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[1] We have utilized telescopic near-infrared spectra and multispectral images of the
Moon provided by the Galileo and Clementine missions to determine the distribution and
modes of occurrence of pure anorthosite. Anorthosites have now been identified in all
portions of the nearside, including the site of the putative Procellarum basin. Anorthosite
is associated with the rings of Orientale, Grimaldi, Humorum, Nectaris, Nubium, Mutus-
Vlaq, and Balmer basins. Major portions of the inner rings of Grimaldi, Humorum,
Crisium, Orientale, and Nectaris are composed of pure anorthosite. The large spatial extent
of these anorthosites appears to rule out an origin in the upper portions of discrete
differentiated Mg-suite plutons. In every instance, the anorthosites were exposed from
beneath a shallower near-surface layer of more pyroxene-rich material. More mafic
material also occurs beneath the pure anorthosite unit. Large expanses of the northern
farside exhibit very low FeO values. This region contains abundant anorthosite and stands
in stark contrast to the mafic composition exhibited by the interior of the South Pole-
Aitken basin (SPA). The distribution of compositional units on large portions of the lunar
farside as well as the southern portion of the lunar nearside appears to be largely
attributable to the SPA impact event. The distribution and modes of occurrence of
anorthosites clearly indicate that a thick, global layer of anorthosite is present at various
depths beneath most portions of the lunar surface. This anorthosite layer dominated the
upper portion of the primordial crust and was produced by plagioclase flotation in the
global magma ocean. INDEX TERMS: 6250 Planetology: Solar System Objects: Moon (1221); 5464

Planetology: Solid Surface Planets: Remote sensing; 5410 Planetology: Solid Surface Planets: Composition;
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1. Introduction

[2] 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 distribu-
tion 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., 1991,
1992a, 1992b, 1993a, 1993b, 2000; Bussey and Spudis,
2000; Lucey et al., 1986, 1995]. In our previous studies,
we have combined both visible and near-infrared telescopic
spectral observations with spacecraft multispectral imagery
in order to determine the lithology of relatively small areas
(2–10 km) of the lunar surface. Numerous deposits of
pure anorthosite (plagioclase >90% [Stöffler 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 distri-
bution 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.

2. Method

[3] Near-infrared reflectance spectra were obtained utiliz-
ing the University of Hawaii 2.24-m telescope and the 60-cm
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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 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.
[4] 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 pre-
sented by Clark [1980]. These procedures produce spectra
representing the reflectance ratio between the observed area
and the Apollo 16 site. These relative spectra were con-
verted 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].
[5] Highland rock types that can be distinguished spec-

troscopically contain various amounts of plagioclase feld-
spar 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 1
and 2, and representative spectra are shown in Figures 3, 6,
and 9. Anorthosite is almost entirely composed of plagio-
clase feldspar (plagioclase >90% [Stöffler et al., 1980]).

Figure 1. 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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Since it contains only a very minor amount of mafic
minerals, anorthosite exhibits no major absorption features
near 1 mm. Almost all of our anorthosite spectra exhibit
absolutely no 1 mm 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 mm bands and apparently contain >5% pyroxene.
[6] Plagioclase feldspars that contain more than about

0.1% FeO exhibit a broad weak electronic transition
absorption centered near 1.25 mm [e.g., Adams and Goul-
laud, 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 mm band [Adams et al., 1979; Bruckenthal and
Pieters, 1984].
[7] Lucey and coworkers [e.g., Lucey et al., 1995, 1996,

2000] have developed methods of determining iron and
titanium abundances using multispectral data obtained by
the Galileo and Clementine spacecraft. Global FeO and
TiO2 maps were produced with resolutions ranging from 35
km per pixel to 100 m per pixel [Lucey et al., 1995, 1996,

1998a, 2000; Blewett et al., 1997; Bussey and Spudis,
2000]. Portions of these compositional maps were utilized
in this study.

