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In the context of sample evidence alone, the high-alumina (HA) basalts appear to be an unique, and
rare variety of mare basalt. In addition to their distinct chemistry, radiometric dating reveals these
basalts to be among the oldest sampled mare basalts. Yet, HA basalts were sampled by four missions
spanning a lateral range of ∼2400 km, with ages demonstrating that aluminous volcanism lasted at least
1 billion years. This evidence suggests that HA basalts may be a widespread phenomenon on the Moon.
Knowing the distribution of HA mare basalts on the lunar surface has significance for models of the origin
and the evolution of the Lunar Magma Ocean. Surface exposures of HA basalts can be detected with
compositional remote sensing data from Lunar Prospector Gamma Ray Spectrometer and Clementine.
We searched the lunar surface for regions of interest (ROIs) that correspond to the intersection of three
compositional constraints taken from values of sampled HA basalts: 12–18 wt% FeO, 1.5–5 wt% TiO2, and
0–4 ppm Th. We then determined the “true” (unobscured by regolith) composition of basalt units by
analyzing the rims and proximal ejecta of small impacts (0.4–4 km in diameter) into the mare surface
of these ROIs. This paper focuses on two ROIs that are the best candidates for sources of sampled HA
basalts: Mare Fecunditatis, the landing site of Luna 16; and northern Mare Imbrium, hypothesized origin
of the Apollo 14 HA basalts. We demonstrate our technique’s ability for delineating discrete basalt units
and determining which is the best compositional match to the HA basalts sampled by each mission. We
identified two units in Mare Fecunditatis that spectrally resemble HA basalts, although only one unit
(Iltm) is consistent with the compositional and relative age of the Luna 16 HA samples. Northern Mare
Imbrium also reveals two units that are within the compositional constraints of HA basalts, with one
(Iltm) best matching the composition of the basalts sampled by Apollo 14.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The Soviet Luna 16 and American Apollo 14 sample return mis-
sions brought to Earth the vast majority of high-alumina (HA) mare
basalts in the sample collection, although at least one HA basalt
from each of Apollo 12 and Apollo 16 have also been identified
(Nyquist et al., 1981; Zeigler et al., 2006). They are an important
subset of the mare basalt sample collection for several reasons,
most importantly their relatively high abundance of Al2O3 (∼11–
16 wt% Al2O3) compared to other mare basalts (7–11 wt% Al2O3)
(Albee et al., 1972; Grieve et al., 1972; Helmke and Haskin, 1972;
Ridley, 1975; Kurat et al., 1976; Ma et al., 1979; Shervais et al.,
1985; Dickinson et al., 1985; Neal et al., 1988). This unique chem-
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istry and mineralogy describe a petrogenesis different from other
mare basalts in that their sources contained a significant amount
of plagioclase (e.g., Ridley, 1975; Neal and Kramer, 2006). This in
turn has broader implications on the efficiency of plagioclase sep-
aration in the Lunar Magma Ocean (LMO) (Taylor and Jakes, 1974;
Snyder et al., 1992; Shearer and Papike, 1999) and evolution of the
lunar mantle.

Some of the HA basalts sampled by Apollo 14 represent the
oldest mare basalt eruptions (∼4.25 Ga) (e.g., Dasch et al., 1987),
predating the main sequence of mare volcanism that filled the
great lunar basins. The combined Apollo 14 and Luna 16 sample
collection demonstrates that the duration of aluminous mare vol-
canism lasted at least 1 billion years (e.g., Nyquist et al., 1981;
Dasch et al., 1987; Nyquist and Shih, 1992; Snyder et al., 2000;
Cohen et al., 2001). Aluminous basalt fragments have been sam-
pled from regions separated by ∼2400 km. Their range in age,
location, and variation in geochemistry suggests that HA basalts
may be more common than previously thought. They may be a

0019-1035/$ – see front matter © 2008 Elsevier Inc. All rights reserved.
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Fig. 1. Clementine 750 nm base map at 1 km resolution. White areas depict inter-
section of compositional constraints based on HA sample data: 12–18 wt% FeO, 1–
5 wt% TiO2, and 0–4 ppm Th. FeO compositional data based on algorithms of Lucey
et al. (2000b) and Wilcox et al. (2005) from Clementine data at 100 m/pixel. TiO2

compositional data from algorithm of Lucey et al. (2000b) from Clementine data
at 250 m/pixel. Th data from LP-GRS (Prettyman et al., 2002) at half degree/pixel
resolution. Numbers correspond to ROIs identified in Table 1.

significant component of ancient basalts and could be related to
cryptomare (Schultz and Spudis, 1979; Hawke et al., 2005a, 2005b).

Knowing the extent of aluminous basaltic volcanism would be
another step toward understanding the nature and history of the
Moon. The aluminous nature of these basalts results from one of
three scenarios:

(1) Assimilation of the anorthositic crust by a (low-alumina) mare
basalt magma,

(2) Mixing of (low-alumina) mare basalt with anorthositic crust
by impact-induced melt, or

(3) Plagioclase retained in the source.

Neal and Kramer (2006) addressed all three scenarios, with focus
on a model of the petrogenesis of the Apollo 14 HA basalts. Their
conclusions favored scenario 3, and provided evidence against
scenarios 1 and 2 (see also Finnila et al., 1994; Ridley, 1975;
Warren et al., 1997; Hagerty et al., 2005). Thus, the evidence for
plagioclase retained in the source of the HA basalts implies that
plagioclase flotation was inefficient during the differentiation of
the LMO, and that some plagioclase remains within the uppermost
lunar mantle. Another, although less likely scenario of an Al-rich
source, is from spinel or garnet in the source. In this case, the
basalts must be derived from much greater depths (i.e., >500 km
for garnet). Spinel could be the aluminous phase between 250 and
500 km within the lunar mantle (Neal, 2001).

In a previous paper (Kramer et al., 2008), we described a
method for identifying potential HA basalt exposures on the lu-
nar surface using Clementine multispectral and Lunar Prospector
gamma-ray spectrometer (LP-GRS) data. Compositional parame-
ters for the Moon-wide search were based on known compositions
from HA basalt samples and were used to map the distribution of
HA basalts globally (12–18 wt% FeO, 1.5–5 wt% TiO2, and 0–4 ppm
Th, Fig. 1, Table 1). Selected regions of interest (ROIs) were more
closely evaluated using high-resolution (100 m/pixel) FeO and
TiO2 compositional data derived from the Clementine multispec-
tral camera. In our previous work, we characterized the mare
basalt units of two of these ROIs: Mare Moscoviense and Mare
Nectaris, and concluded that each basin contained at least one
basalt unit consistent with a HA composition (see Kramer et al.,
2008). The current paper focuses on two other ROIs highlighted in
Fig. 1: Northern Mare Imbrium (Sinus Iridum and South of Plato)
and Mare Fecunditatis. They were selected because they are the
likeliest candidates for the source of the HA basalts sampled by
Apollo 14 and Luna 16.

Table 1
ROIs highlighted by compositional constraints

ROI Lat Lon

1 Apollo (center) 36S 153W
2 Apollo (lower between rings) 43S 155W
3 Oppenheimer 46S 168W
4 Bose 55S 167W
5 Leibnitz 39S 179E
6 Von Karmen 46S 174E
7 Chretien 45S 161E
8 Poincaré 58S 162E
9 Jules Verne 35S 146E

10 Mare Ingenii 34S 168E
11 Mare Moscoviense 27N 146E
12 Tsiolkovskiy 20S 129E
13 Mare Australe (areas) 42S 90E
14 Mare Smythii 2N 89E
15 Mare Marginis 14N 87E
16 Lomonosov 28N 98E
17 Lacus Spei 43N 65E
18 Mare Crisium 18N 60E
19 Mare Fecunditatis 3S 51E
20 Mare Nectaris 16S 35E
21 Mare Tranquillitatis 9N 31E
22 Mare Serenitatis 25N 19E
23 South of Plato 43N 13W
24 Sinus Iridum 44N 30W
25 E. Sinus Roris 44N 64W
26 W. Proc (Struve) 20N 74W
27 Grimaldi 6S 68W
28 Cruger 17S 67W
29 Humorum 23S 40W
30 Palus Epidemiarum 31S 32W
31 Pitatus 30S 13W
32 Lacus Excellentiae 35S 42W
33 Lacus Excellentiae West 43S 56W
34 Mare Orientale 20S 95W

Fig. 2. Wt% FeO verses wt% TiO2 for HA mare basalt samples. Data sources: Luna
16: Jakes et al. (1972), Kurat et al. (1976), Ma et al. (1979); Apollo 12: Reid and
Jakes (1974); Apollo 14: Ehmann et al. (1972), Hubbard et al. (1972b), Lindstrom et
al. (1972), Longhi et al. (1972), Strasheim et al. (1972), Taylor et al. (1972), Ridley
(1975), Shervais et al. (1985), Dickinson et al. (1985), Neal et al. (1988, 1989), Neal
and Taylor (1989).

