresh looking 

craters with bright ejecta were dated as Copernican; fresh looking craters without bright 

ejecta were dated as Eratosthenian; degraded craters were dated as Lower lmbrian (the 

Orientale event marks the start of the Lower Imbrium). Estimated ages are listed in Table 

3.3. Note these ages were only selected as a guide for estimating regolith gardening and 

caution should be used before applying them to other problems. 

Data processing 

We selected images covering the interior of Orientale from the Clementine 

Ultraviolet and Visible Imaging System (UVVIS) [Nozette et al., 1994]. The data have a 

resolution of a few hundred meters per pixel in five bands: 415, 750, 900, 950 and 1000 

nm. The data were flat fielded, calibrated, registered and combined into 5 band image 

cubes using the Integrated Software for Imaging Spectrometry (ISIS) routines developed 

for Clementine at the USGS [M. Robinson and K. Becker, pers. comm. 1995-7]. 

Parameters and data processing has been described in Blewett et al. [ 1997]. 

The image cubes were then located on a Clementine UVVIS 750 nm mosaic of 

the Orientale basin [McEwen, 1996 and personal comm.]. We have used the Blewett et 

al. [1997] FeO and the Lucey et al., [1997] Ti02 algorithms to generate maps of FeO and 
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Ti02 in individual image cubes. We used these maps to try to detect materials of 

different FeO and Ti02 content excavated from beneath the lunar surface. 

RESULTS 

We first checked for uniformity of the surface of the melt sheet. Figures 3.14 and 

3.15 show FeO and Ti02 maps of the interior of Orientale. If the initial melt was 

homogenized, the surface, which cooled rapidly, should be uniform in composition. A 

look at our maps shows the compositions of FeO and Ti02 are fairly uniform over the 

Maunder formation, which is the melt sheet. We averaged an area covering 2.2 million 

pixels in the melt sheet (about 35,000 km2) and obtained a FeO composition of 2.8 ± 1.1 

wt% and a Ti02 composition are 0.5 ± 0.1 wt%. Apart from some small orbit to orbit 

striping, we see no changes in composition across the melt sheet. This indicates the melt 

sheet had an initially uniform composition in the horizontal direction, as expected. 

We can compare the composition of the melt sheet to our model compositions in 

Table 3.1. The low FeO and Ti02 compositions we obtained are most similar to the Low 

FeO crustal compositions of Korotev [1996a] and most similar to our modeled 

composition #12. Based on our previous calculations, the Orientale melt sheet has a 

volume of -106 km3. This is quite a large sample of the lunar crust in this region. Our 

FeO content of 2.8 ± 1.1 wt% is consistent with an anorthositic crust at Orientale. This 

low FeO content suggests the melting was confined to upper crustal material, as predicted 

by Spudis et al. [1984]. 

We then looked at individual craters by examining individual FeO and Ti02 

images and by constructing radial FeO and Ti02 profiles (Figure 3.16). We plotted FeO 

and Ti02 profiles averaged around each of our craters. The profiles have one standard 

deviation error bars which bars show the variation in mapped FeO and. Ti02 values 

around the crater and are not formal errors. Figure 3 .17 shows an example profile for a 
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typical crater. We also plotted eight individual profiles uniformly taken from around 

each crater against the average profile (Figure 3.18). This allows us to separate out 

craters that show different trends in different directions, such as those on the mare I melt 

sheet boundary. 

Examination of the radial FeO and Ti02 profiles shows that they are flat within 

the limits of the errors. Some show small changes in the average radial values which are 

smaller than the variation around the crater. In most cases, the FeO and Ti02 errors from 

Blewett et al. [1997] are also greater than changes in the radial FeO and Ti02 values. 

However, a detailed discussion of several profiles may prove illuminating and is provided 

below. 

The average radial profiles for crater #2 are shown in Figure 3 .17. Crater #2 is a 

9.9 diameter crater in the southwest part of the melt sheet, of probable Eratosthenian age. 

The average compositions of ejecta at crater #2 are close to the average composition of 

the melt sheet. While there is variation of about 0.5 wt% FeO, the individual profiles for 

this crater in Figure 3.18 vary quite a bit, with only one showing the dip in the average 

trend. This on profile coincides with the presence of a massif on the image, suggesting 

this dip is due to the presence of one of the inner ring peaks of Orientale. Such peaks are 

often pure anorthosite, with very low FeO abundances [Hawke et al., 1991]. 