3. Results and Discussion

3.1. Orientale Basin Region

[8] The Orientale basin is a large impact structure located
in rugged highland terrain on the western limb of the Moon
(Figure 2). Orientale is the youngest large basin and is
sparsely filled by mare basalt [e.g., Wilhelms, 1987]. Ori-
entale is centered at 19�S, 95�W and displays at least four
concentric rings [e.g., Wilhelms, 1987; Spudis et al., 1984;
Spudis, 1993]. The innermost ring is about 320 km in
diameter and is defined by a discontinuous shelf bounding
the inner basin mare fill. The Inner Rook ring is 480 km in
diameter and is made up of rugged massifs. The Outer Rook
ring is 620 km in diameter, composed of massifs, and shows
a quasi-polygonal outline [Spudis, 1993]. The Cordillera
Mountain ring is 930 km in diameter and marks the
topographic rim of the basin. This ring exhibits a simple,
scarp-like morphology as opposed to the blocky massifs
displayed by the two Rook rings.
[9] Numerous spectra have been obtained and inter-

preted 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 anorthosite
[Spudis et al., 1984]. Spectra collected for mature sur-
faces of the Maunder Formation are almost identical to
those taken in the vicinity of the Apollo 16 landing site,
and they are also similar to those obtained for many
mature ejecta surfaces 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].
[10] Spectra of fresh craters in the Montes Rook Forma-

tion, 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 3. Analyses of
the 1 mm 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 plagio-
clase feldspar and Ca-poor pyroxene. Compositions ranging
between noritic anorthosite and anorthositic norite are
indicated.
[11] The Inner Rook Mountains are markedly different in

composition from other units within the Orientale basin
[Spudis et al., 1984; Hawke et al., 1991]. Spectra obtained
for fresh surfaces (a steep massif slope and a small,
unnamed crater on a massif, Figure 4) in the Inner Rook
Mountains are very distinct from the other spectra of
Orientale-related features (Figure 3). These Inner Rook
spectra exhibit no 1 mm absorption bands. The areas for
which these spectra were collected are composed almost
entirely of plagioclase feldspar with <5% pyroxene. These
two mountains are composed of pure anorthosite. Earth-
based telescopic imaging data presented by Hawke et al.
[1991] confirm this view; the entire eastern Inner Rook
Mountains (the only portion visible from Earth) contain

Figure 2. The white dots show locations on the south-
western portion of the lunar nearside which have been
identified as anorthosite through interpretation of ground-
based near-infrared reflection spectra. These areas are also
identified on the western portion of the lunar image shown
in Figure 1. The base photograph is an image obtained by
the Zond 8 spacecraft.
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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.
[12] 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., 1989,
1991; Peterson et al., 1995a, 1995b]. Two of these spectra
(Darwin C crater and Crüger West Rim) are shown in
Figure 3. Analyses of these spectra, as well as other
Hevelius Formation spectra, show the presence of plagio-
clase feldspar and low-Ca pyroxene. All of the areas of the
Orientale ejecta deposit for which spectra have been
obtained (Figure 5) are dominated by noritic anorthosite
or anorthositic norite; no pure anorthosite deposits were
identified. These findings are in agreement with the results
of the Galileo SSI experiment [Head et al., 1993] as well as
results of studies of Clementine UV-VIS imagery [Bussey
and Spudis, 1997, 2000].
[13] 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
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., 1991]. The basin
ejecta, on the other hand, came from shallower depth.
Hence it appears that somewhat more mafic rocks (noritic

Figure 3. a. Reflectance spectra scaled to unity at 1.02 mm for selected features in the Orientale region.
b. The same spectra after continuum removal.

Figure 4. Portion of the Inner Rook ring of the Orientale
basin. Spectra were obtained for both the small, unnamed
crater superposed on an Inner Rook massif (A, Orientale
Interior 1) and a steep, fresh massif slope (B, Orientale
Interior 2). Both spectra indicate the presence of pure
anorthosite. North at top; distance between horizontal lines
(i.e., framelet width) 12 km. Portion of LO IV-187H1.
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anorthosite and anorthositic norite) overlay true anorthosite
at the Orientale target site.