1.1. Luna 16

Luna 16 landed on the northeastern corner of Mare Fecun-
ditatis on September 20, 1970. The robotic mission returned to
Earth with a small drill core of the surface regolith comprised
of ∼20% basaltic fragments (Reid et al., 1972). Virtually all of
these basalts have a HA composition (Kurat et al., 1976). Com-
pared to the Apollo 14 basalts, some Luna 16 HA basalts have
a greater variation in TiO2 abundance (up to 5 wt%, Fig. 2),
Al2O3 (11–20 wt% Al2O3), and lower Mg# (between 0.3 and 0.4)
than Apollo 14 HA basalts (Vinogradov, 1971; Kurat et al., 1976;
Ma et al., 1979; Taylor et al., 1991). The lower Mg# (due to lower
MgO) suggests these basalts derived from more evolved LMO cu-
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mulates than did the Apollo 14 HA basalts (Kurat et al., 1976). Luna
16 HA basalts have a greater abundance of light REE compared
to the heavy REE, resulting in a slightly bow-shaped chondrite-
normalized rare earth element (REE) profile (Taylor et al., 1991).
Radiometric ages of the Luna 16 basalts indicate at least three
eruptive episodes occurring between 3.42 and 3.15 Ga (Huneke
et al., 1972; Cadogen and Turner, 1977; Fernandes et al., 2000;
Cohen et al., 2001), erupting contemporaneously with other, low-
alumina mare basalts. The unique chemistry and proportions of
particle types in the Luna 16 regolith sample suggests the source
material was derived from local areas (Hubbard et al., 1972a), and
thus implies that at least a portion of Mare Fecunditatis is domi-
nated by aluminous mare basalts.

1.2. Apollo 14

In February, 1971, Apollo 14 returned to Earth with a collec-
tion of samples from the Fra Mauro formation, a promontory in
Oceanus Procellarum that marks the eastern boundary of Mare
Cognitum. Fra Mauro is formed of ejecta deposits from the Im-
brium impact (∼3.85 Ga) (Wilhelms, 1987). Among the samples
collected during this mission were several HA mare basalts. They
came predominately in the form of clasts in breccia 14321 (e.g.,
Grieve et al., 1975; Duncan et al., 1975), although there are two
HA specimens that are not part of any breccia, samples 14053
and 14072 (Papanastassiou and Wasserburg, 1971; El Goresy et al.,
1972). The Apollo 14 HA basalts, therefore, are probably not indige-
nous to that region, but rather originated from the Imbrium region
prior to basin formation.

All of the Apollo 14 HA basalts are low-Ti (1.5–4 wt% TiO2,
Fig. 2) and exhibit relatively minor variation in major element
chemistry. Other relevant major-element oxide abundances of HA
basalts sampled by this mission are: 13–19 wt% FeO, 11–16 wt%
Al2O3, and Mg# between 0.4 and 0.55. Major element chem-
istry suggests this collection could be modeled by simple, closed-
system fractional crystallization (Dickinson et al., 1985). How-
ever, there are two features of this collection that complicate the
matter of their petrogenesis, and require a more complex ex-
planation than simple fractional crystallization: (1) most Apollo
14 HA basalts are light rare earth element (LREE) enriched to
varying degrees; and (2) they vary substantially in their incom-
patible trace element abundance, demonstrating an eight-fold in-
crease between the lowest and highest abundances. Radiomet-
ric ages indicate at least three, and possibly four distinct ages
ranging between 3.9 and 4.3 Ga, which predate and are con-
tiguous with the beginning of extensive mare volcanism, which
marks the upper Imbrian (∼3.9 Ga) (Papanastassiou and Wasser-
burg, 1971; Taylor et al., 1983; Dasch et al., 1987; Wilhelms, 1987;
Shih and Nyquist, 1989a, 1989b). Modeling of their trace el-
ement compositions implicates KREEP as a component in the
source (Hughes et al., 1990) and in some cases during ascent
and crystallization (Neal et al., 1988). Isotopic and trace ele-
ment data are consistent with the age groups, indicating that
the Apollo 14 HA basalts were derived from trace-element dis-
tinct source regions, and at different times (Neal and Kramer,
2006).

2. Data and analysis

The reader is referred to Kramer et al. (2008) for a detailed
explanation of the methodology. A brief summary is given here.
The method uses compositional remote sensing data constrained
by known sample compositions to find regions on the lunar surface
where HA mare basalts appear to have erupted. Three data sets are
used to achieve this end:

Fig. 3. Inverse correlation of Al2O3 and FeO for mare basalt samples (the relation-
ship does extend to highland samples) allows the use of FeO as a proxy for Al2O3 in
the search for high-Al basalts using remote sensing. Circled region depicts HA mare
basalts. Four lower-FeO data points are a subclass of HA basalts—the VHK basalts,
not included due to their deviant characteristics. Data from Neal (2006).

(1) LP-GRS thorium abundances (Prettyman et al., 2002),
(2) Clementine-derived TiO2 (Lucey et al., 2000b),
(3) and Clementine-derived FeO abundances (Wilcox et al., 2005).

Clementine image cubes were processed using ISIS (Integrated
Software for Imaging Spectrometers) (Eliason, 1997). For the
whole-Moon search, Clementine data was coregistered and re-
sampled to match the LP-GRS projection and resolution (0.5
degree/pixel). The white regions in Fig. 1 represent HA composi-
tions on the lunar surface, and result from the intersection of three
masks, or filters, that pass the constraints for a HA basalt, based
on the Apollo 14 and Luna 16 returned samples. The constraints
are: 12–18 wt% FeO, 1.5–5 wt% TiO2, and 0–4 ppm Th. FeO val-
ues slightly exceed the range of sample compositions to account
for the influence of adjacent lithologies on regolith composition.
Nevertheless, these constraints do assume that HA basalts domi-
nate the regolith by contributing at least 70% to its composition
(Kramer et al., 2008).

Ideally, we would include Mg and (obviously) Al in these data
sets, however the resolutions of the available elements (from LP-
GRS) do not exceed 5 degrees/pixel (Feldman et al., 1999). Distin-
guishing mare-highland mixtures from surfaces underlain by alu-
minous basalts, and particularly discerning different mare basalt
types that fill a basin, is not practical at this resolution. Despite
this, we can still make reasonable assessments utilizing the inverse
relationship between FeO and Al2O3 for mare basalts (Fig. 3). This
relationship reflects the basalts’ mineralogy; and in the case of the
HA basalts corresponds to high modal proportions of plagioclase
(increased Al2O3) and lower pyroxene and olivine (decreased FeO)
(cf. Papike et al., 1974).

Selected ROIs identified with the HA constraint map (Fig. 1,
Table 1) are examined in greater detail using high-resolution
(100 m/pixel) Clementine 5-band UV–VIS–NIR image cubes. FeO
compositional images (Figs. 6c, 9c) were created using the algo-
rithms of Lucey et al. (2000b) (σ = 1.1) for FeO < 10 wt% and
Wilcox et al. (2005) (σ = 0.5) for FeO > 10 wt%. TiO2 compo-
sitional images were derived from the algorithm of Lucey et al.
(2000b) (σ = 1.0; Figs. 6d, 9d). Mare basalt unit compositions are
estimated from pixels that depict the rims and proximal ejecta of
small craters (0.4–4 km in diameter) that impacted into the unit.
These small craters act as windows through the ubiquitous, ob-
scuring regolith, exposing the underlying, uncontaminated mare
basalt (McCord and Adams, 1973; Staid and Pieters, 2000). Our ra-
tionale for choosing to focus on the rim and proximal ejecta is
based on the impact cratering studies and analysis of impact ejecta
mechanics, which demonstrate that the crater ejecta reflects the
stratigraphy of the impact target, that is, inverted (Melosh, 1989).
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Fig. 4. Map of Fecunditatis depicting major compositional units.

Therefore, this region, being the thickest part of the crater ejecta,
exposes the subsurface stratigraphy, and being the topographic
maximum of the impact structure, provides the best estimate of
the composition of the basaltic unit underlying the obscuring re-
golith.

