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ABSTRACT 

Ground-based and spacecraft remote sensing data were used to investigate the 

lithology of various highlands regions of Earth's Moon and the stratigraphic relationships 

among lithologic types. Telescopic near-infrared reflection spectra of high spectral 

resolution were used to determine lithologies exposed at numerous locations on the lunar 

nearside. Multispectral imagery obtained by the Galileo and Clementine spacecraft was 

compared with the results of interpretation of ground-based telescopic reflectance 

spectra. An iron mapping technique utilizing the spacecraft data was used to identify 

anorthosite on the lunar farside. 

Chapter 2 focuses on the Humorum basin region of the nearside. Anorthosite was 

identified in parts of the mare-bounding ring of Humorum, excavated by fresh craters 

from beneath the slightly more mafic material that dominates the surface of the highlands 

in this region. A region to the northwest appears anomalous in optical and radar data 

sets. Principal components analyses of ground-based spectra and multispectral imagery 

of this area suggests that mare basalt was excavated by Letronne crater and that at least 

some cryptomare is present in the region as well. 
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Chapter 3 reports the results of analyses of numerous spectra of the Grimaldi basin 

region. Noritic anorthosite and anorthositic norite are the most common highland rock 

types present in the material emplaced there by both the Grimaldi and Orientale basin-

forming impacts. Some outcrops of pure anorthosite have been exposed from beneath this 

more mafic material by craters on or near the inner rings of Grimaldi. 

Chapter 4 considers the distribution and modes of occurrence of anorthosite 

throughout the lunar surface. Anorthosite is associate with the inner rings of other 

nearside basins, including Orientale and Nectaris. On the farside, the distribution of 

anorthosite appears to be controlled in large part by the giant South Pole-Aitken basin. 

Areas near the rim of the basin were covered by large thicknesses of ejecta. Only large 

basins could partially penetrate the ejecta there and bring the underlying anorthosite to 

the surface. Farther from the basin rim, smaller quantities of South Pole-Aitken ejecta 

were more completely removed by subsequent impacts to reveal vast expanses of pure 

anorthosite. 
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CHAPTERl 

INTRODUCTION 

1.1 BACKGROUND 

In the four decades since Earth's first artificial satellites were launched, much more 

has been learned about the composition and geologic history of Earth's natural satellite, 

the Moon, than had been discovered in all of previous recorded history. The U.S. Apollo 

program and Soviet Luna spacecraft returned samples of lunar rocks and soils as well as a 

wealth of imagery and other remote sensing data. The Apollo program also deployed 

instruments to gather geophysical data on such phenomena as seismic activity and heat 

flow through the surface. As a result of the analysis of these data, a broad consensus has 

been reached in the scientific community regarding many of the important basic 

questions of lunar geology [e.g., Vaniman et al., 1991; Taylor, 1982]. Most members of 

the lunar science community agree on the following scenario. 

The Moon was formed about 4.5 billion years ago, possibly as a result of the collision 

of a Mars-size body with the proto-Earth, and early in its history it was covered by a 

(probably global) magma ocean hundreds of kilometers deep that had an ultramafic 
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composition and was purged of most volatiles, such as H20. As this magma ocean 

cooled and crystallized, denser minerals such as olivine and pyroxene sank toward the 

bottom. Eventually, the remaining portion of the magma ocean became saturated with 

plagioclase feldspar that floated to the surface to form much of the upper portion of the 

Moon's crust. The incompatible elements, such as potassium (K), rare earth elements 

(REE), and phosphorus (P), which could not enter easily into the crystal structure of any 

of the predominant minerals which crystallized from the magma ocean, were 

concentrated in the portion of the melt which solidified last. This material, designated 

ur.KREEP [Warren, 1985], formed an irregular layer between the denser early cumulates 

and the anorthositic crust. After an interval on the order of a few hundred million years, 

enough heat accumulated in the lunar interior to induce partial melting of the mantle. 

Magma erupted onto the surface and formed mare basalt. 

Simultaneously, the Moon was undergoing bombardment by objects of various sizes 

during the waning phases of planetary accretion in the Solar System. Impacts created 

basins hundreds of kilometers in diameter and excavated enormous quantities of material 

from the basin interiors from depths as great as several tens of kilometers (although the 

bulk of the ejecta was derived from shallower depths). Mare basalt rose to the surface 

more easily through thin crust than through thicker crust, so it tended to fill in large 

basins, especially those which were formed on thinner crust [Robinson et al., 1992; Head 

2 



and Wilson, 1992]. This resulted in a much greater exposure of mare basalt on the 

nearside than on the farside, where the crust is, on average, much thicker [Zuber et al., 

1994]. 

As the Moon's interior cooled, mare basalt production declined. There may have 

been a steady decline in the frequency of impacts by large bodies, or there may have been 

one or more spikes in the frequency curve at about 3.9 Gyr, the so-called "late heavy 

bombardment" [Tera et al., 1974; Hartmann, 1975; Ryder, 1990]. In either case, there 

was significant overlap in the periods of heavy bombardment and mare basalt formation. 

While numerous dark halo craters provide ample evidence that early mare basalt deposits 

were subsequently covered by ejecta from basins, mare basalt production continued for 

hundreds of millions of years after the formation of the most recent great lunar basin, 

Orientale [Schultz and Spudis, 1983; Hawke and Bell, 1981]. 

In addition to the flows of basalt which filled the maria, there is evidence of the 

widespread occurrence of pyroclastic eruptions, many of which occurred near the edges 

of mare basalt deposits which fill old basins [Gaddis et al., 1985]. These deposits have a 

composition similar to mare basalt but retain more evidence of the volatiles that powered 

their ascent to the surface from great depth [Delano, 1986; Butler and Meyer, 1976]. 

Models indicate that, as the magma ocean crystallized, Mg-rich pyroxene and olivine 

crystals should have formed and settled out first, followed by increasingly Fe-rich 
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crystals of the same minerals [Vaniman et al., 1991; Warren, 1985]. This would have 

resulted in a gravitationally unstable layering with denser Fe-rich minerals lying atop the 

less dense Mg-rich ones. The urKREEP layer, last to crystallize and rich with ilmenite 

and other dense minerals, may have added sufficiently to the gravitational instability to 

initiate convective overturn of the cumulate pile. If the urKREEP- and Fe-rich material 

sank through and displaced the Mg-rich crystals, the release of pressure on the lighter 

crystals as they rose would have caused partial melting and the formation of Mg-rich 

magma, much of which would have cooled before reaching the surface, forming plutons. 

Some of this material may have reached the surface through volcanic eruption or by 

being excavated by basin- or large crater-forming impact events to provide the samples in 

the lunar collection known as the Mg-suite. 

While our understanding of the composition and geologic history of the Moon has 

increased tremendously during the past few decades, there are still many unsolved 

questions that may be addressed through study of the available data sets. The research 

reported here investigated the following questions related to the composition and 

stratigraphy of the lunar crust: 

What is the composition of the crust as a function of depth? 

Can distinct layers be identified? 

Does the composition become more mafic with depth? 
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How does the crustal stratigraphy change as a function of position on the lunar 

surface? 

Can we recognize Mg-suite plutons exposed at the lunar surface? If so, what can we 

learn about the composition and stratigraphy of these plutons where they are penetrated 

by craters? 

What can be learned regarding the geologic history of the Moon's original plagioclase 

flotation crust from the locations and distribution of deposits of pure anorthosite exposed 

at the surface today? 

1.2 RESEARCH METHODOLOGY 

Earth's Moon is ideally suited for study by means of remote sensing techniques. With 

no atmosphere or water acting to alter it, most of the Moon's surface is composed 

predominantly of a surprisingly limited number of minerals, primarily pyroxenes, olivine, 

plagioclase feldspar, and ilmenite [Papike et al., 1991]. In addition, both pyroclastic and 

impact-produced glasses are present. Reflection spectroscopy in the ultraviolet, visible, 

and near-infrared wavelengths allows us to identify these materials and constrain relative 

abundances and chemical compositions of the minerals present [Gaffey et al., 1993]. 

Radar returns from the lunar surf ace can also be of use, especially in determining particle 

sizes and roughnesses [Thompson et al., 1974]. 

5 



Because the Moon is Earth's nearest planetary neighbor, it is possible to obtain, with 

ground-based telescopes, spectra for relatively small areas on the lunar surface, down to a 

diameter of one or two kilometers. The technique works best for fresh craters because 

the Moon is still subject to a constant rain of micrometeoroids which alter, through the 

impact process, the spectral characteristics of lunar minerals [Pieters, 1986]. This "space 

weathering" progressively darkens lunar materials, more so at shorter wavelengths, until 

the surface becomes "mature" within a billion years after exposure. The differences in 

spectral appearance among mature surf aces of different compositions are muted, but not 

totally erased. 

In addition to ground-based spectra, there are a few data sets available that have been 

obtained by spacecraft that flew by or orbited the Moon. Chief among these are the 

Galileo and Clementine multispectral images and the geochemical data obtained by the 

Apollo missions. While the spectral resolution of the data returned by the Galileo and 

Clementine spacecraft is much poorer than that obtained from Earth-based telescopes, 

both spacecraft obtained images of the far side, which is never visible from Earth. In 

addition, the Clementine spacecraft obtained data in wavelengths specifically chosen to 

maximize the information obtained about lunar surface materials, and the spatial 

resolution was as good as 250 meters per pixel [Nozette et al., 1994]. 
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Clementine data are still being calibrated. Data from the UVVIS camera, with 

wavelengths ranging from 0.415 to 1.0 µm, are now available in a format suitable for 

spectral analysis of selected features. The research reported here drew heavily on the 

Clementine data to supplement and extend findings based on interpretations of spectra 

acquired at ground-based telescopes. Other remote sensing data sets were also used 

where appropriate. 

1.3 RESEARCH FOCUS 

A primary focus of this study is the portion of the southwestern lunar nearside 

bounded by and including the Humorum, Grimaldi, and Orientale basins. These basins 

span a large range of both age and size and comprise most of the major lithologic types 

represented on the lunar surf ace, such as ferroan anorthositic highlands rocks (including 

outcrops of pure anorthosite ), mare basalts, cryptomaria, pyroclastic deposits, and 

perhaps gabbroic highlands rocks. Numerous ground-based spectra for selected features 

in this area have been collected and preliminary findings have been reported [e.g., Hawke 

et al., 1991]. Additional detailed analyses of the mafic mineral absorption bands were 

performed for this study. Also, multispectral images of this area obtained by both the 

Clementine and Galileo spacecraft were studied in order to compare the data sets and 
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increase our understanding of the capabilities and limits of the spacecraft data sets for use 

in determining the lithologic character of the lunar farside. 

Chapter 1 of this dissertation examines the lithology of highlands units in the 

Humorum Basin region of the Moon. Numerous ground-based near-infrared spectra were 

examined and analyzed, and these were compared with Clementine multispectral images. 

Special attention was paid to the occurrences of anorthosite and to an anomalous region 

to the northwest of Mare Humorum. 

Chapter 2 deals with the Grimaldi basin region. Anorthosite outcrops were also 

identified in this basin through the interpretation of near-infrared spectra. Grimaldi basin 

is relatively near Orientale basin, and studies of the Grimaldi region aid in the 

understanding of the lithology of the pre-impact Orientale target zone as well. 

Chapter 3 takes a broad view of the distribution of anorthosite on both the nearside 

and farside and puts the findings into a global geologic and historical context. Global-

scale and high-resolution Clementine multispectral images are used to examine the 

influence of the farside's giant South-Pole Aitken basin on the distribution of anorthosite 

that can be seen on the surf ace of the Moon today. 
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CHAPTER2 

REMOTE SENSING STUDIES 

OF THE HUMORUM BASIN REGION 

This chapter is an expanded version of the paper Remote Sensing Studies of the Terrain 

Northwest of Humorum Basin published in Geophysical Research Letters, vol. 20, no. 6, 

pp. 419-422, 1993, with co-authors B. Ray Hawke, Paul G. Lucey, G. Jeffrey Taylor, 

David T. Blewett, Bruce A. Campbell, Cassandra R. Coombs, and Paul D. Spudis. 