3.2. Grimaldi Basin Region

[14] The Grimaldi basin (Figures 2 and 5) 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., 1991; Peterson et al., 1995a,
1995b]. 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 5 and 6).
[15] 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 mm’’ absorption bands
exist or that they are extremely shallow features (Figure 6).
Only very minor amounts of pyroxene and/or olivine are
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., 1991; Peterson et al., 1995a]. In addition,
anorthosite has also been identified at Damoiseau D
(Figures 5 and 6). 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 5 and 6). In
contrast, the primary ejecta deposits of the Grimaldi basin
as well as the pre-Orientale floor unit (Figure 5) are
dominated by noritic anorthosite and anorthositic norite
[Peterson et al., 1995a].
[16] 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 7). 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,

Figure 5. Sketch map of the Grimaldi region. The
symbols indicate the lithology of the areas for which near-
infrared reflectance spectra have been obtained and
interpreted. DHC means ‘‘dark halo crater.’’ After Peterson
et al. [1995a].

Figure 6. Continuum-removed spectra of anorthosite
deposits in the Grimaldi basin and Humorum basin regions.
The Grimaldi GA, Grimaldi DA, Damoiseau C, and
Damoiseau D spectra were obtained for features in the
Grimaldi basin region. The Gassendi E&K, Mersenius C,
Liebig A, and Liebig B spectra were collected for locations
in the Humorum basin region.
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the spectral data indicate that major portions of the Gri-
maldi 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, 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 high-
lands material overlying a crustal unit composed of pure
anorthosite (Figure 7).

3.3. Humorum Basin Region

[17] The Humorum basin is a large multiring impact
structure on the southwestern portion of the lunar nearside
(Figures 1 and 2). 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].
[18] 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 (diam-
eter = 12 km), Liebig B (diameter = 9 km), and the Gassendi
E and K complex (Figures 6 and 8). The spectra obtained
for these areas exhibit either no ‘‘1 mm’’ absorption features
or extremely shallow absorption 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.
[19] While some portions of the inner MB ring are

composed of pure anorthosite, other parts are made up of
more mafic material [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].
[20] 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,
Gassendi A, and Gassendi Zeta as well as the central peaks
of Gassendi. Analyses of the ‘‘1mm’’ 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 anortho-
site 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 from
an analysis of the distribution of FeO and TiO2 values in
the Humorum region [Lucey et al., 1995; Hawke et al.,
1995a; Peterson et al., 1995b, 1997a, 1997b; Bussey and
Spudis, 2000].
[21] In summary, portions of the inner, mare-bounding

ring of the Humorum basin are composed of pure anorthosite
(Figure 8). 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

Figure 7. Schematic diagram of the Grimaldi basin site. The drawing is not to scale and is intended to
illustrate the general stratigraphy and geologic history of the region.

4 - 6 HAWKE ET AL.: LUNAR ANORTHOSITE



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].

3.4. Nectaris Basin Region

[22] 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; Hart-
mann 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 (orthopyroxene). Clearly, noritic anor-
thosites and anorthositic norites are the dominant rock types
in the Nectaris region.
[23] Still, several anorthosite deposits have been identi-

fied in and around the Nectaris basin (Figures 9 and 10).
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 10). We have
obtained two near-IR spectra for Bohnenberger F (Figure 9),
and neither exhibits the well-defined ‘‘1 mm’’ 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 mm, which we attribute to
unshocked Fe2+-bearing plagioclase feldspar. A very shal-
low (<2%) pyroxene band may also be present; pyroxene is
probably present in amounts of less than 10% [Pieters,
1993]. Hence Bohnenberger F exposed a deposit of pure
anorthosite.
[24] An even less equivocal example of anorthosite is

exposed on portions of the eastern wall of Kant crater
(Figures 9 and 10). 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 mm and
well defined feldspar bands centered at 1.27 mm. 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.

Figure 8. Locations in the Humorum basin region 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. The mare-bounding ring is �440 km in
diameter. North is at the top of the image. Portion of LO IV-
143 M.

Figure 9. Continuum-removed spectra of anorthosite
deposits in the Nectaris basin region and two other locations
on the lunar nearside (Alphonsus central peak and east of
Anaxagoras C).
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[25] We have also used near-IR spectral data to iden-
tify anorthosite deposits in two areas of Cyrillus A crater
(17-km diameter; 13.8�S, 23.1�E) and in a small un-
named crater near a massif of the second ring of the basin
(Figures 9 and 10) [Spudis et al., 1989]. Bussey and Spudis
[2000] recently noted that very low FeO abundances were
exhibited by each of the previously identified anorthosite
deposits and that outcrops of pure anorthosite were associ-
ated with the craters Cyrillus E and Beaumont D. In
addition, Pieters [1986] found anorthosite deposits in the
central peak of Theophilus and Piccolomini craters. Picco-
lomini 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.