3. Analytical results

This paper reports our analyses of two ROIs, selected from the
constraint map (Fig. 1) to be the likely source regions of HA basalts
sampled by the Apollo 14 and Luna 16 missions. We use the word
“source” here to mean the selenographic position on the lunar sur-
face where the HA basalts erupted, flowed, and crystallized, not
specifically the mantle source for the basalts. Although, erupted
lava flows can be considered the surface expression of a verti-
cal column to the mantle source. Since HA basalts sampled by
Luna 16 are considered indigenous to the landing site, Mare Fe-
cunditatis was the logical choice of locations highlighted on the
HA constraint map (#19, Fig. 1). It is apparent in Fig. 1 that the
Fra Mauro region, the landing site of Apollo 14, was not selected
by the compositional constraints. This is not surprising since the
Fra Mauro formation is recognized as ejecta from the Imbrium im-
pact (Wilhelms, 1987). We would therefore expect the source of
the Apollo 14 HA basalts to be in Imbrium. Fig. 1 shows two ROIs
(#s 23 & 24) in northern Mare Imbrium that we consider the plau-
sible candidates for the Apollo 14 HA source.

The ubiquitous regolith is composed mostly of underlying and
immediately adjacent lithologies, but also contains a significant
fraction of material from more exotic locations. The contribution
of exotic materials to a given location increases with increased
maturity of the location. The OMAT index does not directly cor-
relate with age, however it is useful when evaluating the basalt
units. Craters used in this study are limited to those with an op-

Fig. 5. Isopach map of mare thickness from DeHon (1975) overlain on combined
Clementine 750 nm and shaded relief.

tical maturity (OMAT) index (cf. Lucey et al., 2000a) of > −0.90
for Northern Mare Imbrium and > −0.93 for Mare Fecunditatis.
These values were chosen to restrict our analyses to “fresh” ejecta
deposits while ensuring a representative sample distribution. The
OMAT can also be used for estimating the composition of regolith
produced and deposited atop an analyzed small crater after its for-
mation based on the increasing diameter of a “circle of influence”
from adjacent lithologies (Kramer et al., 2008).

3.1. Mare Fecunditatis

We present two arguments to demonstrate that we can identify
HA basalts in Mare Fecunditatis (#19 in Fig. 1): (1) the samples
brought to Earth by Luna 16 established the presence of HA basalts
in the region; and (2) our analysis of the region showed that im-
pacts that penetrated the regolith exposed compositions consistent
with the Luna 16 HA sample chemistry. The basalt unit map for
Mare Fecunditatis (Fig. 4) depicts the distribution of the differ-
ent basaltic units that fill the basin based on the results of this
analysis. The map does not distinguish every flow unit, as does
Rajmon and Spudis (2004), nor is it intended to resemble a com-
prehensive geologic map. The map portrays the mare divided into
different basalt units based on major Clementine-derived composi-
tional variations from this study, and/or ages from crater counting
statistics of previous workers (Boyce, 1976).

Fecunditatis is an old, pre-Nectarian basin filled with basalts
middle- to late-Imbrian in age (Wilhelms, 1987). Basalt thickness
averages 500 m (Rajmon and Spudis, 2004), with estimated lo-
cal depths as great as 1500 m (Fig. 5) (DeHon, 1975). The age of
basalt fill is estimated at middle- to late-Imbrian (Pieters, 1978;
Wilhelms, 1987). The mare surface is complex owing to the cross-
ing of numerous large-scale ejecta deposits. These impacts ex-
cavated deep into the highland crust, depositing thick layers of
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Fig. 6. Clementine imagery for Mare Fecunditatis. (a) 750 nm reflectance, (b)
Clementine color ratio composite (R = 750/415 nm, G = 750/950 nm, B = 415/

750 nm), (c) FeO (Lucey et al., 2000b; Wilcox et al., 2005), (d) TiO2 (Lucey et al.,
2000b).

low-Fe ejecta over much of the mare. In the path of their ejecta
the regolith composition contains a substantially higher amount of
non-mare material than other portions of the mare, contributing
another obstacle for this analysis. To mitigate a possibly erroneous
characterization of the underlying basalt unit, we elected to map
those areas as obscuring ejecta blankets, avoiding unjustified spec-
ulation.

The regolith composition over Mare Fecunditatis varies with
proximity to large-impact ejecta and the young, high-Ti unit (Ihtm
in Fig. 4). FeO ranges between 17 and 20 wt% in the main, north-
ern basin and between 14 and 17 wt% in the southern tail (Fig. 6c).
TiO2 ranges does not drop below 3 wt% except in the southern
tail of Fecunditatis (Fig. 6d). While low-Fe, large-impact ejecta con-
tributes to the regolith composition, the surface of the main basin
is strongly influenced by a high-Ti unit.

3.1.1. Low-Fe, low-Ti unit: Im
Several impacts as small as 2.5 km in diameter into unit Im

have very low-Fe ejecta (6–11 wt% FeO), suggesting they exposed
the basin floor, and thus leading to the interpretation that unit Im
is relatively thin. Near its northern-most boundary, larger impacts
indicate the unit may be as thick as 500 m, but most of unit Im is
less than 250 m thick. These estimates are consistent with thick-
ness estimates of DeHon (1975). The range in FeO abundances from
small, immature impacts into this unit are broad (6–16 wt% FeO),
less so than TiO2 (1–3 wt%, Table 2). The unique range in com-
positions measured in the ejecta of small impacts into unit Im is
explained if the lower portion of Fecunditatis is only filled with
Im flows. Since Im is not adjacent to high-Ti, high-Fe units, the
only influence on the composition of the regolith atop small-crater

Table 2
Mean compositions and maturity of small craters in Mare Fecunditatis’ basalt units
Im

FeO TiO2 OMAT FeO TiO2 OMAT FeO TiO2 OMAT

0.4–1 km diameter
12.4 1.3 −0.867 14.9 2 −0.893 15.7 2.6 −0.918
14.4 2 −0.872 6.4 1.1 −0.896 14.5 1.9 −0.919
14.7 1.8 −0.874 13.5 1.7 −0.896 12 1.4 −0.92

7.9 0.9 −0.875 13.2 1.1 −0.896 14.4 2.4 −0.921
14.4 1.7 −0.875 13.2 1.6 −0.897 7.2 1.6 −0.921
15.6 1.7 −0.876 8.7 1.7 −0.897 15.2 2.5 −0.922
12.3 1.4 −0.876 15.5 2.6 −0.901 14.8 2.3 −0.923
13.6 1.8 −0.879 11 1.4 −0.905 14.6 2 −0.924

8.1 1 −0.88 13.5 1.3 −0.906 15.2 3.5 −0.925
13.5 1.7 −0.881 14.6 2 −0.907 15 2.2 −0.927
13.5 1.8 −0.885 13.9 1.9 −0.907 12.3 1.8 −0.927
13.3 1.5 −0.885 13 1.7 −0.91 8.8 1.6 −0.928
14.3 1.9 −0.887 14.6 2.3 −0.913 14.2 2 −0.929
11.6 1.3 −0.887 10.4 1.2 −0.913 14.9 2.4 −0.931
13.8 1.4 −0.889 14.8 2.2 −0.914 15.5 3.3 −0.935
14 2 −0.889 13.6 1.5 −0.916 13.3 1.4 −0.937
11.4 1.2 −0.889 11.4 1.4 −0.916 7.3 1.1 −0.938
14.1 1.6 −0.891 14.2 1.7 −0.916 14.2 1.7 −0.938
14.3 1.8 −0.893 15.8 2.7 −0.917 14.7 2.5 −0.941

1–2 km diameter
11 0.8 −0.797 14.8 1.5 −0.891 11.4 1.4 −0.922
12.7 1.2 −0.815 15.7 2.7 −0.891 14 1.8 −0.924
13.8 1.3 −0.817 6.9 1.1 −0.892 14.7 2.3 −0.925
12.6 1.2 −0.837 13.1 1.4 −0.897 15.1 1.8 −0.925
15.2 2 −0.854 6.9 1.8 −0.9 15.6 2.7 −0.926
15.2 1.9 −0.856 15.3 2.1 −0.9 14.7 2 −0.927
15.9 2.4 −0.857 12.8 1.2 −0.901 13.3 1.7 −0.927
15.7 2.1 −0.861 14.9 1.9 −0.909 15.3 2.2 −0.929