2.1 INTRODUCTION 

Humorum basin is a large multiring impact structure on the southwestern portion of 

the lunar nearside (Figure 1). The most complete basin ring bounds Mare Humorum and 

is -440 km in diameter [Wilhelms, 1987]. A rimlike scarp almost twice as large ( -820 

km) and resembling the Cordillera ring of the Orientale basin lies outside this mare-

bounding (MB) ring. Some questions remain regarding the composition and stratigraphy 

of the lunar crust in this region prior to the Humorum basin-forming impact and 

regarding the present composition of certain highland regions. Many of these questions 
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can be addressed by examining features in the northwestern portion of the basin (Figure 

2). 

A portion of the highlands terrain northwest of the Humorum basin (Figure 3) 

exhibits anomalous characteristics in several remote sensing data sets. Gaddis et al. 

[1985] noted the unusual nature of this highland terrain. They pointed out that an area of 

approximately 45,000 km2 west of Gassendi crater exhibited relatively low depolarized 

3.8-cm radar returns in the radar images presented by Zisk et al. [1974]. This anomalous 

area is centered at 43° W, 15° S. Gaddis et al. [1985] discussed the possibility that this 

area was mantled by relatively high-albedo pyroclastic debris and suggested that 

additional evidence bearing on the presence of pyroclastic mantling material in this area 

might come from near-infrared spectral studies. Numerous other unresolved questions 

exist concerning the nature and origin of the geologic units northwest of Humorum. The 

purposes of this study include the following: 1) To determine the composition of the 

various geologic units northwest of Humorum, 2) To investigate the stratigraphy of the 

Humorum pre-impact target site, 3) To determine the composition and extent of ancient 

(pre-Orientale) volcanic deposits, and 4) To study the nature and origin of the radar 

anomaly northwest of Humorum. 
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2.2 METHODS 

Near-infrared reflectance spectra were obtained utilizing the University of Hawaii 

2.24-m telescope and the 60-cm telescope at the Mauna Kea Observatory (MKO). The 

Planetary Geosciences indium antimonide spectrometer was used. This instrument 

successively measured intensity in each of 120 or more wavelengths covering a 0.6-2.5 

micron region by rotating a filter with a continuously variable band pass. By using the 

f/35 oscillating secondary mirror on the 2.24-m telescope in its stationary mode, it was 

possible to collect spectra for relatively small areas ( 4-8 km) in the Humorum region. 

More recent observations using the 60-cm telescope obtained spectra for larger areas ( 10-

20 km). Differential atmospheric refraction limited high-resolution observations to 

periods when the Moon was near zenith. 

The lunar standard area at the Apollo 16 landing site was frequently observed during 

the course of each evening, and these observations were used to monitor extinction 

throughout each night. Extinction corrections were made using the methods described by 

McCord and Clark [1979]. These procedures produce spectra representing the 

reflectance ratio between the observed area and the Apollo 16 site. These relative spectra 

were converted to absolute reflectance utilizing the reflectance curve of an Apollo 16 soil 

sample. Analyses of mafic band positions and shapes as well as continuum slopes were 

made using the techniques described by McCord et al. [1981]. The locations and 
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lithologic classification of the spectral data appear in Figure 3, and representative spectra 

are shown in Figures 4 and 5. 

A two end-member principal components analysis using the technique described by 

Blewett et al. [ 1995c] was performed using spectra obtained for mature areas to the south 

of the crater Gassendi G, between Gassendi G and Gassendi F, and south of Letronne. A 

laboratory spectrum of an Apollo 16 soil sample was used as the mature highlands end 

member, and a telescopic spectrum of MHO, a standard telescopic calibration site in Mare 

Humorum, was used as the mature mare end member. Because albedo information is not 

preserved during processing of the telescopic spectra, results from this technique are 

expressed as percentages of the flux of reflected light contributed to each telescopic 

spectrum by the respective end members. 

A linear mixture model was also applied to multispectral images which were obtained 

by Neukem et al. [1991] by utilizing a CCD array camera attached to a 61-cm telescope 

on Mauna Kea. The images were obtained through the use of 12 filters at 0.4, 0.5, 0.55, 

0.6, 0.65, 0.72, 0.79, 0.85, 0.89, 0.93, 0.96, and 0.99 µm. The images were co-registered 

and normalized, and a four component linear mixture model using fresh highlands, 

mature highlands, fresh mare, and mature mare material was performed using the method 

described by Blewett et al. [1995c]. 
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2.3 RESULTS AND DISCUSSION 

At least a portion of the mare-bounding (MB) ring of Humorum is composed of pure 

anorthosite. Spectra were collected for Mersenius C (diameter=14km), Liebig A 

(diameter=12km), Liebig B (diameter=9km), and the Gassendi E and K complex (Figure 

3). These small impact craters expose fresh material from beneath the surface of massifs 

in the mare-bounding ring. These spectra exhibit either no "1 µm" absorption features or 

extremely shallow bands (Figures 4.1 and 4.2). Only very minor amounts of low-calcium 

pyroxene are present in the areas for which these spectra were obtained; an anorthosite 

lithology is indicated. Mersenius C and the Gassendi E and K complex were observed 

during the course of several observing runs, and the diameters of the areas for which 

spectra were obtained varied from -3 km to -20 km. None of these spectra has a 

significant "1 µm" band. This indicates that anorthosite does not just occur on some 

small portion of the interiors of these craters; it is the dominant rock type in the ring 

massifs in this region. 

While the mare-bounding ring northwest of Humorum appears to be composed of 

pure anorthosite, spectra for other sectors of the ring indicate that both anorthosite and 

more pyroxene-rich material are present [Spudis et al., 1992; Hawke et al., 199la,b]. 

Dunthome is a 16-km crater near the southeastern portion of the MB ring. It and other 

craters on or near the MB ring expose noritic anorthosite (Figures 4.1 and 4.2). One 
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spectrum was obtained for Billy A, a 7-km impact crater that excavated material from the 

northwestern portion of the outer Humorum ring (Figure 3). Analysis of this spectrum 

indicated that noritic anorthosite was present in this segment of the outer ring. 

Spectra were also collected for a number of highlands units in the study area 

northwest of Humorum (Figure 3). Special emphasis was placed on analysis of spectra 

obtained for fresh surfaces which should expose a relatively high percentage of 

unweathered rock surfaces. These include the craters Mersenius S, Billy D, Gassendi 

Zeta, and Gassendi A as well as the central peaks of Gassendi. Analyses of the "lµm" 

band positions and shapes as well as continuum slopes indicate that these features exhibit 

many common spectral characteristics. These spectra indicate the presence of relatively 

fresh highlands rocks dominated by Fe-bearing plagioclase and Ca-poor pyroxene. 

Noritic anorthosite is the major rock type present in all of the areas for which these 

spectra were obtained (Figure 3). Our results are consistent with those of a recent CCD-

imaging study of Gassen di crater presented by Chevrel and Pinet [ 1992]. 

In summary, the northwestern portion of the Humorum MB ring is composed of pure 

anorthosite. In contrast, the other highlands units northwest of Humorum are dominated 

by somewhat more mafic rock (noritic anorthosite). This includes at least a portion of the 

outer ring of Humorum. The anorthosites that occur in the inner ring may have been 

derived from a layer of pure anorthosite that existed at depth beneath a more pyroxene 
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rich unit in the Humorum basin target site. Pure anorthosites have now been identified on 

the inner rings of Orientale, Nectaris, Grimaldi, and Humorum basins [Spudis et al., 

1984, 1989, 1992; Hawke et al., 1991a,b, 1992a,b]. 

Lucey et al. [ 1991] have recently presented the results of an imaging spectroscopy 

study of the Humorum basin region. They identified a spectral unit in the highlands 

northwest of Humorum which appeared to represent a mixture of highlands debris with 

lesser amounts of mare material. This spectral unit generally correlates with the area that 

exhibits anomalously low depolarized 3.8-cm radar returns. These low backscatter 

values could indicate a deficiency in 1-50 cm fragments on or near the surface or the 

presence of material with a dielectric constant different from that of typical highlands 

material. 

In order to further investigate this anomalous region, we utilized 70-cm radar images 

provided by T. Thompson. The techniques used to obtain and process these data are 

described by Thompson [1987]. The anomalous region discussed above exhibits low 

returns on the 70-cm depolarized radar image. The values for this unit are lower than 

those of the nearby highland terrain and similar to the values exhibited by some mare 

deposits. The low 70-cm radar returns could be due to the lack of meter-sized blocks in 

the near-surface environment or to the presence of a unit with a dielectric constant 

significantly different from that of the surrounding highlands terrain. In addition, 
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Thompson [1978] noted that the highlands northwest of Humorum exhibit anomalously 

low values in 7.5-m radar images. 

We have obtained a series of near-infrared spectra for different portions of Gassendi 

G and F, which lie in the area characterized by anomalous radar returns (Figure 3). Both 

impact craters are 8 km in diameter and exhibit partial dark haloes. These craters 

excavated material from beneath the surface of the anomalous radar unit. Analysis of our 

spectral data indicates that both Gassendi G and F exposed mare basalt from beneath a 

surface enriched in highlands debris. All of the spectra exhibit relatively deep "1 µm" 

absorption features centered near or longward of 0.95 µm. However, minor differences 

are seen among the spectra, and these appear to be related to exact locations and sizes of 

the areas for which the spectra were obtained. The spectrum of Gassendi F indicates the 

presence of major amounts of mare basalt with only minor amounts of highlands debris. 

The spectrum obtained for the center of the Gassendi G interior (aperture diameter=5km) 

indicates the presence of mare basalt that is contaminated by a somewhat higher 

percentage of highlands material. In contrast, the spectrum of the dark halo immediately 

south of Gassendi G (aperture diameter=5km) indicates that this area is composed almost 

totally of mature mare basalt. The spectrum obtained for a relatively large area 

(diameter=18km) that included both the Gassendi G interior and the dark halo has 
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spectral parameters that are intermediate between the other two spectra. These results 

confirm and extend the findings reported by Lucey et al. [ 1991]. 

The spectral data have important implications for the stratigraphy of the Gassendi G 

and F target sites. A relatively thin highlands-rich surface layer overlies a mare basalt 

unit which occurs above a deposit of pure highlands material. Gassendi G fully 

penetrated the upper two layers, and highlands debris is exposed in the central portion of 

the crater interior. The stratigraphic evidence suggests that an episode of mare volcanism 

emplaced basaltic units in this region after the formation of the Humorum basin. 

Subsequently, large impacts in the vicinity, such as those which formed Gassendi, 

Mersenius, and Letronne craters, as well as the Orientale impact event, emplaced a 

veneer of highlands atop the basalt flows. Some ancient mare material could have been 

mixed with this highlands debris either by local mixing by secondary craters during 

ejecta emplacement or by vertical mixing due to small crater-forming impacts in the area. 

The presence of a mare basalt component in the surface layer could be responsible for 

the radar anomaly in the region. A significant amount of mare basalt could alter the bulk 

dielectric constant of the regolith. However, the spatial extent of the radar anomaly 

argues against this interpretation. The anomalous surface unit extends beyond the limits 

of the area thought to possess a surf ace layer containing mare basalt. The radar anomaly 
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commonly extends to near the rim crests of the craters that apparently covered the ancient 

basalts with highlands debris. 

In order to better understand the nature of this anomalous region, we conducted 

mixing model studies on spectra and multispectral images of the area. A principal 

components analysis of spectra obtained for mature areas in this region indicates that 

mature mare material contributed 23%, 40%, and 42% of the flux of reflected light, 

respectively, for areas south of the crater Gassendi G, between Gassendi G and Gassendi 

F, and just outside the south rim of Letronne. Results are shown in Figure 6. Because 

mature mare material has a lower albedo than does mature highlands material, it is 

expected that the percentage of mare material for a given area is even higher than the 

percentage of flux it contributes. 