3.5. Crisium Basin Region

[26] The Crisium basin is a multiring impact structure on
the eastern portion of the Moon’s nearside. A massif ring
with a diameter of 540 km bounds Mare Crisium, and the
topographic rim of the basin may be represented by a ring of
scarps about 740 km across [e.g., Spudis, 1993]. We have
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 norite. No pure anorthosites were
identified, but it was noted that only a few areas on the inner
basin rings were observed.
[27] Blewett et al. [1995b] and Hawke et al. [1995a,

1995b, 1995c] utilized Clementine and Galileo geochemical
maps as well as Galileo SSI data to search for true
anorthosite deposits in the Crisium region of the Moon.
Relatively low (2–4%) FeO values were found to be
associated with portions of the Proclus crater ejecta deposit.
The high-resolution Clementine-based FeO map showed
that very small areas of the ejecta deposit exhibited even
lower FeO abundances. Pure anorthosites are exposed in
these areas. This interpretation is supported by spectral
parameters derived for the small areas from the Galileo
SSI data [Blewett et al., 1995b; Hawke et al., 1995b,
1995c]. In addition, pure anorthosite was identified north
of Crisium in the vicinity of Geminus crater. Geminus is
located at 34.5�N, 56.7�E and has a diameter of 86 km.
Extremely low FeO and TiO2 values are associated with the
deposits emplaced by the Geminus impact event.
[28] Bussey and Spudis [2000] have recently presented

high-resolution FeO and TiO2 maps for the Crisium region
produced from Clementine data. They concluded that pure
anorthosites are confined almost exclusively to the mare-
bounding 540 km diameter basin ring. The topographically
prominent 740 km ring shows anorthosite only in the
vicinity of Proclus crater.

3.6. Other Nearside Occurrences

[29] Anorthosites have been identified in the central
peaks of Alphonsus (13.4�S, 2.8�W) and Petavius
(25.3�S, 60.4�E) craters [Pieters, 1986; Coombs et al.,
1990]. In both instances, pure anorthosite was exposed
from beneath a more mafic surface unit. Both Alphonsus
(diameter = 119 km) and Petavius (diameter = 177 km) are
located very near the rings of ancient impact basins,
Nubium and Balmer, respectively [Wilhelms and McCauley,
1971; Wilhelms, 1987]. In addition, anorthosite has been
identified at one location in a crater on a ring of the Mutus-
Vlaq basin in the southern highlands [Tompkins and Pieters,
1999; Peterson et al., 2002].
[30] Pure anorthosite has been identified within Gold-

schmidt crater in the northern highlands on the basis of 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 9 and 11). Anaxagoras
crater (73.4�N, 10.1�W) is 51 km in diameter. Other spectra
obtained for features in and around Anaxagoras exhibit ‘‘1
mm’’ 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].
[31] Aristarchus is a relatively young impact structure

(diameter = 40 km) on the northwestern portion of the lunar
nearside (Figure 1) [Zisk et al., 1977]. Earlier Earth-based

Figure 10. 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. The base photograph is a
portion of Plate 12.2 of Hartmann and Kuiper [1962].
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spectral studies demonstrated that the Aristarchus impact
event excavated relatively mafic material [Lucey et al.,
1986]. However, McEwen et al. [1994] 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)
[Warren, 1988; Warren and Wasson, 1979]. 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 [Hawke et al., 1995a, 1995b,
1995c].
[32] Finally, Tompkins and Pieters [1996, 1999] have

recently presented the results of a survey of lunar central
peak compositions. The central peaks of over one hundred
complex craters between 40 and 180 km in diameter were
examined with Clementine UVVIS multispectral data. The
results suggested that pure anorthosites were exposed in
portions of numerous central peaks. Many are located on the
farside of the Moon, but some are on the nearside. The
nearside craters that exhibit at least some anorthosite in their
peaks include Eratosthenes, Posidonius, Aristoteles,
Eudoxus, Pythagoras, Manilius, and Pitatus.