7.5 1 −0.863 15.4 2.4 −0.91 14.6 1.8 −0.93
15.1 2.1 −0.863 14.3 2 −0.91 13.7 1.9 −0.93
15.6 2.3 −0.865 14.4 1.8 −0.91 14 1.6 −0.931
14.9 2 −0.867 14.6 1.7 −0.911 14.8 2 −0.932
15.1 1.7 −0.869 13 1.6 −0.912 13.9 2.1 −0.933
14.7 1.8 −0.874 14.7 1.8 −0.913 14.7 2 −0.934
14.4 1.7 −0.879 15.5 2.5 −0.914 14.8 2.3 −0.94
15.5 2.2 −0.879 12.5 1.8 −0.916 14.9 2 −0.941
14.3 2.1 −0.88 14.6 2.4 −0.918 13.2 1.8 −0.941
15 2 −0.885 13.5 1.7 −0.918 10.1 1.7 −0.943
10.9 1.1 −0.889

2–3 km diameter
15.4 2.4 −0.868 14.6 1.9 −0.902 14.1 2.2 −0.941
12.9 1.6 −0.881

3–4 km diameter
14.5 2 −0.879 15.3 2.6 −0.913

ejecta would come from Langrenus ejecta, the surrounding high-
lands, and the basin floor. We conclude that the composition of Im
must be reflected in the upper limit of its range, and estimate it to
be between 14 and 16 wt% FeO and 1.5 and 3 wt% TiO2. Unit Im
is certainly within the constraints for a HA basalt, however its FeO
and TiO2 abundances do not reflect the composition of the basalts
sampled by Luna 16.

3.1.2. Mid-Fe, low-Ti unit: Iltm
Mare basalt flows that make up unit Iltm fill the main basin,

but stop short of completely covering unit Im in the lower portion
of Fecunditatis. Unit Ihtm and its Ti-rich spread, Chtr, cover a large
portion of Iltm, although Iltm’s chemical signature is evident in
even the smallest impacts into Ihtm and Chtr, as well as in ejecta
blankets from Taruntius and Langranus. The precise delineation of
Iltm’s boundaries is complicated by the obscuring regolith mapped
as Chtr, ejecta from Langrenus and Taruntius, and unit Iltm’s inter-
mediate composition between units Ihtm and Im. We are certain
that unit Iltm is a distinct basalt unit, and we have determined that
its composition is best represented by the grouping of the larger
craters (between 2 and 4 km in diameter) in Fig. 7. These craters
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Fig. 7. FeO vs TiO2 for rims and proximal ejecta of small impacts into Mare Fecun-
ditatis.

represent some of the least mature impacts available for analysis
in the region. Excavation depth of a crater is related to its diame-
ter (e.g., Melosh, 1989), and these craters’ diameters indicate they
were sufficient to penetrate the regolith, excavating deep into the
target basalt. These large craters also demonstrate the uniformity
of unit Iltm with depth. We estimate the composition of unit Iltm
to be between 16–18 wt% FeO and 3–4 wt% TiO2. The composi-
tion of this unit, as well as its location, make this unit the best
candidate for the source of the Luna 16 HA basalts.

The distribution of crater ejecta compositions into unit Iltm
(Fig. 7) could be used to argue that some of the impacts are sam-
pling a deeper, different unit, probably unit Im. This is possible,
and even likely since unit Im is slightly older than Iltm, and prob-
ably flowed further in the basin than is evident from its currently
visible extent. However, there is no correlation between crater size
and composition for impacts into unit Iltm (Table 3) to support
this interpretation. We have therefore not attempted to map the
sub-Iltm extent of unit Im.

3.1.3. High-Fe, high-Ti unit: Ihtm
Ihtm is the high-Ti unit exposed in at least 3 locations in Fe-

cunditatis. It is likely that Ihtm was at one time a single coherent
unit, that has been dispersed by impact gardening, leaving only its
thickest portions as evidence of its previous boundaries. Superposi-
tion dictates that Ihtm is the youngest unit in Fecunditatis. As the
youngest unit in the basin, it also marks the end of volcanic activ-
ity into Fecunditatis, identified as upper Imbrian by Pieters (1978)
and Wilhelms (1987). Most impacts into this unit reveal compo-
sitions between 18–21 wt% FeO and 5–9 wt% TiO2 (Table 4). The
narrow range in FeO, and wide range in TiO2 testifies to the in-
fluence of an underlying unit, with a significantly contrasting Ti
abundance, but only slightly different FeO abundance. Langrenus
or Taruntius ejecta is rejected as a contaminating influence in this
case for two reasons: (1) the small craters used in our analyses
are selected for their low OMAT value, and therefore would post-
date the Langrenus or Taruntius impact events, and (2) the ejecta
composition is dominated by the highlands lithology, which would
have had a more pronounced effect on the FeO as well TiO2. Evi-
dence for an underlying, low-Ti basalt unit is supported by larger
impacts into Ihtm that expose significantly lower FeO and TiO2
(Fig. 7). These impacts appear to have completely penetrated Ihtm
and are exposing the underlying unit.

Although the ejecta of small impacts into unit Ihtm display a
wide range in compositions, we interpret the composition of the
unit itself to be reflected in the upper limits of this range, since

Table 3
Mean compositions and maturity of small craters in Mare Fecunditatis’ basalt unit
Iltm

FeO TiO2 OMAT FeO TiO2 OMAT FeO TiO2 OMAT

0.4–1 km diameter
12 1.8 −0.865 17 3.7 −0.906 14 2.1 −0.924
14.1 2.3 −0.873 15.6 3.1 −0.907 15.2 2.6 −0.924
16.6 2.6 −0.882 15.5 2.9 −0.909 17.8 4.5 −0.925
16.7 3.2 −0.883 17.1 5 −0.912 16.7 3.4 −0.926
16.7 2.7 −0.886 15.9 2.6 −0.912 16.2 3.3 −0.926
16.2 2.4 −0.886 14.8 2.4 −0.914 15 2.9 −0.926
15.6 2.8 −0.889 14 3.6 −0.915 17.2 4.2 −0.927
15.6 2.3 −0.89 15.3 2.6 −0.916 14 2 −0.928
16.5 3.3 −0.892 17.1 4.4 −0.918 18.1 5.9 −0.931
16.7 3.4 −0.895 17.6 4.5 −0.918 15.7 3.2 −0.932
14.2 2.8 −0.896 13.2 2.1 −0.918 16.2 3.3 −0.933
17.6 4.2 −0.896 15.3 2.6 −0.918 14.2 2.1 −0.934
16.3 2.7 −0.896 17.4 4 −0.921 17 4.3 −0.935
16.1 3.1 −0.899 16.2 3.5 −0.921 16.2 3.8 −0.935
16.2 3.7 −0.899 15.2 3.1 −0.922 16.4 2.8 −0.936
14.4 1.9 −0.902 14.7 2.6 −0.922 17.3 4.3 −0.937
17.9 4.8 −0.903 14 3.3 −0.922 17.1 4.4 −0.937
16.4 3.7 −0.904 15.5 3.4 −0.923 15.9 3.6 −0.943

1–2 km diameter
14.4 1.2 −0.79 17.5 4.1 −0.895 15.8 2.8 −0.92
16.2 1.9 −0.844 16.6 3.4 −0.895 17.5 4.5 −0.92
15.5 2.1 −0.858 17.9 4.4 −0.899 8.6 1.9 −0.921
16.1 2.1 −0.86 15 1.7 −0.901 17.1 4.3 −0.921
17.7 3.4 −0.861 15.1 2.3 −0.904 17.6 4 −0.922
18.1 4 −0.867 12.9 1.6 −0.904 14.9 2.8 −0.922
15.6 2.4 −0.867 13.8 2.4 −0.904 12.7 2.1 −0.923
17.4 3.8 −0.868 13.4 1.9 −0.905 15.5 2.3 −0.924
6.4 1.5 −0.876 16.7 3.9 −0.91 17.5 3.9 −0.924

15.5 2 −0.881 16.1 2.6 −0.911 16.4 3.2 −0.924
15.6 2.3 −0.881 17.7 4.2 −0.912 17.9 4.7 −0.926
17.6 3.9 −0.885 15.3 2.8 −0.912 14.6 2.2 −0.928
16.8 3.7 −0.888 17.2 4.1 −0.913 14.4 2.9 −0.929
15.1 2.1 −0.889 15.4 2.2 −0.913 17.7 5.4 −0.931
17.1 3.7 −0.89 16.3 3.1 −0.915 15.2 3.2 −0.931
16.2 3.5 −0.891 16.2 2.8 −0.916 18.8 6.1 −0.931
15.6 2.9 −0.891 15.7 3.3 −0.917 18.7 6.2 −0.934
12.6 2 −0.893 15.4 2.6 −0.919 17.5 5.6 −0.939