Crater #21 (Figure 3.19) and crater #33 (Figure 3.20) both show flat profiles with 

an increase in FeO starting at about 2.5 radii. The increase in both cases is due to the two 

craters' proximity to the mare. Examination of the crater locations on Figure 3.13 show 

the proximity of both craters to the mare. The individual profiles for these craters show 

that the profiles in the mare directions are the ones that show increases. 

Craters #11 and #12 provide cohstructive examples of mare craters. Crater #11 

(Figure 3.21) is located in the mare away from the melt sheet. The FeO and Ti02 profiles 

are flat within the errors. The 12.5 km diameter, together with the exposure of only mare 
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material at this crater, suggests the mare is at least 1.25 km thick at this location [see 

Budney and Lucey, 1997]. Crater #12 (Figure 3.22), however, shows a distinct 

compositional trend from the rim to 2 radii from the crater center. This suggests 

excavation of lower FeO and Ti02 material. A look at the location of this crater shows 

the presence of patch of lighter material, which suggests that mare coverage in this region 

is not continuous. 

Crater #20 shows a low FeO and Ti02 ring around the crater (Figure 3.23). 

Radial profiles (Figure 3.24) do resemble the modeled profile in ·Figure 3.1 la&b, but the 

differences are within errors. This result is consistent with differentiation of a melt sheet. 

However, this crater occurs within 1 radius of the rim of Maunder crater, on its dark 

ejecta blanket. Since Maunder impacted into Mare Orientale, its ejecta is likely to 

contain mare basalt. It is very likely that crater #20 is just excavating material of average 

melt sheet composition from beneath the Maunder ejecta blanket, which should be greater 

than 50 meters thick at its location. The composition of the excavated material matches 

that of the melt sheet. 

To look for variation of composition with depth, we also plotted the average 

compositions at 1.5 crater radii versus crater size for all our nonmare craters (Figures 3.25 

& 3.26). If the was a change in composition with depth, we would expect a trend on this 

graph. However, the graphs show no trends. Graphs for the composition at 1.25 and 2.0 

radii are similar. Additionally, we were concerned about the orbital striping on our FeO 

and Ti02 maps. To avoid any problems due to month to month changes in spacecraft 

geometry, we plotted each month's data separately. None of these graphs show any 

trends. 

Overall, the data is consistent with a melt sheet of uniform composition. Surface 

FeO and Ti02 values are uniform across the melt sheet, except where they are obviously 

covered by Maunder ejecta or contaminated by mare basalt. Crater excavation results are 
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consistent with a vertically uniform melt sheet whose composition matches the surface 

materials. 

DISCUSSION 

The Orientale melt sheet appears to be uniform in composition both horizontally 

and vertically. Such results are helpful in studies of lunar petrology and geology. Our 

result suggests that the hypothesis of Delano and Ringwood (1978] that some of the 

pristine samples might be differentiated impact melts is incorrect. Therefore, the 

identification of pristine rocks by Warren and Wasson [1977, 1978] and the siderophile 

estimates of Anders [1978] based on these samples cannot be dismissed based on the 

impact melt differentiation model. 

Our results suggest that melts sheets from a single impact event are probably 

' 
uniform inside the crater for all sizes of craters. This would mean that lunar impact melt 

samples of different compositions formed in different events. However, some caution 

should be shown in that our result of a uniform melt sheet only holds for the melt inside 

the crater cavity. Our work places no constraints on the melt compositions outside the 

crater. 

Our FeO compositions at Orientale are much lower then the impact melt 

compositions shown in Table 3.1. This means that the Orientale impact event must have 

sampled a lower FeO portion of the crust than at other impact events. A look at the 

impact melts linked to the Imbrium, Nectaris, and Serenitatis events [Warren et al., 1996] 

shows these events all sampled portions of the crust richer in FeO. Most models of the 

lunar crust have a low FeO anorthosite overlying an FeO richer lower crust. To explain 

the differences in FeO content, the Orientale event must have just sampled the upper crust 

while these other events sampled both upper and lower crust. Since the size of Orientale 

is within the size range of these other three basins, this suggests the lunar crust was 
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thicker at Orientale. This is consistent with the lunar crust thickness results of Neumann 

et al. [1996). 