3.7. Anorthosite Distribution on the Lunar Nearside

[33] 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.,
1992a, 1992b, 1993b]. These early results indicated that

there was a ‘‘forbidden zone’’ in which anorthosite did not
occur.
[34] 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]. Wil-
helms [1987] proposed that the giant Procellarum impact
(diameter = 3,200 km) largely removed the primitive crust
from this portion of the Moon. If so, this would explain the
absence of anorthosite in this region.
[35] Our most recent results (described above), however,

indicate that pure anorthosite deposits are more widespread
on the lunar nearside than has previously been thought
(Figures 1 and 2). Anorthosites have now been identified
around and north of Crisium basin, north of Mare Frigoris,
and in the northern central highlands [Blewett et al., 1995b;
Hawke et al., 1995b, 1995c; Tompkins and Pieters, 1996,
1999; Bussey and Spudis, 2000]. Anorthosites appear to be
rare in the southern highlands of the Moon. Of particular
interest are the newly identified anorthosite deposits located
well within the proposed Procellarum basin. These include
portions of the central peaks of Aristoteles, Eudoxus,
Posidonius, Pythagoras, Alphonsus, Aristarchus, Plinius,
Manilius, and Eratosthenes [McEwen et al., 1994; Tompkins
and Pieters, 1996, 1999]. In addition, Blewett and Hawke
[2001] presented evidence that Conon (diameter = 22 km),
an impact crater on the Imbrium backslope, had exposed
pure anorthosite. Several of these craters are located within
the innermost of the three Procellarum basin rings proposed
by Wilhelms [1987]. These include Eratosthenes, Conon,
Aristarchus, and Manilius. It is important to determine the
origin of these anorthosites. If the anorthosites that are
exposed within the innermost ring 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, 1977]. Alternatively,
these anorthosites may have been produced by other pro-
cesses. For example, they may have been formed by the
differentiation of Mg-suite plutons emplaced after the Pro-
cellarum impact event. 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.

3.8. Modes of Occurrence on the Lunar Nearside

[36] The results of our preliminary studies indicated that
anorthosite deposits on the lunar nearside were quite com-
monly found on or very near impact basin rings (Figures 1
and 2) [Hawke et al., 1992a, 1992b, 1993b]. A major
objective of our recent research efforts has been to obtain
an understanding of the significance of this apparent corre-
lation. After careful consideration of all of the available data
(Figures 1 and 2), we have concluded that this association is
important only for the inner rings of basins such as
Orientale, Grimaldi, Humorum, Nectaris, and Crisium.
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

Figure 11. Portion of LO IV-116 H2. The horizontal arrow
points to the location corresponding to the spectrum ‘‘East
of Anaxagoras C’’ in Figure 9. Anaxagoras crater is 51 km
in diameter.
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inner rings of Orientale, Grimaldi, Humorum, Crisium, and
Nectaris are composed of pure anorthosite [Bussey and
Spudis, 2000; Spudis et al., 1984, 1989, 1992; Peterson et
al., 1995a, 1995b, 1996, 1997a, 1997b, 2001, 2002; Hawke
et al., 1986, 1991, 1992a, 1992b, 1993a, 1993b, 2000]. 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. The pre-impact target sites for all five basins
consisted of pyroxene-bearing highlands material overlying
a crustal unit composed of pure anorthosite.
[37] 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 of discrete plutons. It
is very unlikely that the anorthosites that make up the inner
rings of the Orientale, Grimaldi, Humorum, Crisium, and
Nectaris basins were formed by the crystallization of
magma bodies emplaced during serial magmatism or Mg-
suite plutonism.
[38] Why are anorthosites commonly associated with the

outer rings of Nectaris, Nubium, and other basins (Figures 1
and 2)? As discussed above, the inner rings of Orientale,
Grimaldi, Humorum, Crisium, 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.