2–3 km diameter
16.2 2.5 −0.851 17.3 3.2 −0.873 17.6 4.2 −0.897
15.6 1.9 −0.851 16.8 3.2 −0.884 16.6 2.8 −0.901
16.9 3.4 −0.858 16.2 2.6 −0.892 16.6 3 −0.905

3–4 km diameter
17.4 3 −0.832 16.5 3.1 −0.849 15.1 2.2 −0.904
17.9 3.3 −0.849 14.9 1.6 −0.882

Table 4
Mean compositions and maturity of small craters in Mare Fecunditatis’ basalt unit
Ihtm

FeO TiO2 OMAT FeO TiO2 OMAT FeO TiO2 OMAT

0.4–1 km diameter
17.5 6.3 −0.889 12.2 5.8 −0.907 17.7 5.9 −0.921
18.1 6.5 −0.899 18.8 6.6 −0.919 18.6 7.5 −0.922
17.6 5.9 −0.904

1–2 km diameter
15.3 2.6 −0.803 18.9 6.9 −0.898 17.8 6 −0.907
17.4 5.1 −0.86 18.8 7.2 −0.899 18.2 6.4 −0.91
17.5 5.6 −0.883 18.8 6.2 −0.901 18.7 7.4 −0.914
17.6 5.5 −0.888 17.6 6.3 −0.902 18.5 6.5 −0.923
17.5 5.5 −0.892 17.6 5.7 −0.902 19 8.2 −0.936
17.4 5.4 −0.895 18.8 7.3 −0.903

2–3 km diameter
15.1 2.8 −0.918

unit Ihtm is the only apparent source of high-Ti and high-Fe. We
therefore estimated this unit to have an FeO abundance of close to
or greater than 20 wt%, and TiO2 abundance of at least 8 wt%.



Author's personal copy

Searching for HA basalts 13

Table 5
Mean compositions and maturity of small craters into Chtr in Mare Fecunditatis

FeO TiO2 OMAT FeO TiO2 OMAT FeO TiO2 OMAT

0.4–1 km diameter
18.7 5.4 −0.875 18.9 6.4 −0.906 17.3 4.5 −0.918
18 4.9 −0.877 16.3 3.7 −0.909 17.1 4.9 −0.918
19.1 5.1 −0.877 18.8 8.6 −0.909 17.2 4.5 −0.918
15 2.4 −0.881 17.8 5.8 −0.91 17 4.3 −0.92
16.8 4 −0.889 17.1 4.3 −0.911 15.4 3.1 −0.922
18.2 4.9 −0.889 17.6 6.1 −0.912 16.9 4.7 −0.922
16.2 2.6 −0.891 16.6 4.5 −0.914 13.3 2.9 −0.923
16.3 3.4 −0.892 16.9 4.4 −0.915 14.2 3.1 −0.924
18 4.3 −0.9 17.3 4.8 −0.915 18.4 6.8 −0.924
17 4.6 −0.901 18.4 5.1 −0.915 17 5 −0.924
18.1 4.4 −0.901 17.8 5.3 −0.915 15.5 3.5 −0.925
16.6 4.5 −0.902 17.7 5 −0.916 18.6 6 −0.925
17.1 4.4 −0.902 18.2 5.5 −0.916 16.9 4.2 −0.928
16.8 4.1 −0.903 13.8 2.3 −0.917 17.5 4.3 −0.93
18.1 4.8 −0.903

1–2 km diameter
17.3 3.6 −0.852 17.9 4.9 −0.897 18.3 5.6 −0.916
17.7 3.7 −0.853 16.3 3.4 −0.902 18.4 4.9 −0.919
17.5 3.7 −0.857 18.7 5.9 −0.903 16.3 3.9 −0.919
17.9 5.6 −0.884 18.4 5.7 −0.906 15.8 3.6 −0.92
15.9 3.8 −0.887 16.4 3 −0.906 17.1 4.6 −0.922
18.3 4.3 −0.888 18.5 5.7 −0.907 17.8 5.2 −0.922
18 5.3 −0.888 17.9 4.5 −0.908 17.7 5.3 −0.923
17.6 4 −0.89 17.2 4.3 −0.912 17.9 5 −0.924
18.5 6.1 −0.892 17.8 5.9 −0.912 16.4 3.4 −0.925
18.7 6.2 −0.893 17.7 5.5 −0.913 18.3 6 −0.925
17.4 4.6 −0.893 17.3 4.2 −0.915 17.6 4.4 −0.93
17.9 7.1 −0.895

2–3 km diameter
15.2 1.6 −0.739 18.2 5.4 −0.89 18.4 5 −0.907
18.3 5.4 −0.853 18.1 5 −0.899 18.2 5.8 −0.924
17.7 4.5 −0.855

3–4 km diameter
18.6 4.3 −0.851

3.1.4. Distinct regolith compositions: Cc and Chtr
On a map intended to depict mare basalt units, we chose to de-

lineate two distinct portions of the mare because of their decided
impression on the regolith. If the surface regolith over a location
is displaying such a profound influence from a very composition-
ally distinct lithology, then it is introducing too much complexity
to make a reasonable assessment of the underlying mare basalt
unit. Despite the careful selection of pixels from the rim and prox-
imal ejecta of each crater, and limiting analyzed craters to those
with low maturity, the exposed basalt will always be contaminated
with new regolith material deposited since the impact event of the
crater under analysis. One cannot ignore the contribution from the
smaller, more frequent impacts, whose crater diameter is below
than the resolution of Clementine data.

Unit Cc in Fig. 4 depicts the thick ejecta blankets of the Co-
pernican-age craters Taruntius, Langrenus and Messier (Wilhelms,
1987) (Fig. 4). Small, immature impacts into Cc show a corre-
lation between crater size and ejecta composition. Compositions
from craters larger than 1 km in diameter plot among the densest
grouping of impacts into unit Iltm, while craters smaller than 1 km
exhibit lower FeO abundances than the grouping representing unit
Im (Fig. 7, Table 5). We interpret this correlation as demonstrating
the changing compositions of a vertical column through the low-
Fe ejecta blanket of the Copernican craters to the underlying mare
basalt unit, Iltm. The crater size required to expose the underlying
mare basalt attests to the thickness of the Langrenus ejecta blan-
ket.

Small craters with OMAT parameters > −0.93 into this “unit”
consistently expose lower FeO and TiO2 than the composition of
the surrounding surface, demonstrating that Chtr is mostly super-

Table 6
Mean compositions and maturity of small craters into Cc in Mare Fecunditatis

FeO TiO2 OMAT FeO TiO2 OMAT FeO TiO2 OMAT

0.4–1 km diameter
6.8 0.8 0.922 12.4 1.3 −0.912 10.4 1.8 −0.935

14.3 1.2 −0.844 7.4 0.9 −0.919 6.6 1.1 −0.935
12.5 1.1 −0.86 13.2 2.9 −0.92 7.1 1.6 −0.937

8.6 1 −0.888 11.7 2.5 −0.926 11.6 3 −0.939
5.4 0.9 −0.891 14.7 2.3 −0.93 9.3 1.3 −0.941

13.2 1.5 −0.895 10.2 1.7 −0.932 6.7 1.2 −0.941
11 1.5 −0.903 16.8 4.1 −0.934 7.3 1.1 −0.942
6.8 1.3 −0.905

1–2 km diameter
14.8 1.6 −0.818 15 3.3 −0.897 13.9 2.2 −0.929
14.8 2.1 −0.881 17.2 4.3 −0.913 15.1 2.1 −0.931

7.8 0.5 −0.881 16.7 3.9 −0.914 8.4 1.5 −0.932
16.5 2.5 −0.883 11.5 1.7 −0.916 14.1 2.4 −0.941
15 2.5 −0.889 16.3 3.5 −0.921

2–3 km diameter
15.5 1.7 −0.846 15 2.3 −0.911

ficial. In several locations even the smallest craters used in the
analysis (400 m) completely penetrate it, and reveal an underly-
ing, distinct, lower-Ti basalt. We interpret this as reflecting the
contribution from unit Ihtm to the increased TiO2 abundance of
the regolith by impact gardening, while the underlying and ad-
jacent unit Iltm contributes a lower TiO2 abundance. Ejecta from
Langrenus and Taruntius are not considered responsible for the
contribution of the lower Ti, because there is no correlating change
in composition of small crater ejecta with crater diameter, as was
evident in Cc (Fig. 7). Gathered compositions from small crater
ejecta span the range from 15–19 wt% FeO and 1.5–7 wt% TiO2
(Table 6). Based on our analyses of small crater ejecta, we estimate
the range of the composition of the exposed unit to: 15–18 wt%
and 3–4.5 wt% TiO2, which is consistent with unit Iltm.