An important question to ask is why didn't the Orientale melt sheet differentiate? 

One possibility is that the elast content of the melt sheet was high enough to quench the 

sheet to a temperature where differentiation couldn't occur. The corrugated facies of the 

Maunder Formation has been interpreted as impact melt mixed with elastic debris [Head, 

1974). This would suggest that mixing of impact melt with elastic debris occurs for even 

in large basins. Thus, there may be a lower bound to elast contents in impact melt sheets, 

and models which suggest lower elast contents with increasing size of the crater may be 

incorrect. Other possible reasons for a lack of differentiation may be the melt was too 

viscous or the density differences too low for crystal settling or flotation to occur. 

One important point is what do our results this mean for Sudbury? The Sudbury 
' 

Igneous Complex certainly seems to be a differentiated melt sheet. The fact that the 

larger Orientale melt sheet on the Moon didn't differentiate means that Sudbury may be a 

special case. The high regional temperature thought to be present when Sudbury formed 

may have slowed cooling and allowed time for differentiation. Or the result may be due 

to differences between targets. Compositional differences (like the presence of water at 

Sudbury) may have aided differentiation. Lower gravity on the Moon may have inhibited 

separation of crystals from the melt. The differences in pressure gradients may have had 

an effect. Or there could be some other difference that prevented differentiation at 

Orientale. On the other hand, the Sudbury Igneous Complex may not be a differentiated 

melt sheet. 

There are certain limitations of our technique that should be kept in mind. The 

most important limitation on our results was our inability to sample the center of the melt 

sheet. We may have just missed the differentiated portion of melt sheet at Orientale. The 

center of the Orientale melt sheet is covered by mare basalt, and there are no large craters 
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in this region which could sample the melt sheet. We didn't examine the Maunder crater. 

This is a large, complex crater that doesn't follow the simple depth I diameter ratios we 

used in our modeling. We intend a detailed study of Maunder as future work. Other 

limitations are that we can only see strongly differentiated, relatively thin melt sheets. 

Melt sheets that are not strongly differentiated might not be detectable by our methods. 

CONCLUSIONS 

Models of differentiation of probable starting compositions for the Orientale melt- · 

sheet and of crater excavation show that we should be able to detect thin, strongly 

differentiated melt sheets using the Clementine UVVIS data and the FeO and Ti02 

algorithms of Blewett et al. [1997] and Lucey et a}. [1997]. The average FeO and Ti02 

contents of the Orientale melt sheet are consistent with models on which the Orientale 

event only sampled the low FeO upper crust. Examination of the material excavated 

from craters in the melt sheet shows no evidence for compositional variations. We 

conclude that the Orientale melt sheet has a uniform composition and has not 

differentiated. 

70 



Table 3.1. Compositions used in differentiation modeling. Bold compositions discussed in detail in text and following 
figures. Data in italics not available in original source and estimated for modeling as follows: MnO at 70: 1 ratio to FeO; all 
others chosen to represent reasonable lunar values. Data from: [1] Hess et al. [1977] Table 1Comp2 - Average highland crust; 
[2] Hess et al. [1977] Table 1 Comp 3 - Average LKFM basalt, soil glass ; [3] Hess et al. [1977] Table 3 Comp 1 - Low 
pressure liquidus for LKFM; [4] Reid et al. [1977] LKFM; [5] Reid et al. [1977] - Anorthositic gabbro; [6] Taylor [1982] p. 
401. - Highland Crust; [7] Warren et al. [1996] Table 1. - Lunar impact melt - A15 av. (Imbrium); [8] Warren et al. [1996] 
Table 1. - Lunar impact melt - A16G2 (Nectaris); [9] Warren et al. [1996] Table 1. - Lunar impact melt- A17 av. (Serenitatis); 
[10] Korotev [1996a] Table 2 Comp 5 - Prebasin component of mature Cayley soil minus meteoritic component; [11] Korotev 
[1996a] Table 2 Comp 6 - Prebasin component of ancient regolith breccias; [12] Korotev [1996a] Table 2 Comp 7 - Prebasin 
component of feldspathic fragmental breccias. 