3.9. Nearside Crustal Stratigraphy

[39] 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 mate-
rial (Figure 12). This near-surface unit is generally com-
posed of anorthositic norite or noritic anorthosite [e.g.,
Hawke et al., 1992a, 1992b, 1993a, 1993b; Peterson et
al., 1995a, 1995b, 1997a, 1997b]. 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 Wood,
1977; Spudis and Davis, 1986; Spudis et al., 1984, 1988,
1991, 1996; Spudis, 1993]. This relationship is illustrated in
Figure 12.
[40] 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 dichot-
omy have been discussed in several recent publications and
will not be considered in detail 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.
[41] 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 crystalli-
zation 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

Figure 12. Schematic diagram illustrating the generalized
stratigraphic sequence in the model presented here.
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the quenched crust would have been the same as that of the
bulk magma ocean from which it 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].
[42] 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.
[43] 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 flota-
tion crust [Hartmann, 1980]. 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. Con-
tinued 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
produced by plagioclase flotation. We have defined the
pyroxene-bearing more mafic layer above the pure anortho-
site layer as the primordial mixed zone. It is difficult to
understand how the formation of this primordial mixed zone
could have been avoided.
[44] After the crystallization of the magma ocean, other

processes may have contributed to the production of the
observed stratigraphic sequence (Figure 12). 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 work-
ers [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 cata-
clysm [Tera et al., 1974].
[45] 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
before the terminal cataclysm [Schultz and Spudis, 1983;
Bell and Hawke, 1984; Hawke et al., 1985; Head et al.,
1993; Blewett et al., 1995a, 1995c; Antonenko et al., 1995].
The currently 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
mare volcanism was responsible for the observed stratigra-
phy, high-Ca pyroxenes should dominate the mafic assemb-
lages 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 12). Hence the
upper unit is dominated by noritic anorthosite and anortho-
sitic norite, not ancient mare basalt.
[46] Mg-suite plutonism has been suggested as an impor-

tant process in producing the observed stratigraphy [Warren,
1986; Hawke et al., 1991]. 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., 1991].
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.
[47] Large impact events on the lunar nearside have

clearly played an important role in producing the observed
stratigraphic sequence (Figure 12). Previous studies of
nearside impact basins have indicated that their primary
ejecta deposits are dominated by pyroxene-bearing material
[e.g., Spudis et al., 1988, 1989, 1991, 1992; Spudis, 1993;
Peterson et al., 1995a.]. The ejecta units are dominated by
anorthositic norite, norite, or noritic anorthosite. Additional
evidence was provided by analysis of maps of FeO abun-
dances presented by Lucey et al. [1995, 1998a, 2000]. No
major expanses of iron-poor anorthosite can be identified
around the major basins on the central nearside.
[48] 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. Clearly, the Imbrium impact
event was responsible for excavating and emplacing large
amounts of FeO-rich material on the surface of portions of
the lunar nearside.

3.10. Farside Crustal Stratigraphy

[49] Recently, multispectral data from the Galileo and
Clementine spacecraft missions have been utilized to inves-
tigate the distribution of anorthosite on the farside of the
Moon [Lucey et al., 1995; Spudis et al., 1996; Peterson et
al., 1996, 1997a, 1997b, 2001, 2002; Hawke et al., 1995c,
1997, 2000]. 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 the lunar farside exhibit low FeO abundances. An
extensive zone with low (<2.5%) FeO values occur on the
northern portion of the farside 100�E to 100�Wand 40�N to
70�N (Figure 13). This region also exhibits low TiO2 values
(<0.3%) on a global map of TiO2 abundances produced
from Clementine UVVIS images utilizing the technique
presented by Lucey et al. [1996, 1998a, 2000]. The very
low FeO and TiO2 values clearly indicate that the surface of
this area is dominated by anorthosite.
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[50] More recently, Peterson et al. [1997a, 1997b, 1998,
1999, 2001, 2002] have used full-resolution Clementine
UVVIS images to study the chemistry and mineralogy of
the 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 included band ratio (e.g., 0.75 mm/0.95
mm) images, FeO and TiO2 maps, and five point spectra.
Numerous deposits of pure anorthosite were identified and
described. Within the ‘‘anorthosite zone’’, areas were iden-

tified which exhibit uniformly very low FeO (<2.0%) and
TiO2 (<0.1%) abundances. The results presented by Peter-
son et al. [1997a, 1997b, 1998, 1999, 2001, 2002] confirm
the findings of Lucey et al. [1995].
[51] 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., 1995, 1998b;
Spudis et al., 1996; Pieters et al., 1997; Jolliff et al., 2000].
The FeO values determined for the interior of the SPA
basin commonly range between 10% and 14% (Figure 13).