3.2. Northern Mare Imbrium

Impact melt breccias, like those sampled by Apollo 14, are in-
terpreted as having formed from the fragmentation of basaltic
rocks by large impacts. These impacts are also responsible for
re-consolidation of the basaltic clasts into breccias, with impact
melt working as the cement. Since the Fra Mauro Formation is
formed of ejecta from the impact that formed the Imbrium basin
(Wilhelms, 1987), it is not surprising that the formation itself was
not selected as an ROI using the HA compositional constraints for
the whole Moon (Fig. 1). We would expect the HA mare basalt
source region for the sampled basalts to be either in or near Mare
Imbrium. The method did identify the two small regions in North-
ern Imbrium (#s 23 & 24 in Fig. 1, Table 1) as HA basalt candidates.
However, the Imbrium basin is now filled with mare basalt flows
that erupted after the Imbrium event (∼3.8 Ga), which in turn oc-
curred after the eruption of the sampled HA basalts. If there were
any flows that survived basin formation, it would be difficult to
find them under hundreds of meters of mare basalt flows that
have since filled the basin. We can assume that HA basalts were
erupted here in the past, thus demonstrating the presence of a
source in the region capable of generating aluminous mare basalts.
It is reasonable to assume this source was capable of subsequent
eruptions, particularly after de-lamination due to basin formation.
So while it is unlikely that we would find the flows from which
the sampled Apollo 14 HA basalts originated, our investigation may
have located the vicinity of the mantle source of these basalts. The
identification of HA basalts in the same region from where the
Apollo 14 basalts originated would also extend the duration of alu-
minous volcanism in this region.
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Fig. 8. Map of Northern Imbrium depicting major compositional mare units.

Fig. 8 is our map of the mare basalt compositional units identi-
fiable with current remote sensing data. Units are delineated based
on distinct compositional variations apparent from Clementine-
derived FeO, TiO2, and color ratio composite images (Fig. 9), as well
as morphological interpretations from Lunar Orbiter photographs
and the Clementine 750 nm band. Age variations from crater
counting statistics of previous workers (Boyce and Dial, 1975;
Hiesinger et al., 2000) are also factored in unit designations.
As this region is located above 40◦ N, effects due to lighting
geometry and the incidence angle of the camera (Jolliff, 1999;
Kramer et al., 2008), especially on topographic features were ex-
acerbated. These effects were taken into account when reviewing
the data from small-crater rims and proximal ejecta used to char-
acterize the basalt units.

3.2.1. Low-Fe, VLT unit: Im
At least two mare basalt units have been identified in the

northern portion of Mare Imbrium by previous workers (e.g.,
Boyce, 1976; Pieters, 1978; Wilhelms, 1987; Hiesinger et al., 2000).
Even a cursory look at Fig. 9 demonstrates the clear distinction of
these two units: a low-Ti unit (red in Fig. 9b) and a higher-Ti unit
(blue in Fig. 9b).

We divided the low-Ti portion of Mare Imbrium into two units
based initially on the subtle difference in hues in the “red” mare,
as can be seen in the color composite image (Fig. 9b). There are
distinct patches that are more magenta than red. The magenta
color indicates the blue channel (415/750 nm) of the color com-
posite image contributes a slightly higher value than it does in the
red regions.

Delineation of unit Im was ultimately the result of what re-
mained after determining the boundaries of unit Iltm, so this is
further discussed in the next section. We interpret unit Im to be
the oldest of the three distinguished mare basalt units based on
the apparent superposition of unit Iltm atop unit Im. Since our unit
boundaries to not match closely enough with those of Hiesinger et
al. (2000) we could not incorporate their crater counting statistics
into a relative age distinction between units Iltm and Im. Small,
immature impacts into unit Im (Table 7) indicate a unit composi-
tion of 14–15.5 wt% FeO and 0.5–1.5 wt% TiO2, classifying it as a
very low-Ti (VLT) mare basalt (Neal et al., 1988). Although Im has
relatively low FeO, suggesting a high Al2O3, its TiO2 abundance
falls below our constraints for a HA basalt.

Fig. 9. Clementine imagery for northern Mare Imbrium. (a) 750 nm reflectance, (b)
ratio, (c) FeO (Lucey et al., 2000b; Wilcox et al., 2005), (d) TiO2 (Lucey et al., 2000b).
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Table 7
Mean compositions and maturity of small craters in Northern Mare Imbrium’s basalt
unit Im

FeO TiO2 OMAT FeO TiO2 OMAT FeO TiO2 OMAT

0.4–1 km diameter
14.2 0.3 −0.696 14.7 0.5 −0.835 16 1.3 −0.853
12.9 0.2 −0.703 16 0.6 −0.837 16.6 1.4 −0.854
15.3 0.4 −0.745 16.3 0.9 −0.837 16.8 1.1 −0.855
15.2 0.4 −0.768 15.1 0.7 −0.837 15.8 0.8 −0.856
12.4 0.3 −0.768 14.1 0.5 −0.837 15.4 1 −0.857
13.2 0.3 −0.769 16.3 0.6 −0.837 16.5 0.9 −0.857
16.8 0.7 −0.778 15.3 0.9 −0.838 15.4 0.6 −0.857
15.3 0.9 −0.784 14.8 0.4 −0.838 17.3 1.7 −0.858
16 0.7 −0.789 14.8 0.7 −0.838 14 0.8 −0.858
16.3 0.8 −0.79 14.9 0.8 −0.838 15.5 0.9 −0.858
17.5 0.9 −0.792 16.1 1.5 −0.838 15.5 0.4 −0.858
16.6 1 −0.8 15.5 0.9 −0.838 16 1 −0.859
16.8 1.1 −0.8 14 0.9 −0.839 14.9 0.6 −0.86
16.2 0.8 −0.8 16.1 1.7 −0.84 16.2 1.2 −0.861
16.7 0.8 −0.805 14.5 0.7 −0.841 15.3 0.6 −0.861
12 0.4 −0.808 15.2 0.6 −0.841 17 2.1 −0.862
14.5 1.6 −0.808 16.9 1.3 −0.842 14.1 0.7 −0.862
15.7 0.5 −0.81 15 0.6 −0.843 16.7 1.5 −0.863
16.2 1 −0.813 15.6 0.8 −0.843 15.8 1.1 −0.864
15.7 0.6 −0.813 16.3 1.1 −0.843 16.6 0.9 −0.865
14.6 0.4 −0.815 15.8 1.7 −0.843 14.6 0.9 −0.865
14.4 0.4 −0.82 16.2 0.9 −0.843 15.4 1.4 −0.865
15.3 0.5 −0.821 14.2 0.6 −0.843 17.4 1.4 −0.866
14.8 0.5 −0.822 16.6 1 −0.844 17.2 1.5 −0.866
14.4 0.4 −0.824 15.9 0.6 −0.844 15.9 1.2 −0.866
15.3 0.8 −0.825 16.1 0.8 −0.845 14.4 0.6 −0.867
16.1 0.8 −0.825 17.3 1.4 −0.845 15.6 0.8 −0.869
15 1.1 −0.826 17.3 1.2 −0.845 16.4 1.8 −0.871
16.1 1.4 −0.829 14.7 1 −0.845 14.8 0.8 −0.871
17.8 1.6 −0.829 16.7 1.2 −0.846 17.3 2 −0.876
16.9 0.9 −0.829 15.8 0.8 −0.846 15.6 1.2 −0.879
15.9 0.6 −0.829 14.8 1 −0.847 15.7 0.8 −0.879
15.6 1.3 −0.83 16.4 1.1 −0.847 16.1 1.1 −0.88
15.3 0.8 −0.831 16.8 1.4 −0.848 16 1.5 −0.883
14.9 0.9 −0.832 15.2 0.8 −0.848 17.8 2.7 −0.885
16 0.9 −0.832 15.8 0.8 −0.848 15.7 1.1 −0.885
16.7 1 −0.833 14.6 0.7 −0.849 14.2 0.8 −0.886
15.5 0.8 −0.833 17.3 1.4 −0.851 15.1 0.7 −0.886
15.8 0.6 −0.833 15.1 0.9 −0.851 15.7 0.9 −0.888
14.8 1.3 −0.834 16.1 0.8 −0.851 16.7 1.3 −0.89
15.2 0.8 −0.835 17.5 1.2 −0.852 16.2 1.4 −0.891
17.2 1.1 −0.835 16.1 1.2 −0.852 15.5 1 −0.891
16.9 0.9 −0.835 16.8 1.2 −0.852 16.2 2.3 −0.899