This conclusion is supported by the results of a four component (fresh highlands, 

fresh mare, mature highlands, mature mare) linear mixture model using multispectral 

images of the region obtained by Neukem et al. [1991] (Figure 7). Figure 7.2 shows the 

results of the analysis. It can be seen that much of the highlands region between the 

craters Gassendi, Billy, an~ Letronne, where the craters Gassendi G and Gassendi Fare 

located, contains between 25% and 50% mature mare material. Near the south rim of 

Letronne, the mature mare component is between 50% and 75%. 
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In summary, the anomalous 3.8-cm radar unit can be partly explained by presence of 

a buried mare deposit that has contributed basaltic material to the regolith. However, the 

spatial extent of the radar anomaly argues against this explanation. The large component 

of mature mare basalt found throughout the anomalous region, and especially the very 

high percentage of mature mare basalt found just outside the south rim of Letronne crater, 

suggest that mare basalt may have been present in the target area of the Letronne impact, 

and perhaps elsewhere, and that this mare basalt may have been incorporated into the 

ejecta blanket of Letronne and possible other craters in the vicinity. To date, no spectral 

or morphologic evidence for pyroclastic volcanism has been found in the region which 

exhibits low 3.8-cm backscatter values. 

2.4 CONCLUSIONS 

1. The northwestern segment of the mare-bounding ring of Humorum basin is composed 

of pure anorthosite. 

2. Other highlands units in the region are dominated by noritic anorthosite. This includes 

the outer ring of Humorum basin. 

3. The anorthosites on the inner ring may have been derived from a layer of pure 

anorthosite that exists at depth beneath a more pyroxene-rich unit. 
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4. Gassendi G and F craters, which are located between the MB and outer rings, expose 

mare basalt from beneath a highlands-rich surface unit that was emplaced by the 

Gassendi, Letronne, Orientale, and other impact events [Lucey et al., 1991]. 

5. This ancient basalt unit was emplaced after the formation of Humorum basin but 

before the Orientale impact event. 

6. The existence of an ancient mare unit northwest of Humorum can partially account for 

this area's low 3.8-cm radar return. However, the spatial extent of the radar anomaly 

suggests that other factors are involved. These include explosive volcanism and an 

unusual (i.e., Fe- and Ti-rich) highlands composition. 

7. This anomalous region contains a high percentage of mature mare basalt, especially 

near the south rim of Letronne crater. 
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Figure 1. The Humorum region of Earth's Moon. The base photograph is a 
pseudo-full Moon mosaic produced by Lick Observatory. 
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Figure 2. A portion of Lunar Orbiter frame 143-M showing the Humorum basin 
region. The white box outlines the area of Figures 3a and 3b. 
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Figure 3.1. A portion of Lunar Orbiter IV frame 143-M showing the study area. 
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• Anorthosite ... Mare basalt 

E9 Noritic anorthosite • Mare basalt 
exposed by DHC 

~ Pyroclastic material ,~'Basin ring 

Figure 3.2. Sketch map of the same portion of the Humorum basin region shown 
in Figure 3 .1. The various symbols indicate the lithology of the areas for which 
near-infrared reflectance spectra have been obtained and interpreted. DHC means 
"dark halo crater." 
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Figure 4.1. Reflectance spectra scaled to unity at 1.02 µm for 
selected features in the Humorum region. All of these spectra, 
except for Dunthorne, represent pure anorthosite deposits. 
Differences among spectra obtained for features on different 
dates are largely due to (1) the different aperture sizes used for 
the various observations and (2) the lack of thermal corrections 
in the 2.0-2.Sµm spectral region. 
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Figure 5.1. Reflectance spectra scaled to unity at 1.02 µm for 
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Figure 6. A portion of Lunar Orbiter IV frame 143-H2 showing the percentage of 
flux contributed by mature mare basalt to near infrared felection spectra of the 
indicated areas. 
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Figure 7 .1. A single filter albedo image of the study 
region obtained by Neukum et al. [1991]. 
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Figure 7.2. Results of a mixing model performed on the full 
set of data obtained by N eukum et al. [ 1991] for this region. 
Colors indicate percentage of mature mare basalt present. 
Black= 0-25%. Purple= 25-50%. Yellow= 50- 75%. 
Orange= 75-100%. 31 
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CHAPTER3 

SPECTRAL REFLECTANCE STUDIES 

OF THE GRIMALDI REGION OF THE MOON 

This chapter is a slightly modified version of the paper Spectral Reflectance Studies of the 

Grimaldi Region of the Moon, published in Geophysical Research Letters, vol. 22, no. 22, 

pp. 3055-3058, 1995, with co-authors B. Ray Hawke, Paul G. Lucey, Cassandra R. 

Coombs, and Paul D. Spudis. 

3.1 INTRODUCTION 

This chapter reports the results of an analysis of more than 60 spectra obtained for the 

area in and around the lunar basin Grimaldi (Figure 8) . The region we studied extends 

from Olbers A crater in the north to the crater Darwin in the south and is bounded on the 

west by the Orientale basin's Montes Cordillera and on the east by Oceanus Procellarum 

(Figure 9). 

The Grimaldi basin is a Pre-Nectarian double-ring impact structure centered at 5°S, 

68°W [Wilhelms, 1987]. This multiringed basin was identified and described by 

Hartmann and Kuiper [1962]. Mare basalt fills much of the basin interior to the 230-km-

diameter peak ring and is also present in Lacus Aestatis and in the interior of the craters 
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Riccioli and Crtiger. A somewhat more irregular outer ring has a diameter of 430 km 

[Wilhelms, 1987]. A pyroclastic deposit lies along or near the trace of the northeastern 

portion of the ring, which is less well defined in this area. 

Near-infrared spectra were collected and analyzed for a wide variety of geologic units 

in the Grimaldi region. The purposes of this study are: 1) To determine the composition 

of geologic units in the region; 2) To investigate the composition of highlands materials 

exposed by the Grimaldi impact event as well as the stratigraphy of the Grimaldi pre-

impact target site; 3) To gain a better understanding of Orientale-related deposits in the 

region; and 4) To investigate the nature and origin of mare and dark mantling units. 

3.2 METHODS 

Near-infrared reflectance spectra were obtained utilizing the University of Hawaii 

2.24-m telescope and the 60-cm telescope at the Mauna Kea Observatory (MKO). The 

Planetary Geosciences indium antimonide spectrometer was used. This instrument 

successively measured intensity in each of 120 or more wavelengths covering a 0.6-2.5 

micrometer (µm) region by rotating a filter with a continuously variable band pass. 

Because Grimaldi is near the western limb of the Moon, the instrument's aperture 

collected light from a nearly elliptical area of the lunar surface, which ranged from about 
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4 km to 20 km along the major axis. Differential atmospheric refraction limited high-

resolution observations to periods when the Moon was near zenith. 

The lunar standard area at the Apollo 16 landing site was frequently observed during 

the course of each evening, and these observations were used to monitor extinction 

throughout each night. Extinction corrections were made using the methods described by 

McCord and Clark [1979]. These procedures produce spectra representing the 

reflectance ratio between the observed area and the Apollo 16 site. The photometric 

precision of lunar spectra obtained with the Planetary Geosciences indium antimonide 

spectrometer and reduced by the techniques described above was discussed in detail by 

McCord et al. [1981]. Analyses of mafic band positions and shapes, continuum slopes, 

and uncertainties related to these measurements were made using the methods presented 

by McCord et al. [ 1981] and Lucey et al. [ 1986]. Mineralogic and petrologic 

interpretations of spectral measurements were made using the procedures described by 

previous workers [e.g., Adams, 1974; McCord et al., 1981; Spudis et al., 1984, 1989; 

Lucey et al., 1986; Pieters et al., 1986, 1993]. The classification and nomenclature of 

lunar highlands rocks used in this paper is that proposed by StOffler et al. [1980]. The 

locations and lithologic classification of the spectral data appear in Figure 9.2, and 

representative continuum-removed spectra are presented in Figure 10. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Orientale Exterior Deposits 

Much of the Grimaldi region is covered by the Hevelius Formation, a highlands unit 

that was emplaced as a result of the Ori en tale impact event [Scott et al., 1977]. The 

Hevelius Formation occurs outside the prominent Cordillera ring of the Orientale basin 

and probably contains large amounts of primary ejecta from Orientale. 

Numerous spectra were obtained for mature surfaces on the Hevelius Formation as 

well as young craters that expose fresh Hevelius material. Analyses of these spectra 

show the presence of plagioclase feldspar and low-Ca pyroxene (Figure 10). Noritic 

anorthosites dominate the terrain between the Cordillera ring and Crilger crater, but 

anorthositic norites are more common elsewhere (Figure 9.2). These results are in 

agreement with our previous findings [Hawke et al., 1991a] as well as the preliminary 

results of the Galileo SSI experiment [Head et al., 1993]. Olbers A crater, a 43-km-

diameter impact structure in the northwestern portion of the Grimaldi region, exposes 

noritic anorthosite excavated from beneath a slightly more mafic surface unit. 

3.3.2 Grimaldi-Related Units 

Even though Orientale-related deposits cover and obscure primary Grimaldi material 

in most areas, some spectra were obtained for fresh craters that expose Grimaldi debris. 
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Both Grimaldi DA (diameter= 7 km) and GA (diameter= 11 km) expose material from 

the peak ring of Grimaldi basin (Figures 9.2 and 11). An analysis of these spectra 

indicates that either no "1 µm" absorption features exist or that they are extremely 

shallow bands (Figure 10.1). Only very minor amounts of low-Ca pyroxene are present 

in the areas for which the spectra were obtained; an anorthosite lithology is indicated. 

Spectra obtained for previously identified lunar anorthosite deposits are also shown in 

Figure 10.1. At least a portion of the Grimaldi inner ring is composed of pure anorthosite 

[plagioclase >90%; SWffler et al., 1980]. 

Anorthosite has also been identified at Damoiseau D (diameter= 17 km). This crater 

is located on the rim of Damoiseau A, a 47-krn impact crater located largely between the 

inner and outer rings of Grimaldi, which excavated material from deep beneath the floor 

deposits of Grimaldi basin (Figures 9.2 and 11). In addition, anorthosite appears to have 

been exposed by Damoiseau C, a 15-km crater located just outside the Grimaldi outer 

ring (Figure 9.2). Grimaldi T crater exposes material from beneath the surface of an 

outlier of the Grimaldi inner ring (Figure 12), and the very shallow band depth exhibited 

by its spectrum (Figure 10.3) suggests that at least some pure anorthosite may be present 

in the area for which the spectrum was obtained. The spectrum of Grimaldi E crater also 

exhibits a very shallow "1 µm" band (2.3%) and may indicate the presence of major 
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amounts of anorthosite (Figure 10.3). Grimaldi E is 13 km in diameter and is located 

between the inner and outer basin rings (Figures 9.2 and 11). 

Grimaldi H is a 9-km impact crater on the western floor of the inner portion of 

Grimaldi basin (Figures 9.2 and 12). This crater penetrates the Hevelius Formation and 

exposes subjacent material from the pre-Orientale floor unit. The spectrum obtained for 

Grimaldi H has a shallow absorption band centered at 0.93 µm (Figure 10.3). The mafic 

mineral assemblage is dominated by low-Ca pyroxene, and a noritic anorthosite lithology 

is indicated. The results of the analysis of the Grimaldi H spectrum, as well as other 

spectra that were obtained for the original, pre-Orientale floor material of the Grimaldi 

basin, indicate that this unit is composed of noritic anorthosite or anorthositic norite. The 

noritic anorthosite composition is most common. The pre-Orientale floor material within 

the inner ring should be dominated by impact melt and melt-rich deposits formed by the 

Grimaldi impact event [Head, 1974; Hawke and Head, 1977a] and may represent the 

average composition of the upper portion of the pre-impact target site. 