Impact Melts Crustal Compositions 
LKFM LKFM LKFM Imbrm Nectaris Seren. Avg Anortho High- Low Low Low 

Hghld sitic land FeO FeO FeO 
Crust Gab bro Crust MCS ARB FFB 

2 3 4 7 8 9 1 5 6 10 11 12 

-..) Si02 46.5 47.0 46.73 47.3 45.2 46.2 45.0 44.97 45.0 44.88 44.28 45.22 
,..... 

Ti Qi 1.3 1.2 1.26 1.5 0.8 1.5 0.6 0.27 0.56 0.20 0.30 0.39 

A1203 20.1 19.0 18.90 17.8 21.9 18.0 24.6 26.73 24.6 31.5 31.3 29.9 

Cr203 0.2 0.2 0.26 0.2 0.2 0.2 0.1 0.11 0.06 0.050 0.039 0.054 

FeO 9.1 9.7 9.71 8.9 8.2 9.2 6.6 5.37 6.6 2.42 2.66 3.41 

MgO 10.4 11.3 11.20 11.9 10.2 12.3 8.6 5.38 6.8 3.06 3.37 3.61 

MnO 0.13 0.14 0.14 0.12 0.08 0.12 0.094 0.077 0.094 0.035 0.038 0.049 

eao 12.4 11.8 11.80 11.0 13.2 11.2 14.2 16.10 15.8 17.4 17.5 16.8 

K20 0.1 0 .1 0.23 0.33 0.17 0.26 ' I 0 .1 0.03 0.075 0.03 0.03 0.03 

Na20 0.4 0.4 0.38 0.6 0.5 0.7 0.5 0.31 0.45 0.43 0.48 0.54 

P205 0.2 0.2 0.23 0.5 0.19 0.28 0.03 0.03 0.03 0.03 0.03 0.03 



Table 3.2. Phase assemblages as percentage of total solid produced from models. 

Stratigraphic bottom to top from left to right. plag = plagioclase; ol = olivine; sp = 
spinel; pyx = pyroxene; ilm = ilmenite. a) Crystal settling model. b) Plagioclase 

flotation model. 

a) Model phase assemblages for crystal settling model 
Composition # plag plag plag plag plag plag last 

& ol & pyx & pyx & ilm & ilm fraction 
(± sp) (± sp) &ilm & ol &ol 

&pyx 
Hess avg LKFM 2 17.0 38.7 25.8 6.0 0.0 2.5 10.0 
Hess low press LKFM 3 11.0 37.5 ·34.4 3.3 0.0 12.8 1.0 
ReidLKFM 4 10.0 39.0 31.2 2.7 3.3 3.8 10.0 
Warren Imbrium 7 0.0 47.4 29.3 8.5 0.0 4.8 10.0 
Warren Nectaris 8 23 .0 56.4 5.3 2.0 0.0 3.3 10.0 
Warren Serenitatis 9 0.0 61.9 15.5 10.0 0.0 7.2 5.4 
Hess Avg highland crust 1 37.0 48.5 3.8 1.4 0.0 0.0 9.3 
Anorthositic Gabbro 5 56.0 25.3 12.5 0.0 0.0 0.0 6.2 
Taylor highland crust 6 44.0 30.0 16.9 0.0 0.0 0.0 9.1 
LowFeOMCS 10 78.5 13.5 5.6 0.0 0.0 0.0 2.4 
LowFeOARB 11 77.3 20.2 0.0 0.0 0.0 0.0 2.5 
LowFeOFFB 12 72.0 17.2 6.4 0.8 0.0 0.0 3.6 

b) Model phase assemblages for plagioclase flotation model 
Composition # ol pyx pyx ilm ol ilm last plag 