1–2 km diameter
17.6 1.5 −0.688 14.7 0.7 −0.833 16.2 1 −0.866
16.3 0.8 −0.787 13.9 0.5 −0.837 16 2.2 −0.866
16.1 0.7 −0.8 14.6 0.4 −0.837 17.9 2.1 −0.868
17.2 1.1 −0.806 13.7 1 −0.837 17.4 2.1 −0.868
13.7 0.8 −0.81 14.9 0.4 −0.84 17.2 1.5 −0.868
14.8 0.7 −0.813 16.3 1 −0.845 14.6 0.9 −0.872
16.7 1.2 −0.813 14.9 0.8 −0.846 15.5 0.6 −0.873
14.3 0.8 −0.814 16.1 1.1 −0.846 15.7 1 −0.874
14.6 0.5 −0.815 16.5 1.7 −0.847 14.1 0.9 −0.874
13.9 0.4 −0.819 13.4 0.8 −0.852 14.3 0.6 −0.877
14.2 0.6 −0.821 13.9 0.8 −0.854 16.1 1.2 −0.878
15.4 0.8 −0.826 16.1 2.3 −0.856 15.9 0.7 −0.89
14.7 0.8 −0.828 15.4 1 −0.859 13.6 0.6 −0.892
15.4 0.9 −0.831 15.9 1.2 −0.861 14.4 0.8 −0.892
17.1 1.4 −0.831 15.2 1.1 −0.864 15 1 −0.895

2–3 km diameter
15 0.5 −0.8 14.1 0.8 −0.82 14.3 1.2 −0.833
14.6 1 −0.801

3–4 km diameter
15.8 1.1 −0.826 15.2 1.9 −0.848 15.7 2 −0.867
14.9 1.3 −0.847 14.1 0.7 −0.852

3.2.2. Mid-Fe, low-Ti unit: Iltm
We initially divided the low-Ti “super-unit” into units Im and

Iltm based on subtle color differences of the mare surface in a
color composite image (Fig. 9b) and TiO2 image (Fig. 9d). Once thus
divided, we could adjust or support these unit delineations from

Fig. 10. FeO vs TiO2 for rims and proximal ejecta of small impacts into northern
Mare Imbrium.

the analysis of compositions and spectra derived from the ejecta of
small impact into each unit. A plot of the FeO and TiO2 abundances
(Fig. 10, Table 8) revealed by small impacts into both units shows
a fairly distinct separation of ejecta compositions that correlates
with the division of the units based on their color differences in
Fig. 9b. Ejecta compositions from the differentiated units do not
overlap in Northern Mare Imbrium even to the extent seen in other
ROIs (Kramer et al., 2008), including Mare Fecunditatis (Fig. 7).

We then compared the spectra from craters into both the ma-
genta and red regions and found a slight difference. Although spec-
tral shape is generally the same, suggesting a similar mineralogy,
the magenta regions have a slightly subdued Fe absorption and an
overall flattening of the spectra compared with the redder regions
(Fig. 11). This is consistent with the increased contribution from
the blue channel in Fig. 9b, which is interpreted as reflecting a rel-
atively higher amount of TiO2.

We interpret the composition of unit Iltm to be best repre-
sented by the densest clustering of points representing small im-
pact ejecta compositions, as depicted in Fig. 10: 16–17.5 wt% FeO
and 1–2 wt% TiO2. These abundances fall within the constraints for
a HA basalt, and are consistent with the low-Ti composition of the
Apollo 14 HA basalts.

Northern Mare Imbrium was also studied by Hiesinger et al.
(2000) as part of an comprehensive analysis of nearside mare
basalts. This group delineated their spectral units based on a color
ratio composite of Galileo Earth/Moon Encounter imaging data,
which has different wavelengths, and therefore different band ra-
tios than Clementine. They identified five different mare basalt
units, based on subtle differences in spectral properties of the
mare surface, in the same boundary of this ROI, one being the
higher-Ti unit. They also found five different ages for each unit
designation based on crater-size frequency distribution measure-
ments. The conclusions from our analysis of northern Mare Im-
brium compare fairly well with those of Hiesinger et al. (2000),
despite our different methods and data sets. The focus of the work
by Hiesinger et al. (2000) on the mare surface compared with our
focus on the sub-regolith basalt composition revealed by small im-
pacts is likely what led to our divergent conclusions.

3.2.3. High-Fe, mid-Ti unit: Imtm
Unit Imtm is clearly distinguishable as a discrete unit in north-

ern Mare Imbrium. Our independent delineation of its boundaries
marks the same area as identified by Pieters (1978), Wilhelms
(1987), and Hiesinger et al. (2000), and because of this agreement,
we can conclude that Imtm is the youngest of the three mare



Author's personal copy

16 G.Y. Kramer et al. / Icarus 198 (2008) 7–18

Table 8
Mean compositions and maturity of small craters in Northern Mare Imbrium’s basalt
unit Iltm

FeO TiO2 OMAT FeO TiO2 OMAT FeO TiO2 OMAT

0.4–1 km diameter
15.7 1 −0.742 16.6 1 −0.83 16.8 2 −0.854
17.3 0.9 −0.762 16.9 1.6 −0.831 17.5 1.1 −0.86
16.4 0.5 −0.774 17.9 1.6 −0.832 16.4 0.9 −0.861
17.4 1.3 −0.776 16.8 1.6 −0.832 15.7 2.1 −0.862
17.4 1.3 −0.785 17.8 1.6 −0.833 16.7 1.4 −0.863
16.4 0.9 −0.787 16.3 1.1 −0.833 17.2 1.9 −0.863
17.4 1.2 −0.797 16.4 1.4 −0.833 17.8 2 −0.864
17.4 1.1 −0.799 16.7 1.4 −0.833 15.6 1 −0.865
16.3 1.6 −0.799 18.1 2.1 −0.837 17.6 1.5 −0.867
16.3 0.9 −0.799 16.6 1.4 −0.838 17.3 2.2 −0.867
16.3 0.8 −0.8 18.6 2.1 −0.84 17.6 1.5 −0.869
16.8 1.1 −0.8 18.1 2 −0.841 18 1.8 −0.87
16.6 1 −0.807 16.5 1.4 −0.841 18.2 2.3 −0.87
16.6 0.9 −0.808 17.4 2 −0.842 16.3 1.4 −0.87
17.4 1.1 −0.815 16.4 1 −0.843 16.8 1.4 −0.874
16.8 1.1 −0.815 15.5 1.4 −0.843 16.9 1.6 −0.875
16.6 1 −0.815 17.5 1.4 −0.844 16.4 1.9 −0.876
16.1 1.2 −0.816 16.5 1.3 −0.845 17.2 1.7 −0.877
16.3 1 −0.818 16.7 1.7 −0.847 17 1.5 −0.877
17.5 1.4 −0.819 17.2 2 −0.848 16.1 1.4 −0.879
18.1 1.7 −0.82 17.9 1.7 −0.849 16.6 1.6 −0.88
17.1 0.5 −0.824 15.9 1.2 −0.849 17.4 1.7 −0.887
16.7 0.9 −0.824 17.1 2 −0.849 16.9 2.1 −0.889
16.9 1.2 −0.828 18 1.9 −0.852 17.1 2.5 −0.889
17.3 1.5 −0.829 17.9 1.6 −0.854 17 1.7 −0.89

1–2 km diameter
18.7 2.3 −0.668 16.2 1.4 −0.835 17.3 1.4 −0.859
15.1 0.7 −0.697 16.9 1.8 −0.835 16.3 1.2 −0.862
16.9 1.2 −0.777 17.2 2.5 −0.836 18 2.4 −0.865
16.6 0.6 −0.795 17.5 2.1 −0.84 15.5 1 −0.868
15.6 0.9 −0.796 17.1 1.2 −0.843 17 1.4 −0.871
17 1 −0.799 16.1 1.1 −0.844 17.5 2.1 −0.871
16.2 0.9 −0.801 17.1 1.2 −0.849 15.2 1.2 −0.873
16.7 1.4 −0.808 17.7 1.8 −0.849 16.4 1.7 −0.875
15.8 1 −0.811 17 1.5 −0.852 16.7 1.2 −0.877
15.9 1.2 −0.822 16.9 1.3 −0.855 16.5 1 −0.879
17.2 0.9 −0.829 17 1.6 −0.856 16.7 1.1 −0.899
16.5 1.1 −0.832 16.8 1.3 −0.856

2–3 km diameter
16.7 1.4 −0.778 16.6 1.4 −0.818 16.5 1.6 −0.845
14.5 0.8 −0.797 15.8 0.9 −0.835 16.8 1.4 −0.852

3–4 km diameter
16.8 1.1 −0.885

basalt units in northern Mare Imbrium. Unit Imtm is spectrally
darker (Fig. 9a), has a high 450/750 nm value (depicted in the
blue channel of Fig. 9b), and has an FeO and TiO2 abundance that
exceeds the range of all sampled HA basalts (Figs. 9c, 9d). Basalt
spectra from the rims and proximal ejecta of small craters (Fig. 11)
in this unit have a lower reflectance over all wavelengths and dis-
play a very subdued Fe absorption compared with the ejecta from
craters into units Im and Iltm.