Figure 13. FeO wt.% values for a portion of the west limb and farside of the Moon. The FeO map was
produced from Clementine multispectral images using the technique described by Lucey et al. [1995,
2000]. Relatively high FeO values are exhibited by geologic units on the interior of the South Pole-
Aitken (SPA) basin. Very low FeO values are prominent in the north, near the Birkhoff and Coulomb-
Sarton basins. Between this very low FeO zone and the interior of the SPA basin there occurs an area with
intermediate FeO values. In this intermediate zone, very low FeO anorthosites are exposed in the inner
rings of Korolev, Hertzsprung, Orientale, and Grimaldi basins. Very low FeO portions of these inner rings
are indicated by arrows.
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This very large, ancient basin is about 2500 km in diameter
and is centered at 56� S, 180� E [Wilhelms, 1987; Spudis et
al., 1994]. The area between the rim of the South Pole-
Aitken basin and the ‘‘anorthosite zone’’ exhibits interme-
diate FeO and TiO2 abundances (Figure 13). Lucey et al.
[1996] estimated that the highlands terrain just outside the
basin rim contained 4–5% FeO and 0.3% TiO2. More
recently, Jolliff et al. [2000] defined a compositional unit
(SPAT-outer) in this area which has a mean FeO value of
5.7%.
[52] The giant South Pole-Aitken basin 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 [Spudis
et al., 1994]. 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 should have excavated
the entire crustal column at the target site. Some unknown
amount of mantle material may also have been excavated,
but opinions differ concerning the amount of mantle mate-
rial 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, 1998b; Pieters et al., 1997]. We

propose that anorthositic upper crustal material was exca-
vated and mixed with more mafic lower crustal (and
mantle?) material and deposited as an ejecta unit over vast
areas of the lunar surface (Figure 14). 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
SPA ejecta was deposited on top of the primordial anortho-
site-rich lunar crust (Figure 14). Although thickness esti-
mates 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.
[53] Several major impact structures occur in the ‘‘anor-

thosite 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 struc-
tures in the region (Figure 13). 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 = 365 km, Figure 13). We propose
that these and other large impact structures easily penetrated
the relatively thin SPA ejecta deposits in the far north and
excavated pure anorthosite from the primordial crust and
emplaced this very low FeO material on the lunar surface.
Subsequent mixing during impact cratering events produced

Figure 14. 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 SPA. 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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the relatively low FeO and TiO2 values that have been
determined using Clementine data.
[54] 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 13). These include the
Hertzsprung, Korolev, Orientale, and Grimaldi impact struc-
tures. 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 14). The inner
rings of these basins probably formed by rebound to reveal
iron-poor material from the anorthosite layer in the lunar
crust (Figures 7 and 14). 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.
[55] What are the implications of the SPA impact event

for the lunar nearside? While SPA 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.

4. Conclusions

[56] 1. On the lunar nearside, near-infrared reflectance
spectra have been used to identify deposits of pure anor-
thosite associated with the rings of Orientale, Grimaldi,
Humorum, Nectaris, Nubium, and Balmer basins (Figures 1
and 2). Multispectral images and FeO maps produced from
Galileo and Clementine data were used to confirm the
existence of these deposits and to identify previously
unrecognized anorthosites [e.g., Peterson et al., 1995b,
1997b; Tompkins and Pieters, 1999; Bussey and Spudis,
2000].
[57] 2. Earlier studies had indicated that anorthosites