(± sp) (± sp) & ilm & ol &pyx &ol fract-
&pyx ion 

Hess avg LKFM 2 17.3 15.0 4.6 0.0 0.0 0.7 12.4 50.0 
Hess low press LKFM 3 17.4 19.8 3.5 0.0 0.0 0.0 13.6 45.7 
ReidLKFM 4 18.4 17.6 2.8 0.9 0.0 3.9 9.9 46.5 
Warren Imbrium 7 19.4 16.0 6.8 0.0 0.0 4.1 9.4 44.3 
Warren Nectaris 8 26.3 3.6 1.0 0.0 0.0 3.3 9.4 56.4 
Warren Serenitatis 9 26.0 9.0 7.5 0.0 0.0 2.8 9.0 45.7 
Hess Avg highland crust 1 22.4 2.2 0.7 0.0 0.0 0.3 10.3 64.1 
Anorthositic Gabbro 5 15.3 8.7 0.0 0.0 0.0 0.0 7.2 68.8 
Taylor highland crust 6 14.7 0.0 0.0 0.0 10.8 0.3 10.3 63.9 
LowFeOMCS 10 7.4 3.1 0.0 0.0 0.0 0.0 4.6 84.9 
LowFeOARB 11 11.3 0.0 0.0 0.0 0.0 0.0 4.6 84.1 
LowFeOFFB 12 10.3 4.0 0.5 0.0 0.0 0.0 4.8 80.4 

72 



Table 3.3. Craters in Orientale used in this study. See # Designation Diameter (km) comments 
Figure 3.13 for crater locations. Comments: I = Lower 
lmbrian; E = Eratosthenian; C = Copernican. Mapped 26 070g8a 2.3 I 
ages from Scott et al. [1977]. Diameters for Maunder, 25 070g9a 3.9 I-in mare 
Kopff and Nicholson from Andersson and Whitaker [1982]. 21 203g4a 6.6 I 

22 203g4b 3.4 I 
# Designation Diameter (km) comments 23 203g4c 2.7 c 

24 203g4d 3.0 I 
47 200hl 13.2 I Hohmann 203h2a 17.0 mapped I 
46 068g7 3.0 I 20 203h7a 4.6 C - bright halo 
45 068g8 3.1 I 19 071g4a 3.6 I 
44 068hl 6.0 I 18 071g5a 1.8 C - bright 
43 086h4 4.6 I 17 071g8a 2.3 E- in mare 
42 333g5 6.9 E D 204g2a 7.8 off image 
35 333h0 12.6 I 16 204g4a 2.2 I 
40 333h3a 5.0 E 15 204g5a 5.7 E 
41 333h3b 2.8 c 14 204g6a 4.7 E 

-...) 39 333h4a 4.4 I 10 204g7a 13.9 E 
\.>.) 33 333h5a 11.2 E 13 204g7b 2.1 C- dark halo 

38 069g5 2.8 E 12 204h0a 3.9 E 
37 069g10 2.8 I 11 204h2a · 12.5 E - on Maunder ejecta 
36 069gl 1 3.6 EorC 7 204h4a 9.4 I 
35 069g13 12.6 I - mare flooded 10 072glla 13.9 E 
34 069h4 3.0 E 9 072gl lb 2.9 C - light halo 
33 069h5a 11.2 E 8 072h0a 4.3 I 
32 069h5b 2.8 c 7 072h6a 9.4 I 
31 069h6b 5.9 C bright halo 6 072h8a 3.5 I 
30 069h7a 2.7 E 5 072h9a 2.4 I 
B 202gla 5.8 off image 4 205hla 3.6 I 
A 202g2a, 070g4a 13.4 off image 3- 205h5a 2.4 I 
c 202g2b 3.5 off image 2 073g10a 9.9 E 
27 202g4a 2.6 I 1 073gl la 18 mapped E; irregular 
29 202g5a 7.3 E - mare crater 
28 202g7a 4.4 E Maunder 55 mappedE 
28 202g8a 4.4 E Kopff 42 mapped I 
27 070g7a 2.6 I Nicholson 38 mappedE 



Comparisons of major element compositions of melt sheets and basement rocks. Note 

that the range in compositions of the melt rocks are within the field of basement rocks 

(within analytical errors). FeO is total iron represented as FeO. Data sources: 

Manicouagan melt: Florin et al. [1978); Manicouagan basement: Grieve and Florin 

(1978]; East Clearwater: Palme et al. [1979] ; Lake St. Martin: Simonds and McGee 

[1979]; Sudbury: Stoffler et al. [1994]. 
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Figure 3.lj Sudbury FeO vs. Ti02. 
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Figure 3.lk Sudbury FeO vs. Si02. 
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Figure 3.2 Stratigraphic column showing mineralogical variation through Sudbury 