It is difficult to determine the compositions of the Grimaldi ejecta deposits because of 

the proximity of the younger Orientale basin as well as the extensive mare flooding east 

and northeast of the basin. Still, some information can be obtained. Sirsalis is a 42-km 

crater located southeast of Grimaldi (Figure 9). This impact crater should expose 

Grimaldi ejecta from beneath the relatively thin and discontinuous facies of the Hevelius 
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Formation. The analysis of a spectrum obtained for the interior of Sirsalis indicates that 

the dominant lithology is anorthositic norite (Figure 10.3). Several spectra were collected 

for both fresh craters and mature surfaces in the highlands east of Cruger and south of 

Sirsalis (Figure 9.2). At this distance from Orientale basin, local material, as opposed to 

primary Orientale ejecta, should dominate the deposit emplaced as a result of the 

Orientale impact [e.g., Oberbeck, 1975]. The "local" material in this area should be 

dominated by Grimaldi ejecta. Most of the spectra obtained for this area indicate the 

presence of anorthositic norite although two craters (Cruger C and De Vico) expose 

noritic anorthosite. The generally more mafic compositions of the deposits east of Cruger 

contrast with the less mafic compositions west of this unusual crater. 

North of Grimaldi basin, Cavalerius crater (diameter = 58 km) exposes highlands 

material that should have included a high proportion of Grimaldi primary ejecta (Figure 

9). Near-infrared reflectance spectra were obtained for two portions of the interior of 

Cavalerius (Figure 10.2). Both spectra indicate that the areas for which the spectra were 

collected are dominated by noritic anorthosite. Other craters northwest of Grimaldi that 

have excavated Grimaldi ejecta have spectra that indicate the presence of anorthositic 

norite or, less commonly, noritic anorthosite. The spectral data presented here show that 

the Grimaldi ejecta deposit is dominated by anorthositic norite and noritic anorthosite. 
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The results of the spectral studies described above allow the reconstruction of the pre-

impact stratigraphy of the Grimaldi target site. The upper portion of the target site was 

composed of anorthositic norite and noritic anorthosite. These pyroxene-bearing 

compositions dominate the primary ejecta deposits of Grimaldi as well as the original, 

pre-Orientale floor unit. Both the Grimaldi primary ejecta material and the. floor deposit 

were derived from the upper portions of the pre-impact target site. In contrast, pure 

anorthosite was exposed by at least two fresh craters from beneath the surface of massifs 

in the Grimaldi inner ring. The spectral data indicate that major portions of the inner ring 

are composed of pure anorthosite. We propose that the inner Grimaldi ring is a peak ring 

that was formed by the rebound of deep crustal material from beneath the Grimaldi 

transient crater cavity during the modification stage of the basin-forming event. In our 

model, the outer ring represents the main topographic rim of Grimaldi basin. The 

spectrum of Damoiseau D demonstrates that, at least locally, anorthosite must be present 

beneath the pre-Orientale floor unit. The currently available evidence strongly suggests 

that the Grimaldi pre-impact target site consisted of a layer of pyroxene-bearing 

highlands material overlying a crustal unit composed of pure anorthosite. The existence 

of anorthosite at Damoiseau C, a small crater just outside the Grimaldi outer ring, 

demonstrates that the Grimaldi transient crater cavity fully penetrated the pyroxene-

bearing layer and excavated minor amounts of anorthosite. It is important to note that 

39 



pure anorthosites have now been identified on the inner rings of Orientale, Nectaris, 

Humorum, and Grimaldi basins [Spudis et al., 1984, 1989, 1992; Hawke et al., 1991a, 

1992a,b, 1993a]. In all instances, it appears that the anorthosites have been derived from 

an anorthosite layer that underlies a more pyroxene-rich unit. 

3.3.3 Gabbroic Units 

In a previous study [Hawke et al., 1989a], it was noted that the spectrum obtained for 

Cruger G crater (diameter = 8 km) was very different from spectra collected for nearby 

features. The Criiger G spectrum exhibits a "1 µm" absorption feature centered longward 

of 0.95 µm, indicating a mafic mineral assemblage dominated by high-Ca pyroxene 

(Figure 10.2). Cruger G is located southwest of Cruger crater and is centered on the rim 

crest of a large, degraded pre-Orientale impact structure northeast of Darwin (Figure 

9.2). Cruger G exposes material from beneath the deposits emplaced as a result of the 

Orientale impact event. 

We have now identified material with a mafic assemblage dominated by high-Ca 

pyroxene in two additional areas in the Grimaldi region. One is a small crater southwest 

of Criiger E, and the other is associated with Olbers B crater (Figure 2.2). Both of these 

impact craters expose material from beneath the material emplaced by the Orientale 
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impact event. Additional work will be necessary to fully understand the nature and origin 

of these gabbroic units. 

3.3.4 Pyroclastic Deposits 

Numerous localized dark-mantle deposits (LDMD) of pyroclastic origin have been 

identified in the Grimaldi region [Coombs, 1988; Coombs and Hawke, 1992; Hawke et 

al., 1989a,b], and near-infrared reflectance spectra were obtained for several deposits. 

Localized dark-mantle deposits are generally associated with small(< 3 km), endogenic 

dark-halo craters. 

The spectra of the LDMD in the Grimaldi region (Figure 1 Od) can be assigned to the 

three spectral classes described by Lucey et al. [1984], Coombs [1988], and Hawke et al. 

[1989b]. The spectra obtained for the Grimaldi LDMD (65° W, 1° S, Figure 4) are 

typical of Group 1. Spectra in Group 1 exhibit "1 µm" band centers near 0.93-0.95 µm, 

and the band depths are generally 4-5 %. These bands are asymmetrical and have been 

described as "checkmark-like" with a straight, steep, short wavelength edge followed by a 

shallower, straight long wavelength edge [Lucey et al., 1984; Coombs, 1988; Hawke et 

al., 1989b]. Group 1 spectra are somewhat similar to those collected for typical lunar 

highlands units. The Group 1 band parameters indicate the presence of feldspar-bearing 

lithologies with mafic assemblages dominated by orthopyroxene. Although major 
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amounts of highland material are present in Group 1 deposits, the relatively broad, 

asymmetric, and shallow "1 µm" bands indicate the presence of one or more additional 

components such as volcanic glass or olivine. Additional evidence provided by 

multispectral and albedo images of Group 1 deposits indicates the presence of exotic, 

nonhighlands components in these deposits [Coombs, 1988; Hawke et al., 1989b]. The 

above findings are consistent with the results of a study of the Grimaldi LDMD utilizing 

the Galileo SSI data [Greeley et al., 1993]. Based on all of the available spectral data, 

Coombs [1989] and Hawke et al. [1989b] determined that Group 1 pyroclastic deposits 

are composed of a mixture of highlands-rich wall rock and glass-rich juvenile material 

with lesser amounts of basaltic caprock material. An eruption mechanism similar to 

terrestrial vulcanian eruptions [Head and Wilson, 1979] has been suggested for Group 1 

as well as other groups of LDMD [Coombs, 1988; Hawke et al., 1989b]. 

The spectra obtained for various portions of the Lagrange C LDMD are members of 

Group 2 as is the spectrum of an endogenic dark-haloed crater on the western floor of 

Riccioli crater. The spectra in Group 2 exhibit "1 µm" bands that are centered at or 

beyond 0.96 µm. These bands are deeper (-7%) and more symmetrical than those in 

Groups 1 and 3 and indicate the presence of Ca-rich pyroxene [Lucey et al., 1984; 

Coombs, 1988; Hawke et al., 1989b]. Group 2 spectra closely resemble those obtained 

for mature mare surfaces, and the deposits in this group clearly contain very large 
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amounts of mare basalt. Coombs [1988] and Hawke et al. [1989b] have suggested that 

Group 2 pyroclastic deposits are dominated by fragmented plug rock material with much 

lesser amounts of highlands debris and juvenile material present. 

The Cruger dark-mantle spectra (Figure 10.4) were included in Group 3 by Coombs 

[1988] and Hawke et al. [1989a,b]. The spectra in Group 3 exhibit moderately deep (5-7 

% ), broad, asymmetrical absorption bands in the "1 µm" region. Based on a detailed 

analysis of a typical Group 3 spectrum (J. Herschel), McCord et al. [1981] determined 

that the "1 µm" band could best be explained by a mixture of olivine and orthopyroxene. 

Later workers determined that other members of Group 3, including the Cruger LDMD, 

contain material rich in olivine and pyroxene [Coombs, 1988; Hawke et al., 1989a,b]. 

3.3.5 Mare Basalt Units 

A limited number of near-infrared spectra have been obtained for the mare units in 

the Grimaldi region (Figures 9.2 and 10.4). Two spectra were collected for the mare 

deposits within Cruger crater, and both exhibit "1 µm" absorption bands centered at about 

0.98 µm, which indicates that the mafic assemblage is dominated by high-Ca pyroxene 

[e.g., Adams, 1974]. The slightly greater band depth (8.8%) and shallower continuum 

slope (0.66) of the Crilger Mare spectrum compared to the depth (7.3%) and slope (0.69) 

of the Cruger Mare 2 spectrum is due to the presence of a small, relatively fresh impact 
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crater in the area for which the Cruger Mare spectrum was obtained [Hawke et al., 

1989a]. This small crater exposes crystalline mare basalt from beneath a mature regolith 

rich in glassy agglutinates. 

Previous studies [Hawke et al., 1989a, 1991 a] determined an intermediate Ti02 

abundance for the basaltic fill in Cruger and indicated that the basalts of Lacus Aestatis 

have slightly lower Ti02 concentrations. The results of a recent analysis of the Galileo 

SSI data are consistent with these observations [Williams et al., pers. com., 1995]. These 

workers determined that older mare basalts in Cruger (3.57 Ga) and in western Lacus 

Aestatis (3.46 Ga) were emplaced before younger mare units in Rocca A (3.18 Ga). 

Two spectra were obtained for the mare deposits within the inner ring of Grimaldi 

basin (Figures 9 .2 and 10.4 ). Both spectra exhibit "1 µm" absorption bands centered 

between 0.98 µm and 1.0 µm. The spectrum for an area southeast of the center of the 

mare unit (Figures 10.4 and 12) has a band depth of 10.3% and a steep continuum slope 

(0.78). In contrast, the spectrum collected for the southern portion of the Grimaldi mare 

unit exhibits a shallower band (8.6%) and continuum slope (0.67). Our previous studies 

of the Grimaldi mare deposits have indicated a Ti02 abundance of 2-3% [Hawke et al., 

1991a, 1992b]. The spectral parameters and Ti02 values are in general agreement with 
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those reported by Greeley et al. [1993] and Williams et al. [pers. com., 1995] based on 

the Galileo SSI data. 

3.4 CONCLUSIONS 

1. Much of the Grimaldi region is covered by the Hevelius Formation, a highlands unit that 

was emplaced as a consequence of the Orientale impact. Analyses of spectra obtained for 

both fresh and mature surfaces on the Hevelius Formation indicate that the unit is 

composed of noritic anorthosite and anorthositic norite. 

2. Olbers A crater excavated noritic anorthosite from beneath a slightly more mafic surface 

unit. 

3. Gabbroic material was excavated from beneath Orientale-related deposits by small 

impact craters in three portions of the Grimaldi region. 

4. The original, pre-Orientale floor unit and the primary ejecta deposits of the Grimaldi 

basin are dominated by noritic anorthosite and anorthositic norite. 

5. The inner ring of Grimaldi basin is composed, at least in part, of pure anorthosite. 

Anorthosites were also exposed by Damoiseau D and C craters. 