occurred only in a relatively narrow zone extending from
Petavius in the east to the Inner Rook Mountains on the
western limb. Since no anorthosites had been identified
within the proposed Procellarum basin, some workers had
speculated that the anorthosite had been removed from this
portion of the lunar surface by the Procellarum impact
event. Anorthosites have now been identified well within
the innermost ring of the putative Procellarum basin. While
the existence of these anorthosites might be taken as
evidence against the reality of Procellarum, it should be
noted several processes might account for presence of these
deposits. For example, these anorthosites may have been
produced by the differentiation of Mg-suite plutons
emplaced after the Procellarum impact event.
[58] 3. Anorthosite deposits on the lunar nearside are

quite commonly found on or very near impact basin rings.
After a careful analysis of all the available data, we have
concluded that this association is important only for the
inner rings of basins such as Orientale and Grimaldi. Major
portions of the inner rings of Humorum, Crisium, Gri-
maldi, Orientale, and Nectaris are composed of pure
anorthosite. We propose that these inner rings formed by
the rebound of deep crustal materials during the modifica-
tion stage of basin-forming events. The pre-impact target
sites for all five basins consisted of pyroxene-bearing
highland material overlying a crustal unit composed of

pure anorthosite. In contrast, the anorthosites associated
with the outer rings of Nectaris and other basins are found
in the central peaks and walls of large impact craters. It
appears that these anorthosites were derived from a layer or
layers many kilometers beneath the crater target sites and
that the surfaces of these outer rings are not composed of
anorthosite.
[59] 4. 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 mate-
rial. More mafic material also occurs beneath the pure
anorthosite unit [e.g., Spudis et al., 1984; Spudis, 1993;
Bussey and Spudis, 2000].
[60] 5. The evidence indicates that the anorthosite layer

was formed by cumulate flotation in a global magma ocean.
The large spatial extent of the anorthosites in the Orientale
Inner Rook Mountains and other inner rings strongly
suggest that the anorthosites were derived from a thick,
continuous layer, not small portions of discrete plutons. It is
very unlikely that the anorthosites that make up the inner
rings of Orientale and other nearside basins were formed by
the crystallization of magma bodies emplaced by serial
magmatism or Mg-suite plutonism. However, some of the
small anorthosite deposits associated with crater central
peaks [Tompkins and Pieters, 1999] may have been pro-
duced by the differentiation of Mg-suite plutons.
[61] 6. Spacecraft data have revealed a far different

pattern of anorthosite occurrences on the lunar farside. An
extensive zone with low FeO values occurs on the northern
portion of the farside (100�E to 100�W and 40�N to 70�N).
Much of this area exhibits extremely low TiO2 abundances.
The very low FeO and TiO2 values clearly indicate that the
surface of this area is dominated by pure anorthosite. The
area is in stark contrast to the mafic composition exhibited
by the interior of the South Pole-Aitken basin. The area
between the north rim of the SPA basin and ‘‘anorthosite
zone’’ exhibits intermediate FeO abundances. However,
very low FeO values indicative of pure anorthosite are
associated with the inner rings of such basins as Hertz-
sprung and Korolev.
[62] 7. The distribution of lithologic types on portions of

the lunar farside appears to be largely attributable to the
enormous South Pole-Aitken impact event. Huge quantities
of ejecta would have been deposited outside the basin,
thickest near the basin rim and thinning with increasing
distance from the basin. This ejecta must have contained
much material from the more mafic lower crust and possibly
even some mantle material. This SPA ejecta would have
been emplaced on top of the original plagioclase flotation
crust. The great thickness of more mafic ejecta deposited
near the basin could have insulated the original upper
crustal material (anorthosite) from all but the largest subse-
quent cratering events. Very large impacts, such as those
that produced the Hertzsprung, Korolev, and Orientale
basins, could have penetrated through the SPA ejecta deeply
enough to expose anorthosite in their peak rings. Farther to
the north, where the thickness of ejecta from SPAwas much
less, small basins such as Birkhoff and Coulomb-Sarton
could easily have removed the thin overburden of SPA
ejecta to reveal the underlying anorthosite layer.
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[63] 8. Massive amounts of South Pole-Aitken ejecta must
have been emplaced in the southern highlands of the lunar
nearside. Anorthosite is rare in this region. We suggest that
pure anorthosite exists in this area beneath a thick layer of
SPA ejecta. SPA ejecta probably contributed to the produc-
tion of the observed crustal stratigraphy of the lunar nearside.
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