Igneous Complex. Note the presence of an enriched zone of opaque oxides in the middle 

of the column and the differences in phase assemblages between the granophyre and the 

norites. Compare to Figure 3.7. After Naldrett and Hewins [1984]. 
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Figure 3.3 Geologic sketch map of the Orientale basin. Orientale Group consists of the 

Maunder formation (diagonal lines), the Montes Rook Formation (light and dark stippled) 

and the Helevius Formation (off this map). Modified from McCauley [1977]. This work 

is confined to craters in the Maunder formation, which is interpreted as impact melt from 

the Orientale event. North is to the top of the map. 
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Figure 3.4 FeO and Ti02 profiles through Kilauea Iki lava lake. All quantities in weight 

percent. Individual points are actual data. The diagonally lined field shows the 

compositional range of eruption pumices (i.e. quench samples) having the same MgO 

content as the core. Shaded areas to the left of the diagonally lined field show depletions 

relative to the eruption pumices. Areas to the right show enrichments. After Helz et al. 

[1989]. 
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FeO and Ti02 profiles through various sections at the Sudbury Igneous Complex. Note 

the enrichment in FeO and Ti02 in the transition zone. Distances are measured up 

exposed sections. Data from Collins [1934] (see for sample locations). 

-E 

Cl) 
u 
c: 
Ill .. 
Ill 

c 

2000 

1000 

0 2 4 6 8 

wt % 
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Figure 3.Sb Levack Railway Section. 
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Figure 3.Sc Creighton Mine section. 
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Figure 3.6 Idealized diagram of the crystal settling (a) and plagiocf(lse flotation (b) 

models. In both models, a quench crust of average melt composition forms and remains 

at the surface. In (a), all crystals sink through the melt and accumulate at the bottom. In 

(b ), plagioclase crystal float to the top of the melt and accumulate there; all other crystals 

sink to the bottom. 
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Stratigraphic columns of crystallizing phases for a representative sample of our numerical 

models. LKFM is composition [2] from Table 3.1. Lunar crust is composition [1]. Low 

FeO crust is composition [12]. 
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Figure 3.7a Stratigraphic columns for crystal settling model. Note concentration of iron 

and titanium bearing minerals in upper part of column. 
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Figure 3.7b Stratigraphic columns for plagioclase flotation model. Large iron and 

titanium free plagioclase zone overlies enriched zones of olivine, pyroxene, and ilmenite. 

Compare to Figure 3.2. 
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FeO and Ti02 profiles through our model sections. The models all show enriched zones 

of FeO and Ti02 abundance. (a-d) Average LKFM. (e-h) Average highland crust. (i-1) 

Low FeO crust. See Table 3.1 for data sources and model starting compositions. (abefij) 

Crystal settling models. (cdghkl) Plagioclase flotation models .. The crystal settling 

models all show increasing FeO and Ti02 toward the top of the section. The low FeO 

and Ti02 zones at the tops of the plagioclase flotation models represent the presence of 

FeO and Ti02 free plagioclase. Average FeO and Ti02 represent starting compositions 

of the models. 
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Figure 3.8a FeO profile for average LKFM, crystal settling model. 
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Figure 3.8b Ti02 profile for average LKFM, crystal settling model. 
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Figure 3.8c FeO profile for average LKFM, plagioclase flotation model. 
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Figure 3.8d Ti02 profile for average LKFM, plagioclase flotation model. 
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Figure 3.Se FeO profile for average highland crust, crystal settling model. 
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Figure 3.Sf Ti02 profile for average highland crust, crystal settling model. 
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Figure 3.8g FeO profile for average highland crust, plagioclase flotation model. 
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Figure 3.8h Ti02 profile for average highland crust, plagioclase flotation model. 
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Figure 3.Si FeO profile for low FeO crust, crystal settling model. 
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Figure 3.Sk FeO profile for low FeO crust, plagioclase flotation model. 
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Figure 3.81 Ti02 profile for low FeO crust, plagioclase flotation model. 
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A 

B 

Figure 3.9 Cartoon of crater excavation model. A - plan view (white area in the center is 

the crater). B - cross section. Original stratigraphy consists of Unit 1 (Ul) over Unit 2 

(U2). After the event an inverted stratigraphy is deposited around the rim (Ul * and 

U2*). Note that material originally in the lower unit (U2*) is now on top of material 

originally in the upper unit (U 1 *). In addition, the U2* material is restricted to an area 

closer to the crater rim. 