6. The anorthosites on the inner ring and elsewhere within Grimaldi were derived from a 

layer of pure anorthosite that exists at depth beneath a more pyroxene-rich unit. Pure 

anorthosites have now been identified on the inner rings of Orientale, Nectaris, 
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Humorum, and Grimaldi basins [e.g., Spudis et al., 1984, 1989; Hawke et al., 1991a, 

1992a,b, 1993a]. 

7. All of the localized pyroclastic deposits in the Grimaldi region for which near-infrared 

spectra have been obtained exhibit spectral parameters that allow them to be assigned to 

the three spectral groups described by Coombs [1988] and Hawke et al. [1989b]. 

8. The mare basalts within Grimaldi have mafic assemblages dominated by high-Ca 

pyroxenes and exhibit Ti02 abundances of 2-3%. These findings are in general 

agreement with those reported by Greeley et al. [1993] and Williams et al. [pers. com., 

1995]. 
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Figure 8. The Grimaldi region of Earth's Moon. The base photograph is a 
pseudo-full Moon mosaic produced by Lick Observatory. 
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Figure 9 .1. A portion of Lunar Orbiter IV frame 168-M showing the study area. 
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Figure 10.1. Reflectance spectra (after continuum removal) for anorthosite 
deposits in the Grimaldi region and elsewhere on the western limb of the 
Moon. The upper four spectra were obtained for anorthosites associated 
with the rings of Orientale and Humorum basins (Spudis et al., 1984; 
Hawke et al., 1991, 1993). 
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Figure 10.3. Reflectance spectra after continuum removal 
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Figure 10.4. Reflectance spectra after continuum removal for 
selected mare and pyroclastic deposits in the Grimaldi region. 
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Figure 11. A portion of Lunar Orbiter frame 161-H3 with the locations of the 
following features indicated: A - Grimaldi pyroclastics; B - Grimaldi DA; 
C - Grimaldi E; D - Grimdaldi GA; E - Damoiseau D. 
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Figure 12. A portion of Lunar Orbiter frame 168-H3 with the locations of 
the following features indicated: A - Grimaldi H; B - Orientate ejecta lobe; 
C - Grimaldi T; D - Grimaldi woutheast of center. 
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CHAPTER4 

THE DISTRIBUTION AND MODES OF OCCURRENCE 

OF LUNAR ANORTHOSITE 

This chapter was prepared with co-authors B.R. Hawke, D.T. Blewett, P.G. Lucey, 

G.J Taylor, and P.D. Spudis for submission to the Journal of Geophysical Research. 

4.1 INTRODUCTION 

A critical question is whether there is a major enrichment in plagioclase feldspar in 

the lunar crust. If the Moon once had a global magma ocean, an anorthositic crust should 

have been produced by plagioclase flotation. Hence, in order to determine the 

composition and origin of the lunar crust, it is necessary to investigate the distribution 

and modes of occurrence of anorthosite on the surface of the Moon. In recent years, we 

have been conducting a variety of remote sensing studies of lunar basin and crater 

deposits in order to determine the composition of surface units and to investigate the 

stratigraphy of the lunar crust [e.g., Spudis et al., 1984, 1988, 1989; Hawke et al., 1991a, 

1992b,c, 1993a,b, 1995a,b; Lucey et al., 1986, 1995]. In our previous studies, we have 

combined both visible and near-infrared spectral observations with multispectral imagery 
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in order to determine the lithology of relatively small areas (2-10 km) of the lunar 

surface. Numerous deposits of pure anorthosite [plagioclase >90%; Steffler et al., 1980] 

have been identified, and an interesting pattern has emerged. The purposes of this report 

are: 1) to summarize the results of our previous studies concerning the distribution of 

anorthosite, 2) to present new findings concerning the modes of occurrence of lunar 

anorthosite, 3) to investigate the composition and stratigraphy of the lunar crust, and 4) to 

assess the implications for the processes responsible for the formation and evolution of 

the lunar crust. 

4.2 METHODS 

Near-infrared reflectance spectra were obtained utilizing the University of Hawaii 

2.24-m telescope and the 60-cm telescope at the Mauna Kea Observatory (MKO). The 

Planetary Geosciences indium antimonide spectrometer was used. This instrument 

successively measured intensity in each of 120 or more wavelengths covering a 0.6-2.5 

micron region by rotating a circular variable filter (CVF) with a continuously variable 

band pass. By using the 2.24-m telescope's f/35 oscillating secondary mirror in its 

stationary mode, it was possible to use an aperture 0.7 arc sec in diameter. Hence, it was 

possible to collect spectra for relatively small elliptical areas of the lunar surface that 

ranged from about 2 to 10 km along the major axis. Atmospheric blurring at most 

57 



observatories would prevent such observation, but at Mauna Kea, features 0.5 arc sec in 

size were routinely visible during our observing runs. High-resolution observations were 

limited to periods when the Moon was near zenith because of differential atmospheric 

refraction. 

The lunar reflectance standard area at the Apollo 16 landing site was frequently 

observed during the course of each evening, and these observations were used to monitor 

extinction throughout each night. Extinction corrections were made using the methods 

described by McCord and Clark [1979] and the interactive computer program presented 

by Clark [1980]. These procedures produce spectra representing the reflectance ratio 

between the observed area and the Apollo 16 site. These relative spectra were converted 

to absolute reflectance utilizing the reflectance curve of an Apollo 16 soil sample. 

Analyses of band positions and shapes as well as continuum slopes were made using the 

methods described by McCord et al. [1981] and Lucey et al. [1986]. 

Highland rock types that can be distinguished spectroscopically contain various 

amounts of plagioclase feldspar and different types of mafic minerals [pyroxene and 

olivine; Pieters, 1993]. During the course of this study, numerous deposits of pure 

anorthosite have been identified. The locations of these deposits are shown in Figures 13 

and 14, and representative spectra are shown in Figures 15, 17, and 20. Anorthosite is 

almost entirely composed of plagioclase feldspar [plagioclase >90%; StOffler et al., 
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1980]. Since it contains only a very minor amount of mafic minerals, anorthosite exhibits 

no major absorption features near 1 µm. Almost all of our anorthosite spectra exhibit 

absolutely no 1 µm feature. These anorthosite deposits must contain <5% pyroxene since 

5% is the general detectability limit for the existence of pyroxene [Pieters, 1993]. A 

small number of anorthosite spectra exhibit very weak 1 µm bands and apparently 

contain >5% pyroxene. 

Plagioclase feldspars that contain more than about 0.1 % FeO exhibit a broad weak 

electronic transition absorption centered near 1.25 µm [e.g., Adams and Goulland, 1978; 

Adams et al., 1979; Pieters, 1993]. However, only a few of our anorthosite spectra 

exhibit a well-defined feldspar band. This is due not only to the fact that most lunar 

feldspars contain little iron and hence the absorptions are relatively weak, but also 

because moderate shock pressures can cause the weakening and disappearance of the 

1.25 µm band [Adams et al., 1979; Bruckenthal and Pieters, 1984]. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Orientale Basin Region 

Numerous spectra have been obtained and interpreted for geologic units in the 

Orientale basin region. With the exception of the Inner Rook massifs, all the highlands 

units inside the Orientale basin appear to be composed of anorthositic norite or noritic 
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anorthosite [Spudis et al., 1984]. Spectra collected for portions of the Maunder 

Formation with mature surfaces are almost identical to those taken in the vicinity of the 

Apollo 16 landing site, and they are also like those obtained for many mature ejecta 

surf aces outside the basin. This unit is thought to contain large amounts of impact melt 

derived from the upper portion of the pre-Orientale target site [Head, 1974; Moore et al., 

1974; Scott et al., 1977; McCauley, 1977]. 

Spectra of fresh craters in the Montes Rook Formation, a knobby unit thought to be 

primary basin ejecta [Scott et al., 1977; McCauley, 1977], and in the massifs of the Outer 

Rook Mountains are shown in Figure 15. Analyses of the 1 µm band positions and 

shapes as well as continuum slopes indicate that these craters exhibit many common 

spectral characteristics. These spectra represent relatively fresh highlands material 

dominated by Fe-bearing plagioclase feldspar and Ca-poor pyroxene. Compositions 

ranging between noritic anorthosite and anorthositic norite are indicated. 

The Inner Rook Mountains are markedly different in composition from other units 

within the Orientale basin [Spudis et al., 1984; Hawke et al., 1991a]. Spectra obtained 

for fresh surfaces (a steep massif slope and a small, unnamed crater on a massif, Figure 

16) in the Inner Rook Mountains are very distinct from the other spectra of Orientale-

related features (Figure 15). These Inner Rook spectra exhibit no 1 µm absorption bands. 

The areas for which these spectra were collected are composed almost entirely of 
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plagioclase feldspar with <5% pyroxene. These two mountains are composed of pure 

anorthosite. Imaging data presented by Hawke et al. [1991a] confirm this view; the 

entire eastern Inner Rook Mountains (the only portion visible from Earth) contain only 

minute amounts of low-Ca pyroxene. Thus, it appears that the Inner Rook ring of the 

Orientale basin is a mountain range composed of pure anorthosite. 

The Hevelius Formation, a highlands unit that was emplaced as a result of the 

Orientale impact event [Scott et al., 1977], occurs outside the prominent Cordillera ring 

and contains large amounts of primary ejecta from Orientale. Numerous spectra have 

been obtained for mature surfaces on the Hevelius formation as well as fresh craters that 

expose immature Hevelius material [Hawke et al., l 989a, 1991 a; Peterson et al., 

1995a,b]. Two of these spectra (Darwin C and Criiger West Rim) are shown in Figure 

15. Analyses of these spectra, as well as other Hevelius Formation spectra, show the 

presence of plagioclase feldspar and low-Ca pyroxene. All of the areas of the Orientale 

ejecta deposit for which spectra have been obtained (Figure 9.2) are dominated by noritic 

anorthosite or anorthositic norite; no pure anorthosite deposits were identified. These 

findings are in agreement with the preliminary results of the Galileo SSI experiment 

[Head et al., 1993]. 

The results of these spectral studies have important implications for the pre-impact 

stratigraphy of the Orientale target site. The presence of pure anorthosite in the Inner 
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Rook Mountains presents an interesting puzzle. In most models of basin formation, these 

mountains are depicted as material derived from great depths, perhaps as much as 50 km 

[e.g., Spudis et al., 1984; Hawke et al., 1991a]. The basin ejecta, on the other hand, came 

from shallower depth. Hence, it appears that somewhat more mafic rocks (noritic 

anorthosite and anorthositic norite) overlay pure anorthosite at the Orientale target site. 

4.3.2 Grimaldi Basin Region 

The Grimaldi basin (Figure 9.2) is a Pre-Nectarian double-ring impact structure centered 

at 5° S, 68° W [Hartmann and Kuiper, 1962; Wilhelms, 1987]. The peak ring is 230 km 

in diameter while the somewhat more irregular outer ring has a diameter of 430 km 

[Wilhelms, 1987]. Near-infrared reflectance spectra were used to investigate the 

composition of Grimaldi-related deposits [Hawke et al., 1991a; Peterson et al., 1995a,b]. 

Although Orientale ejecta units cover and obscure primary Grimaldi material in most 

areas, some spectra were obtained for fresh craters that expose Grimaldi debris (Figures 

9.2 and 17). 

Spectra were obtained for two small impact craters (Grimaldi DA and GA) that 

expose material from the inner (or peak) ring of the Grimaldi basin. An analysis of these 

spectra indicates that either no "1 µm" absorption bands exist or that they are extremely 

shallow features (Figure 17). Only very minor amounts of pyroxene and/or olivine are 
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present in the areas for which the spectra were obtained; an anorthosite lithology is 

indicated. Hence, at least a portion of the Grimaldi inner ring is composed of pure 

anorthosite [Hawke et al., 1991a; Peterson et al., 1995a]. In addition, anorthosite has 

also been identified at Damoiseau D (Figure 17). This 17-km crater is located on the rim 

of Damoiseau A, a 47-km impact crater located largely between the inner and outer rings 

of Grimaldi. Damoiseau A excavated debris from deep beneath the floor deposits of the 

Grimaldi basin. Anorthosite also appears to have been exposed by Damoiseau C, a 15-km 

crater located just outside the Grimaldi outer ring (Figures 9.2 and 17). In contrast, the 

primary ejecta deposits of the Grimaldi basin as well as the pre-Orientale floor unit 

(Figure 9.2) are dominated by noritic anorthosite and anorthositic norite [Peterson et al., 

1995a]. 