108 



A) .... 100 
c 
QI 
(,) ... 
GI 
~ 80 
" VI 

VI ,,, 
E 60 

"Cl 
QI .... 
(,) 
GI . ..., 

40 QI 

It-
0 

0 ... .... 20 ,,, ... 
... 
0 .... 
0 0 (,) 

0 2 3 4 5 6 

distance from crater center, radii 

B) 
~ 0 .000 .. 

~ Unit I @] Unit 4 
~ 0.040 
~ • Unit 2 !SJ Unit 5 ... .. 0 .080 
~ 

D u Unit 3 
r114' 0 . 120 

. 
... ,.. 
" 0. 160 A 

Figure 3.10 A) Ratios of differently colored sand in ejected mass versus distance from 

crater center for vertical gun cratering experiment into noncohesive sand. B) Preimpact 

target stratigraphy for impact experiment. [For this experiment, the final crater diameter 

was 32.8 cm. Unit l was 1.1 cm thick. Units 2-5 were 0.9 cm thick. Unit contacts 

occurred at 0.034, 0.061, 0.088, 0.115 and 0.142 diameters .] After Stoffler et al. (1975). 
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Examples of expected radial FeO and Ti02 compositional profiles of ejecta radially from 

a 10 km impact crater into differentiated impact melt sheets of various thicknesses. 

Modeled using average FeO and Ti02 contents for each thickness interval. Shown for 

reference are the one sigma errors in the FeO and Ti02 algorithms of Blewett et al 

(1997). a&b) Crystal settling model using average highlands crust composition [1] from 
' 

Table 3.1. c&d) Plagioclase flotation model using average highlands crust and LKFM 

composition [2] from Table 3.1. 
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Figure 3.lla FeO for crystal settling model. 
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Figure 3.llb Ti02 for crystal settling model. 
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Figure 3.llc FeO for plagioclase flotation models. 
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Figure 3.12 Depth of regolith gardening over lunar history and radial ejecta thicknesses 

for various diameter (=2R) craters versus distance from the crater center (in crater radii) . 

Regolith thicknesses plotted for ages of 3.8 (Late Imbrian), 3.2 (Eratosthenian), and 1.1 

Ga (Copernican). Note that the ejecta composition should be preserved out to one radius 

from the rim for craters larger than 6 km in diameter, regardless of age, and for 2 km or 

larger Copernican craters .. 
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Figure 3.13 Image of Orientale showing location of craters used in this 

study. Number is to the left of the crater in most instances. See Table 3.3 

for list of craters and their diameters. Image is 500 km across. 
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Figure 3.14 FeO map of Orientale interior. North is to the top. Image 
approximately 400 km across. 
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Figure 3.15 Ti02 map of Orientale interior. North is to the top. Image 
approximately 400 km across. 
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Figure 3.16 Diagram showing our methods for constructing radial FeO and Ti02 

profiles. A) Average profiles are created by averaging values in a ring around the crater. 

The errors bars are calculated from the variation in each ring around the crater. B) The 

eight individual profiles are single line profiles taken from the crater center in the 

directions shown. See Figures 3.17 and 3.18 for examples. 
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Figure 3.17 Radial average FeO and Ti02 profiles for example crater in Orientale melt 

sheet (crater #2 in Table 3.3). Error bars are one standard deviation of the variation 

around the crater. Note the changes in the average profiles are much smaller than the 

variations around the crater. The changes are also small compared to the errors in the 

Blewett et al. [1997] and Lucey et al. [1997] algorithms. 
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Figure 3.18a Radial FeO individual profiles for example crater (same as in Figure 3.17). 

Profiles spaced equally around the crater. Solid line is individual profile. Dot dashed 

line is average profile. 
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Figure 3.18b Radial Ti02 individual profiles for example crater (same as in Figure 

3.17). Profiles spaced equally around the crater. Solid line is individual profile. Dot 

dashed line is average profile. 
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Figure 3.19 Radial average FeO and Ti02 profiles for crater #2L Error bars are one 

standard deviation of the variation around the crater. 