The results of the spectral studies discussed above allow the reconstruction of the pre-

impact stratigraphy of the Grimaldi target site as well as the post-impact history of the 

region (Figure 18). Both the Grimaldi primary ejecta material and the floor deposit are 

dominated by anorthositic norite and noritic anorthosite, and they were derived from the 

upper portion of the pre-impact target site. In contrast, the spectral data indicate that 

major portions of the Grimaldi inner ring are composed of pure anorthosite. In our model, 

the inner or peak ring was formed by the rebound of deep crustal material from beneath 

the Grimaldi transient crater during the modification stage of the basin-forming event, 
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and the outer ring represents the main topographic rim of Grimaldi basin. Since 

anorthosite was exposed by Damoiseau D, pure anorthosite must be present beneath at 

least some portions of the pre-Orientale Grimaldi floor unit. The spectral data 

demonstrate that the Grimaldi pre-impact target site consisted of a layer of pyroxene-

bearing highlands material overlying a crustal unit composed of pure anorthosite (Figure 

18). 

4.3.3 Humorum Basin Region 

The Humorum basin is a large multiring impact structure on the southwestern portion 

of the lunar nearside (Figures 13 and 14). The most complete and distinct basin ring 

bounds Mare Humorum and is approximately 440 km in diameter [Wilhelms, 1987]. A 

rimlike scarp almost twice as large (-820 km) lies outside this mare-bounding (MB) ring. 

This outer ring resembles the Cordillera Mountain ring of the Orientale basin. Other 

possible Humorum rings have been identified [Spudis et al., 1992; Spudis, 1993]. 

At least a portion of the inner (MB) ring of Humorum is composed of pure 

anorthosite [Hawke et al., 1993a]. Spectra were obtained and analyzed for a number of 

small craters that expose fresh material from beneath the surface of massifs in the mare-

bounding (MB) ring. These include Mersenius C (diameter=14 km), Liebig A 

(diameter=12 km), Liebig B (diameter=9 km), and the Gassendi E and K complex 
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(Figures 17 and 19). The spectra obtained for these areas exhibit either no "1 µm" 

absorption features or extremely shallow bands; an anorthosite lithology is indicated. 

Pure anorthosite is also exposed on the east wall of Vitello crater which is located on the 

MB ring. 

While portions of the inner MB ring are composed of pure anorthosite, some parts are 

not [Chevrel and Pinet, 1992; Hawke et al., 1993a] . In addition, spectra obtained for 

features (e.g., Billy A crater) on the outer ring of Humorum indicate that no pure 

anorthosite is exposed on those portions of the ring for which data are available [Spudis 

et al., 1992; Hawke et al., 1993a]. 

Spectra were also obtained for a large number of highlands units outside the MB ring. 

Special emphasis was placed on the analysis of spectra collected for young surfaces 

which should expose a relatively high percentage of unweathered rocks. These include 

the craters Billy D, Mersenius S, Gassendi A, and Gassendi Zeta as well as the central 

peaks of Gassendi. Analyses of the "lµm" band parameters and continuum slopes 

indicate the presence of relatively fresh highlands rocks dominated by Fe-bearing 

plagioclase and Ca-poor pyroxene [Hawke et al., 1993a]. Noritic anorthosite and 

anorthositic norite are the dominant rock types in all of the areas for which spectra were 

collected. Our results are consistent with those presented by Chevrel and Pinet [1992] 

based on a CCD-imaging survey of Gassendi crater as well as the compositions inferred 
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from an analysis of the distribution of FeO values in the Humorum region [Lucey et al., 

1995; Hawke et al., 1995a; Peterson et al., 1995b]. 

In summary, portions of the inner, mare-bounding ring of the Humorum basin is 

composed of pure anorthosite (Figure 19). In contrast, the outer ring and all other 

highlands units around Humorum are dominated by somewhat more mafic rocks 

(anorthositic norite and noritic anorthosite). The anorthosites that occur in the Humorum 

inner ring were derived from a layer of pure anorthosite that existed at depth beneath a 

more mafic-rich unit in the Humorum basin target site [Spudis et al., 1992; Hawke et al., 

1993a]. 

4.3.4 Nectaris Basin Region 

The Nectaris basin is 860 km in diameter and is centered at 16° S, 34° E. This 

conspicuous structural and stratigraphic marker is a multiringed basin that was among the 

first recognized on the Moon [Baldwin, 1949; Hartmann and Kuiper, 1962]. Analyses of 

near-IR reflectance spectra obtained for young impact craters, as well as massifs and 

mature surfaces in the highlands in and around the Nectaris basin, indicate that the bulk 

of the material is not radically different from the debris exposed in the vicinity of the 

Apollo 16 landing site [Hawke et al., 1986; Spudis et al., 1989]. The highlands rocks 

have Fe2+-bearing plagioclase feldspar and lesser amounts of Ca-poor pyroxene 
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(orthopyroxene). Clearly, noritic anorthosites and anorthositic norites are the dominant 

rock types in the Nectaris region. 

Still, several anorthosite deposits have been identified in and around the Nectaris 

basin (Figures 20 and 21). Bohnenberger F is a young impact crater that is 10 km in 

diameter. It is located (14.7° S, 39.6° E) on an elongated highlands massif 

(Bohnenberger Eta) inside the Montes Pyrenaeus ring of the Nectaris basin. (Figure 21). 

We have obtained two near-IR spectra for Bohnenberger F (Figure 20), and neither 

exhibits the well-defined "1 µm" absorption feature seen in typical fresh highlands craters 

that expose pyroxene-bearing rock types [Hawke et al., 1986; Pieters, 1986; Spudis et al., 

1989]. Continuum removal and band analysis reveal the presence of a shallow ( -3 % ) 

band centered at approximately 1.2 µm, which we attribute to unshocked Fe2+-bearing 

plagioclase feldspar. A very shallow ( <2%) pyroxene band may also be present; 

pyroxene can be present only in amounts of less than 5% [Pieters, 1993]. Hence, 

Bohnenberger F exposed a deposit of pure anorthosite. 

An even less equivocal example of anorthosite is exposed on portions of the eastern 

wall of Kant crater (Figures 20 and 21). Kant is a 33-km crater (10.6° S, 20.1° E) on the 

southeast portion of the Kant plateau, a platform massif of the main Nectaris basin rim 

[Spudis et al., 1989]. Two spectra have been collected for the east wall of Kant and these 

east wall spectra exhibit very shallow orthopyroxene absorption features centered at 0.87 
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µm and well defined feldspar bands centered at 1.27 µm. Pure anorthosite is clearly 

exposed in these areas. However, other spectra obtained for Kant indicate that other 

portions of the crater interior (central peak and other wall segments) are composed of 

more pyroxene-rich materials. 

We have also used near-IR spectral data to identify anorthosite deposits in two areas 

Cyrillus A crater (17-km diameter; 13.8°S, 23.1°E) and associated with a small unnamed 

crater near a massif of the second ring of the basin (Figures 20 and 21 and Spudis et al., 

1989). In addition, Pieters [ 1986] found anorthosite deposits in the central peak of 

Theophilus and Piccolomini craters. Piccolomini is located on the main basin ring which 

is 860 km in diameter. Anorthosites have now been identified on, or very near, the four 

innermost rings of Nectaris as well as east, west, and south of the inner basin. 

4.3.5 Crisium Basin Region 

The Crisium basin is a multiring impact structure on the eastern portion of the Moon's 

nearside. We have recently presented the preliminary results of a telescopic near-IR 

spectral study concerning a variety of surface units in the Crisium region [Blewett et al., 

1995a] The several measured highlands massifs associated with the Crisium basin are 

dominated by noritic anorthosite, though some areas may be composed of anorthositic 
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norite. No pure anorthosites were identified, but it was noted that only a few areas on the 

inner basin rings were observed. 

Recently, data from the Galileo and Clementine spacecraft missions have been 

utilized to investigate the distribution of anorthosite on the lunar surface. Lucey et al. 

[ 1995] have developed a method of determining iron abundances using multispectral data 

obtained by the Clementine spacecraft, and a global map of Fe abundance has been 

produced at 35-km resolution. The same method has been adapted for the Galileo SSI 

data and used to produce FeO maps with a resolution of a few kilometers per pixel 

[Blewett et al., 1995b] Most recently, Lucey et al. [1996] have described a technique for 

determining titanium abundances using Clementine multispectral imagery and have 

produced a global Ti02 map with a resolution of -35 km. 

We have utilized the Clementine and Galileo geochemical maps as well as Galileo 

SSI data to search for pure anorthosite deposits in the Crisium region. Relatively low (2-

4%) FeO values are associated with portions of the Proclus crater ejecta deposit. The 

high-resolution Galileo-based FeO map shows that very small areas in the northern 

portion of the ejecta deposit exhibit even lower FeO abundances. Pure anorthosites are 

exposed in these areas. This interpretation is supported by the spectral parameters 

derived for these small areas from the Galileo SSI data [Blewett et al., 1995b; Hawke et 

al., 1995a,b]. In addition, pure anorthosite is exposed north of Crisium in the vicinity of 
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Geminus crater. Extremely low FeO and Ti02 values are associated with the deposits 

emplaced by the Geminus impact event. 

4.3.6 Other Nearside Occurrences 

Anorthosites have been identified in the central peaks of Alphonsus and Petavius 

craters [Pieters, 1986; Coombs et al., 1990]. In both instances, pure anorthosite was 

exposed from beneath a more mafic surface unit. Both craters are located very near 

ancient impact basins [Wilhelms and McCauley, 1971; Wilhelms, 1987]. 

In addition, pure anorthosite has recently been identified within Goldschmidt crater 

based on the Galileo SSI data [Pieters et al., 1993]. This interpretation was confirmed by 

the analysis of a near-IR reflectance spectrum obtained for the Anaxagoras ejecta deposit 

on the floor of Goldschmidt (Figures 20 and 22). Other spectra obtained for features in 

and around Anaxagoras exhibit "1 µm" bands and do not indicate the presence of pure 

anorthosite. It appears that anorthosite was exposed from beneath a more mafic surface 

unit by the Anaxagoras impact event. Support for this interpretation was provided by an 

analysis of the FeO map produced from Galileo SSI data [Blewett et al., 1995b]. 

Aristarchus is a relatively young impact structure (diameter=40 km) on the 

northwestern portion of the lunar nearside [Zisk et al., 1977]. Earlier Earth-based 

spectral studies demonstrated that the Aristarchus impact event excavated relatively 
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mafic material [Lucey et al., 1986]. However, McEwen et al. [1994] have recently 

utilized Clementine near-IR data to determine that two small areas of the Aristarchus 

central peak are composed of anorthosite. These workers suggested that the anorthosite 

exposed in the uplifted central peak of Aristarchus was a sample of either the primordial 

crust produced by cumulate flotation in the global magma ocean or the late stage 

differentiates from a Mg-suite magma body that had assimilated large amounts of 

urKREEP (i.e., residual material from the crystallization of the magma ocean, rich in K, 

rare earth elements, and P). In addition, the FeO map produced from Galileo SSI data 

suggests that pure anorthosite was exposed by at least one crater in the northern central 

highlands (Figure 13). 

Finally, Tompkins and Pieters [1996] have recently presented the preliminary results 

of a survey of lunar central peak compositions. Over one hundred complex craters 

between 40 and 180 km in diameter were included in the initial survey, and the 

Clementine UVVIS images were used in the study. The initial results suggested that pure 

anorthosites were exposed in portions of the central peaks of Eratosthenes, Copernicus, 

Atlas, Hercules, and Posidonius craters. 
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4.3.7 Anorthosite Distribution on the Lunar Nearside 

The distribution of anorthosite on the lunar nearside exhibits a very interesting 

pattern. Our early work identified anorthosites only in a relatively narrow zone extending 

from Petavius in the east to the Inner Rook Mts. on the western limb and at one location 

in the far north [e.g., Hawke et al., 1992b,c, 1993b]. These early results indicated that 

there was a "forbidden zone" in which anorthosite did not occur. 

There has been much speculation concerning the asymmetric distribution of 

anorthosite on the lunar nearside [e.g., McEwen et al., 1994]. It was noted that the 

"forbidden zone" generally correlates with the interior of the proposed Procellarum basin 

[Cadogan, 1974; Whitaker, 1981]. Wilhelms [1987] proposed that the giant Procellarum 

impact largely removed the primitive crust from this portion of the Moon. If so, this 

would explain the absence of anorthosite in this region. 

However, our most recent results (described above) indicate that pure anorthosite 

deposits are more widespread on the lunar nearside than has previously been thought 

(Figures 13 and 14). Anorthosites have now been identified north and southwest of 

Crisium basin, southeast of Mare Frigoris, and in the northern central highlands [Blewett 

et al., 1995b; Hawke et al., 1995b; Tompkins and Pieters, 1996]. Of particular interest 

are the newly identified anorthosite deposits located well within the proposed 
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Procellarum basin. These include portions of the central peaks of Aristarchus, 

Copernicus, and Eratosthenes [McEwen et al., 1994; Tompkins and Pieters, 1996]. It is 

important to determine the origin of these anorthosites. If they represent portions of the 

ancient crust produced by plagioclase flotation in the magma ocean, it is unlikely that the 

Procellarum basin is real. Evidence against the existence of Procellarum has been 

presented by several workers [e.g., Spudis and Schultz, 1985; Spudis, 1993; Hawke and 

Head, 1977b]. Alternatively, these anorthosites may have been produced by the 

differentiation of Mg-suite plutons. If so, Mg-suite plutons must have been quite 

numerous in this region. It should be noted that only a small portion of these plutons 

would have been composed of pure anorthosite. Additional work will be required to 

resolve this important issue. 

4.3.8 Modes of Occurrence on the Lunar Nearside 

The results of our preliminary studies indicated that anorthosite deposits on the lunar 

nearside were quite commonly found on or very near impact basin rings [Figures 13 and 

14; Hawke et al., 1992b,c, 1993b]. A major objective of our recent research efforts has 

been to obtain an understanding of the significance of this apparent correlation. After 

careful consideration of all of the available data (Figures 13 and 14), we have concluded 

that this association is important only for the inner rings of basins such as Orientale, 
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Grimaldi, Humorum, and Nectaris. The anorthosites on these inner rings are exposed by 

small, fresh impact craters on the rings or simply on the steep slopes of the massifs. It is 

clear that major portions of the inner rings of Orientale, Grimaldi, Humorum, and 

Nectaris are composed of pure anorthosite [Spudis et al., 1984, 1989; Peterson et al., 

1995a,b, 1996; Hawke et al., 1986, 1991a, 1992b,c, 1993a,b, 1995a,b,c]. We proposed 

that these inner rings formed by the rebound of deep crustal materials from beneath the 

transient crater cavities during the modification stage of basin-forming events [Hawke et 

al., 1992b,c; Spudis et al., 1992; Peterson et al., 1995a]. The pre-impact target sites for 

all four basins consisted of pyroxene-bearing highlands material overlying a crustal unit 

composed of pure anorthosite. 

The evidence indicates that this anorthosite layer was formed by cumulate flotation in 

a global magma ocean. The large spatial extent of the anorthosites exposed in the 

Orientale Inner Rook Mountains and other inner rings strongly suggests that the 

anorthosites were derived from a continuous layer, not small portions or discrete plutons. 

It is very unlikely that the anorthosites that make up the inner rings of the Orientale, 

Grimaldi, Humorum, and Nectaris basins were formed by the crystallization of magma 

bodies emplaced during serial magmatism or Mg-suite plutonism. 

Why are anorthosites commonly associated with the outer rings of Nectaris, Nubium, 

and other basins (Figures 13 and 14)? As discussed above, the inner rings of Orientale, 
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Grimaldi, Humorum, and Nectaris are largely composed of pure anorthosite. In contrast, 

the anorthosites located near the outer rings of Nectaris and other basins are generally 

found in the central peaks and, less commonly, the walls of large impact craters. These 

anorthosites were derived from a layer many kilometers beneath the crater target sites. 

There is no evidence that these outer rings are actually composed of anorthosite although 

such material must exist at depth. 

4.3.9 Nearside Crustal Stratigraphy 

The results of our remote sensing studies have important implications for the 

stratigraphy of the lunar nearside crust in those areas that exhibit anorthosites. In every 

instance, the anorthosites were exposed from beneath a shallower near-surface layer of 

more pyroxene-rich material (Figure 23). This near-surface unit is generally composed 

of anorthositic norite or noritic anorthosite [e.g., Hawke et al., 1992b,c, 1993a,b; Peterson 

et al., 1995a,b, 1996]. It should be noted that while this near-surface unit is more mafic 

than the pure anorthosite layer, it still contains abundant feldspar. The thickness of this 

more pyroxene-rich layer ranges from a few kilometers to tens of kilometers. A number 

of remote sensing and lunar sample investigations have presented strong evidence that the 

lower crust of the Moon is more mafic in composition than the upper crust [Ryder and 
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Wood, 1977; Spudis and Davis, 1986; Spudis et al., 1984, 1988, 1991, 1996; Spudis, 

1993]. This relationship is illustrated in Figure 23. 

It is a major challenge to develop and test hypotheses for the formation of the 

nearside stratigraphic sequence. The processes responsible for the upper crust/lower 

crust dichotomy have been discussed in several recent publications and will not be 

considered here [e.g., Spudis et al., 1991, 1996; Spudis, 1993]. However, we have 

investigated the processes that may have been responsible for the formation of a 

pyroxene-bearing upper layer above the pure anorthosite unit. 

Certain processes that were operative very early in lunar history may have played a 

role in the formation of the observed stratigraphic sequence. First, we will consider those 

processes operative during the cooling and crystallization of the magma ocean. 

Numerous researchers have discussed the formation of a quenched or frozen crust at the 

top of the magma ocean [e.g., Wood, 1975; Walker et al., 1975; Heiken et al., 1991]. 

Initially, the heat flux cooling the top of the magma ocean results from radiation into 

space and has a magnitude of - 7 cal/cm2 for assumed "black body" behavior; this flux is 

sufficient to cool and crystallize magma at the rate of 10 m/day [Walker et al., 1975]. 

However, this rate of quench crustal growth cannot be maintained since the solidification 

of the top layer limits heat transfer to the conductive mode. The composition of the 

quenched crust would have been the same as that of the bulk magma ocean from which it 
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formed. Hence, portions of the thin quenched crust would have sunk when disrupted by 

impacts as well as turbulence in the magma ocean [e.g., Wood, 1975; Walker et al., 

1975]. 

At some point during the crystallization of the magma ocean, plagioclase flotation 

would have become an important process. The upward feldspar concentration would 

have led to the formation of a crust that did not sink when disrupted. The amount of 

quenched crust that was on top of the initial plagioclase flotation crust is unknown, but 

the thickness was probably small. 

However, after the formation of a stable non-sinking crust, a process exists that could 

well have produced the observed stratigraphy. Impacts that penetrated the relatively thin 

plagioclase flotation crust excavated and emplaced material that had the composition of 

the magma ocean and was more mafic than the subjacent feldspar-rich flotation crust. 

Continued impact would have emplaced more and more mafic material on top of a layer 

of pure anorthosite. It is difficult to quantify this process because of uncertainties 

concerning the early lunar impact flux, the rate of crustal formation, and other factors. At 

some point, the thickness of the crust was so great that most impacts could not penetrate 

this ever-growing layer. Continued impacts would have thoroughly mixed the upper 

mafic unit. The net result of impact events during the crystallization of the lunar magma 

ocean would have been a well-mixed more mafic layer above a pure anorthosite unit 
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produced by plagioclase flotation. We have defined the pyroxene-bearing more mafic 

layer above the pure anorthosite layer as the primordial mixed zone. It is difficult to 

understand how the formation of this primordial mixed zone could have been avoided. 

After the crystallization of the magma ocean, other processes may have contributed to 

the production of the observed stratigraphic sequence (Figure 23). Ancient (>3.9 GA) 

volcanism could have emplaced mafic material on top of the plagioclase-rich flotation 

crust. Numerous workers have suggested that ancient volcanism was an important lunar 

process [e.g., Hartmann et al., 1981; Wilhelms, 1970, 1976; Malin, 1974; Schultz and 

Spudis, 1979, 1983; Hawke and Head, 1978]. Highlands volcanism may have occurred 

during the emplacement of Mg-suite plutons. Several workers [e.g., Hawke and Head, 

1978; Malin, 1974] have presented strong evidence that KREEP volcanism was important 

in some areas prior to the terminal lunar cataclysm [Tera et al., 1974]. 

In the immediate post-Apollo era, many workers concluded that mare volcanism 

started at about 3.9 GA [e.g., Taylor, 1975; Head, 1976]. Later, several workers 

presented evidence that mare volcanism started far earlier than 3.9 GA [Schultz and 

Spudis, 1979; Hawke and Spudis, 1980; Hawke and Bell, 1981]. Additional research 

clearly demonstrated that mare volcanism was an important process long before the 

terminal cataclysm [Schultz and Spudis, 1983; Bell and Hawke, 1984; Hawke et al., 

1985; Head et al., 1993; Blewett et al., 1995a,c; Antonenko et al., 1995]. The currently 
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known cryptomaria [Schultz and Spudis, 1983; Antonenko et al., 1995] can not account 

for the observed crustal stratigraphy in those nearside areas that exhibit pure anorthosite. 

The primary evidence for this is that the identified cryptomaria and anorthosites are 

located on different portions of the nearside. In addition, if early volcanism was 

responsible for the observed stratigraphy, high-Ca pyroxenes should dominate the mafic 

assemblages of the upper unit. To date, our results have shown that the more mafic unit 

above the pure anorthosite layer is dominated by low-Ca pyroxene (Figure 23). Hence, 

the upper unit is dominated by noritic anorthosite and anorthositic norite, not ancient 

mare basalt. 

Mg-suite plutonism has been suggested as an important process in producing the 

observed stratigraphy [Warren, 1986; Hawke et al., 199la]. These workers proposed that 

the primitive upper crust was composed of pure anorthosite and that its upper few to 

perhaps 20 kilometers were reworked by early impact, forming an anorthosite-rich 

megaregolith on the Moon. Later Mg-suite magmas traveled readily through the 

unfractured lower portions of the lunar crust, but slowed as their hydrostatic heads were 

dissipated in the brecciated upper crust [Warren, 1986; Hawke et al., 1991a]. Thus, these 

magmas stopped in this fractured upper crust and assimilated anorthosite [Warren, 1986]. 

If so, the result was a more mafic upper crust overlying anorthosites. 
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Large impact events on the lunar nearside have clearly played an important role in 

producing the observed stratigraphic sequence (Figure 23). Previous spectral studies of 

nearside impact basins have indicated that their primary ejecta deposits are dominated by 

pyroxene-bearing material [Spudis et al., 1991; Spudis, 1993; Peterson et al., 1995a.]. 

The ejecta units are composed of anorthositic norite, norite, or noritic anorthosite. 