122 



crater number 33 
4 

iTT 

1 
3 

I 
0 I Cl) 
LL. I 
~ I I ...., 

I 
I 

~ I 
2 I l il 

1 ~- __.___._~..___..__.__.___.___._~,___,___.__.___.___._~..___..__.__.__,_~ 

1.0 1.5 2.0 2.5 3.0 
Crater radii from crater center 

1 .0 

0.8 

8 0.6 
i-= 

~ 0.4 

0.2 

O.OL...___..__,_~__._~,___,_-'-~__._~-'---'--'--'-~'---'--'-~---'-~.___, 

1.0 1.5 2.0 2.5 3.0 
Crater radii from crater center 

Figure 3.20 Radial average FeO and Ti02 profiles for crater #33. Error bars are one 

standard deviation of the variation around the crater. 
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Figure 3.21 Radial average FeO and Ti(h profiles for crater #11. Error bars are one 

standard deviation of the variation around the crater. 
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Figure 3.22 Radial average FeO and Ti02 profiles for crater #12. Error bars are one 

standard deviation of the variation around the crater. Note the strong radial variations in 

FeO and Ti02. 
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Figure 3.24 Radial average FeO and Ti02 profiles for crater #20. Error bars are one 

standard deviation of the variation around the crater. Note the strong radial variations in 

FeO and Ti02. 
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Figure 3.25 Plot of FeO versus radial distance for nonmare craters in Orientale. 
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Figure 3.26 Plot of Ti02 versus radial distance for nonmare craters in Orientale. 
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CHAPTER4 
CONCLUSIONS 

In this chapter I highlight the main points of my research and point out future 

work that can be done, both with current data sets and with future missions. 

CLEMENTINE DATA 

This work has been restricted to using the ultraviolet-visible (UVVIS) camera 

data. Calibration of the near-infrared (NIR) camera data would allow a more detailed 

discrimination materials. With the NIR data, it should be possible to determine the 

mineralogy of surface materials. 

LUNAR PROSPECTOR 

The Lunar Prospector mission will measure elements Th, U, K, Fe, Si, Ti, Mg, 

and Al with varying degrees of accuracy. The Maunder melt sheet is large enough that it 
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could be characterized by Lunar Prospector. This would also allow us to check how 

appropriate were our choices of starting materials for our models. 

CRATER EXCAVATION 

The crater excavation technique could be improved with better models of the 

excavation of subsurface materials. More small scale laboratory experiments could be 

done to determine excavation from units of various thickness. Computer modeling of 

larger impacts could also be done to make estimates for larger (-10 km) craters. These 

two techniques could provide information that could be used to check my estimates here 

and future studies. 

MARE BASALT THICKNESS 
' The mare basalt thickness measurements made for this work could be extended to 

other maria. This would allow estimates of global surface basalt volumes to be 

improved. Calibration of the near-infrared data would allow better discrimination of 

materials. This might allow discrimination between different mare basalt types. This 

would allow estimates to be made of the thicknesses of mare compositional units . 

Improved cratering models would also aid in estimating more precisely the thickness of 

compositional units. 

Additional missions could provide useful measurements of mare basalt thickness. 

Global orbital sounding, as done on Apollo 17 [Maxwell and Phillips, 1978], could 

provide useful constraints on unit thicknesses on a global basis. Seismic refraction 

studies could also be done with instrumentation deployed on the surface by astronauts or 

rovers. 
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0RIENTALE MELT SHEET 

The most immediate work that could be done at the Orientale melt sheet is a 

detailed study of Maunder crater. This complex crater, -55 km across, has excavated 

deeper into the melt sheet than any other crater. It would be necessary to make estimates 

for excavation depths from a complex crater; currently this is poorly constrained. 

Use of NIR data to detect mineralogy would allow direct comparisons of model 

data with excavated materials. It might allow discrimination between mare material and 

FeO and Ti02 rich differentiates. This would be useful in interpretation of materials 

excavated by Maunder. 

Other large craters on the Moon also have melt sheets. It could be interesting to 

study some of these, especially where there is no mare basalt cover and fortuitous crater 

impacts might excavate material from the central regions of melt sheets. 

While we have learned a great deal about the Moon, these is still much to learn. 

Hopefully, what we have learned here will have useful applications on Earth. The 

Clementine data still has great potential for answering questions about the Moon. Future 

missions will build on this data and allow use a greater understanding of our nearest 

planetary neighbor, and of the universe we live in. 
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