Additional evidence was provided by analysis of the map of FeO abundances presented 

by Lucey et al. [1995]. No major expanses of iron-poor anorthosite can be identified 

around the major basins on the central nearside. 

Imbrium is the largest and youngest impact basin on the central nearside, and it was 

responsible for emplacing a relatively FeO-rich surface unit in the region surrounding the 

basin. Spudis et al. [1988] determined that the Imbrium ejecta deposit southeast of the 

basin was dominated by norite and anorthositic norite. 

4.3.10 Farside Crustal Stratigraphy 

Recently, multispectral data from the Galileo and Clementine spacecraft missions 

have been utilized to investigate the distribution of anorthosite on the f arside of the Moon 

[Lucey et al., 1995; Spudis et al., 1996; Peterson et al., 1996, 1997a,b; Hawke et al., 

1995c, 1997]. These spacecraft data have revealed a far different pattern of anorthosite 

occurrences on the lunar farside. Lucey et al. [1995] demonstrated that large expanses of 
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the lunar farside exhibit very low FeO abundances. An extensive zone with low ( <2.5%) 

FeO values occur on the northern portion of the farside 100° E to 100° W and 40° N to 

70° N; Figure 24). This region also exhibits low Ti02 values (<0.3%) on a global map of 

Ti02 abundances produced from Clementine UV-VIS images utilizing the technique 

presented by Lucey et al. [1996]. The very low FeO and Ti02 values clearly indicate 

that the surface of this area is composed of pure anorthosite. Lucey et al. [1995] noted 

that large areas not previously identified are composed exclusively of anorthosite, as 

predicted by the magma ocean hypothesis. 

More recently, Peterson et al. [1997a,b] have used full-resolution Clementine UV

VIS images to study the chemistry and mineralogy of a proposed "anorthosite zone". 

Five color image cubes were calibrated and mosaicked for selected areas, and a variety of 

techniques were utilized to investigate surface compositions. These include band ratio 

(e.g., 0.75µm/ 0.95µm) images, FeO maps, and five point spectra. The results presented 

by Peterson et al. [ 1997 a,b] confirm the findings of Lucey et al. [ 1995]. 

Interesting farside compositional trends can be identified in the global iron and 

titanium maps presented by Lucey et al. [1995, 1996]. As discussed above, an extensive 

"anorthosite zone" with low FeO (<2.5%) and Ti02 (<0.3%) occurs on the northern 

portion of the farside 100° E to 100° Wand 40° N to 70° N; see Figure 13). Within this 
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zone, there occur large areas which exhibit uniformly very low FeO ( <2.0%) and Ti02 

( <0.1 % ) abundances. 

In stark contrast is the major mafic compositional anomaly associated with the vast 

South Pole-Aitken (SPA) basin [e.g., Head et al., 1993; Lucey et al., 1994; Spudis et al., 

1994]. The FeO values determined for the interior of the SPA basin commonly range 

between 10% and 12% (Figure 24). This very large, ancient basin is about 2500 km in 

diameter and is centered at 56° S, 180° [Wilhelms, 1987; Spudis et al., 1994]. The areas 

between the rim of the South Pole-Aitken basin and the "anorthosite zone" exhibits 

intermediate FeO and Ti02 abundances (Figure 24). Lucey et al. [1996] estimated that 

the highlands terrain just outside the basin rim contained -4% FeO and 0.3% Ti02. 

The giant South Pole-Aitken may have played a major role in producing the 

compositional variations observed on the lunar farside. The basin displays a nested 

structure with a central depression about 2000 km in diameter and a rim crest about 2500 

km in diameter. The Clementine altimetry data demonstrated that average depth of the 

SPA basin is about 12 km from rim crest to basin floor. Spudis et al. [1994] summarized 

a variety of evidence that suggested that the transient cavity for such a basin-forming 

impact must have been at least 1000 km in diameter. Such a cavity would have 

excavated the entire crustal column at the target site. Some unknown amount of mantle 
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material may also have been excavated, but opinions differ concerning the amount of 

mantle material incorporated into the basin floor unit and the primary ejecta deposit [e.g., 

Head et al., 1993; Spudis et al., 1994; Lucey et al., 1995, 1996]. We propose that 

anorthositic upper crustal material was excavated and mixed with more mafic lower 

crustal (and mantle?) material and deposited as an ejecta unit over vast areas of the lunar 

surface (Figure 25). If the South Pole-Aitken basin was produced by an oblique impact 

as recently suggested by Schultz [1997], larger amounts of ejecta would have been 

emplaced north of the basin. The more mafic SP A ejecta was deposited on top of the 

primordial anorthosite-rich lunar crust (Figure 25). Although thickness estimates vary 

widely, very thick ejecta deposits must have been emplaced near the SPA basin rim. 

Much lesser amounts of primary SPA ejecta would have been deposited in the 

"anorthosite zone" in the far north. 

Several major impact structures occur in the "anorthosite zone" [Wilhelms, 1987; 

Spudis, 1993; Spudis et al., 1994]. There is a general correlation between the areas that 

exhibit the lowest FeO abundances and large impact structures in the region (Figure 24). 

These impact basins include Birkhoff (59° N, 147 ° W, diameter=325 km.) and Coulomb-

Sarton (52° N, 123° W, diameter=490 km). Very low FeO values are also exhibited by 

the deposits of the Lorentz impact event (diameter=365km, Figure 24). We propose that 

these and other large impact structures easily penetrated the relatively thin SPA ejecta 
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deposits in the far north and excavated pure anorthosite from the primordial crust and 

emplaced this very low FeO material on the lunar surf ace. 

Closer to the rim of the South Pole-Aitken basin, anorthosite is exposed in portions of 

the inner rings of several major impact basins (Figure 24). These include the 

Hertzsprung, Orientale, and Grimaldi impact structures. It appears that these basin-

forming impacts fully penetrated the iron-bearing SPA ejecta unit as well as at least a 

portion of the anorthosite layer (Figure 25). The inner rings of these basins probably 

formed by rebound to iron-poor material from the anorthosite layer in the lunar crust 

(Figures 18 and 25). While we recognize that the actual composition and history of the 

lunar farside crust are far more complex than outlined above, it is clear that the South 

Pole-Aitken basin played an important role in establishing the currently observed 

stratigraphic relationships. 

What are the implications of the SPA impact event for the lunar nearside? While 

SP A ejecta would have covered much of the nearside, the deposit would have been quite 

thick in much of the southern hemisphere. Hence, the SPA basin may have played at 

least a limited role in producing the observed nearside stratigraphy. 
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4.4 CONCLUSIONS 

As the lunar magma ocean cooled and crystallized, plagioclase flotation formed an 

anorthosite crust. Ongoing bombardment into and through this growing crust produced a 

more mafic mixed layer overlying the anorthosite. Later impacts brought some of the 

underlying anorthosite to or near the surface in the peak rings of Orientale, Grimaldi, 

Humorum, Nectaris, and Crisium through rebound during the basin-forming impact 

event. Other anorthosite deposits are associated with other rings of Grimaldi and 

Nectaris. In all cases the anorthosite was exposed from beneath a layer of more mafic 

material that consisted primarily of noritic anorthosite and anorthositic norite. 

Anorthosite deposits identified in the central peaks of the nearside craters Aristarchus, 

Eratosthenes, Copernicus, Atlas, Hercules, and Posidonius may also be parts of the 

primordial anorthosite crust that were brought to the surface by rebound during the 

impact events that formed the craters. Alternatively, some of these craters may excavate 

material from differentiated plutons. 

The impact that formed the giant SP A basin on the lunar farside penetrated most if 

not all of the crust present in the target region and perhaps some mantle material as well. 

This impact emplaced a thick layer of ejecta with substantial mafic content near the rim 

of the SP A basin and diminishing amounts of ejecta at increasing distances from the 
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basin. Large basins near SP A, such as Hertzsprung, exposed anorthosite in their peak 

rings in a manner analogous to the nearside basins discussed above. Smaller impacts 

near the SP A rim were not able to penetrate the thick layer of SP A ejecta present there. 

In the far northern farside, even moderately large basins, such as Coulomb-Sarton, 

completely penetrated the lesser thickness of SPA ejecta present there to reveal vast 

expanses of pure anorthosite. 
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Figure 13. The filled white circles show locations on the lunar nearside which have 
been identified as anorthosite through interpretation of ground-based near-infrared 
reflection spectra. The star symbol marks the location of Aristarchus crater, which 
has been determined through the interpretation of Clementine multispectral data 
to expose anorthosite [McEwen et al., 1994]. The base photograph is a pseudo-full 
Moon mosaic produced by Lick Observatory. 
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Figure 14. The filled white circles show locations on the southwestern portion of the 
lunar nearside that have been identified as anorthosite through interpretation of 
ground-based near-infrared reflection spectra. The base pphotograph is an image 

transmitted to Earth by the Zond 3 spacecraft. 
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Figure 15.1. Reflectance spectra scaled to unity at 1.02 µm 
for selected features in the Orientale region. 
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Figure 15 .2. The spectra presented in Figure 15 .1 
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Figure 16. A portion of Lunar Orbiter IV frame 187-Hl showing the location of 
anorthosites on the Inner Rook Mountains identified through interpretation of 
ground-based near-infrared reflection spectra. A: a small, unnamed crater on a 
massif. B: a steep massif slope. 
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Figure 17. Continuum-removed spectra of anorthosite deposits 
in the Grimaldi basin and Humorum basin regions. 
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C. Post-Orientate History 

D Anorthosite 

D Anorthositic norite/ 
noritic anorthosite 

D Grimaldi ejecta 

D Grimaldi floor 
material 

D Orientate ejecta 

Mare basalt 

Figure 18. Schematic diagram of the Grimaldi basin site. The drawing is not to scale and is 
intended to illustrate the gross features of the stratigraphy and geologic history of the region. 
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Figure 19. Locations in the Humorum basin where anorthosite has been identified 
through interpretation of near-infrared reflection spectra, A: the Gassendi E and K 
complex. B: Mersenius C. C: Liebig A (partially hidden by shadow inside the 
crater Liebig). D: Liebig B. E: the east wall of Vitello. 
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Figure 20. Continuum-removed spectra of anorthosite 
deposits in the Nectaris region and other locations. 
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Figure 21 . Locations in the Nectaris basin region where anorthosite has 
been identified through interpretation of near-infrared reflection spectra. 
A: Bohnenberger F. B: east wall of Kant. C: Cyrillus A. 
D: central peak of Theophilus. E: central peak of Piccolomini. 
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Figure 22. The horizontal arrow points to the location corresponding to the 
spectrum "East of Anaxagoras C" in Figure 20. The base photograph is a 
portion of Plate 12.2 in Hartmann and Kuiper [1962]. 
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Figure 23. Schematic diagram illustrating the generalized 
stratigraphic sequence in the model presented here. 
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Figure 24. FeO wt.% values at 35km per pixel resolution based on Clementine data using the technique reorted by Lucey et al. 
[1995]. Extremely low values, often indistinguishable from zero, are represented by the black and purple pixels that are 
prominent near 130 degrees west, 50 degrees north. Some rather low iron values can also be seen among the intermediate FeO 
values which predominate between this region and a region of higher FeO values, represented by green, yellow, red, and white, 
seen in South Pole-Aitken basin to the south. 
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Figure 25. Schematic diagram illustrating the generalized stratigraphy of the farside crust and upper mantle. Layers are simplified 

and not to scale. A: After crystallization of the magma ocean but before formation of the SPA basin. B: After formation of the 

SPA basin. SPA ejecta covers other layers to a great depth near the SPA basin rim, ejecta thickness decreases with increasing 

distance from SP A. Models suggest that the SPA impact penetrated into the mantle, but it is uncertain whether or to what extent it 

did so. C: After basin-forming impacts into the SPA ejecta. Basin 1 excavates mostly anorthosite. Basin 2 excavates some 

anorthosite and much material with a higher content of mafic material. 
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