Small-crater ejecta compositions range from 16.5–19.5 wt% FeO
and 2–7 wt% TiO2 (Table 9). The narrow range in FeO, and wide
range in TiO2 suggests regolith deposited atop the analyzed crater
ejecta have been contaminated by the lower-Fe, and significantly
lower-Ti units to the north. Some of the craters may have pene-
trated through the unit, and sampled an underlying low-Ti basalt,
perhaps the underlying extent of unit Im or Iltm. Since unit Imtm
has the highest TiO2 and FeO abundances in the ROI, there is no
other source for a high-Ti contribution to the regolith. We there-
fore conclude that the highest TiO2 abundances measured in the
ejecta of small crater into Imtm best represent the composition of
the unit. Imtm has an FeO abundance between 18.5 and 20 wt%
FeO and TiO2 abundance between 5.5 and 7 wt% TiO2.

Fig. 11. Spectra from Clementine UV–VIS–IR of rims and proximal ejecta of small
impacts into northern Mare Imbrium.

Table 9
Mean compositions and maturity of small craters in Northern Mare Imbrium’s basalt
unit Imtm

FeO TiO2 OMAT FeO TiO2 OMAT FeO TiO2 OMAT

0.4–1 km diameter
17.6 1.4 −0.713 17.4 3.8 −0.839 18.7 5.5 −0.865
16.3 2.1 −0.76 18.1 3.7 −0.842 18.1 5.7 −0.869
16.8 1.8 −0.788 17.2 3.9 −0.843 17.9 4.9 −0.87
12 4.6 −0.797 19 3.2 −0.844 17.9 3.3 −0.87
18 2.5 −0.813 16.3 1.5 −0.844 17.8 4.9 −0.872
17.8 2.3 −0.814 17.6 1.8 −0.847 19.2 5.1 −0.875
16.9 3.2 −0.82 18.3 2 −0.851 18.8 6.1 −0.878
18.2 2.9 −0.834 19.3 7.2 −0.851 19 4.1 −0.882
17.8 2.9 −0.836 18.8 4.1 −0.857 18.8 4.6 −0.892
17.5 1.5 −0.837 18.5 3.7 −0.859 19.7 4.8 −0.893
18.1 4.9 −0.838 18.3 3.7 −0.861

1–2 km diameter
17.7 1.4 −0.801 18.4 3.4 −0.846 18.7 4.5 −0.879
17.6 2.2 −0.808 18.2 3.1 −0.851 17.7 3.6 −0.879
17.3 2 −0.815 18 4.2 −0.856 17.8 3.4 −0.881
17.7 2.4 −0.82 18.1 3.7 −0.861 18.3 3.9 −0.882
17.9 3.7 −0.823 17.4 2 −0.864 18.7 4.7 −0.886
17.6 2.4 −0.829 18.1 2.3 −0.865 18.6 4.7 −0.89
17.6 2.5 −0.829 18.3 5.3 −0.869 18.8 5.3 −0.897
18.2 2.5 −0.833 18.4 3.6 −0.87 18.3 2.9 −0.9
18.1 3.2 −0.842 17.8 4.9 −0.871

2–3 km diameter
18.2 2.8 −0.812 17.2 2.4 −0.854 17.9 3.9 −0.89
18 2.5 −0.841 17.8 3.7 −0.862 18.2 4.2 −0.893
16.9 2.1 −0.849

3–4 km diameter
17.5 2.7 −0.828

4. Summary and conclusions

Sample geochemistry of mare basalts indicates that they de-
rived from sources composed of late-stage cumulates of the Lunar
Magma Ocean (LMO) (Taylor and Jakes, 1974; Snyder et al., 1992;
Shearer and Papike, 1999). The aluminous nature of both the
Apollo 14 and Luna 16 basalts is manifest in the fact that they
contain proportionally greater modal plagioclase relative to mare
basalts from other sample return sites (e.g., Albee et al., 1972;
Papike et al., 1974; Papike and Vaniman, 1978; Neal and Taylor,
1992). Therefore, their existence alludes to the depth and extent of
source melting, differentiation within the lunar mantle, and to the
efficiency of plagioclase separation from earlier forming, mafic cu-
mulates during crystallization of the Lunar Magma Ocean (LMO).
Source modeling of these basalts indicates a significant propor-
tion of plagioclase remained in their source regions (Neal and
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Fig. 12. Chondrite-normalized trace element profile of HA mare basalts. X-axis is
trace element with decreasing incompatibility from left to right. Line pattern re-
flects parental compositions and mineral fractionation in the magma. Apollo 14 HA
basalts break into 3 groups (A, B, C) based on age and composition (see Neal and
Kramer, 2006). Groups A, B, and C depicted here represent an average composition
for each group. Apollo 14 data from Neal and Kramer (2006). Luna 16 data are an
average of compositions for sample 21003 from Ma et al. (1979). Apollo 12 sample
12038 data from Brunfelt et al. (1972). Apollo 16 data from Zeigler et al. (2006).

Kramer, 2006). Luna 16 HA basalts exhibit a slightly bow-shaped
chondrite-normalized REE profile, whereas most Apollo 14 basalts
are LREE enriched to varying degrees (Fig. 12) (Taylor et al., 1991;
Neal and Kramer, 2006). This LREE enrichment may be due to the
Apollo 14 HA basalts’ origin in the PKT, and certainly reflects the
heterogeneity of the lunar mantle.

The constraints used to search the lunar surface for HA basalts
located two regions that are the best candidates from where sam-
pled HA basalts originally erupted—Mare Fecunditatis for Luna 16
samples and northern Mare Imbrium for Apollo 14 samples. There
are two HA basalt units identified in Mare Fecunditatis that are
consistent with sampled HA basalts, although only unit Iltm is a
compositional match for the Luna 16 HA samples. Radiometric ages
of Luna 16 sampled HA basalts are also consistent with the rela-
tive surface age of northern Mare Fecunditatis (Wilhelms, 1987),
providing further evidence that this unit may be parental to the
sampled basalts. Northern Mare Imbrium also reveals two units
that are within the compositional constraints of a HA basalt when
accounting for uncertainty in the FeO and TiO2 data. However, one
unit (Iltm) is the best match to the sampled Apollo 14 HA basalts.

The ROIs analyzed in northern Mare Imbrium cannot be di-
rectly related to the Apollo 14 samples. Most Apollo 14 HA basalts
occurred as clasts in impact melt breccias collected from the Fra
Mauro Formation, a region formed of ejecta from the Imbrium im-
pact (Wilhelms, 1987). Radiometrically derived ages for the Apollo
14 HA basalts show them all to have erupted prior to formation
of the Imbrium basin. For these reasons, Apollo 14 HA basalts are
interpreted as having originated at or near Imbrium basin prior
to its formation. Therefore, we could not find the true parental
basalt units for the Apollo 14 HA samples, as they have surely been
destroyed and/or covered by subsequent mare basalt flows. How-
ever, where mantle sources for the pre-Imbrian HA basalts once
erupted, they might have erupted again. The three sources for the
Apollo 14 HA basalts melted and erupted at least three times over
a span of 400 million years (Papanastassiou and Wasserburg, 1971;
Shervais et al., 1985; Dasch et al., 1987). The last eruption occurred
less than 100 million years before the Imbrium impact. Energy as-
sociated with the Imbrian event may even have facilitated melting
of the source and/or subsequent eruption. Basin formation pro-
vided an easier conduit, in the form of a fractured and thinner
crust, and a vast topographic depression into which the erupted
basalts could coalesce. A post-Imbrian HA eruption into the Im-
brium basin is not an unlikely event.

Our initial search for HA basalts (Fig. 1) identified their pres-
ence in several locations across the lunar surface. By establishing
the immanence of HA basalts on the Moon we can demonstrate
that plagioclase retention was not limited to a few isolated regions,
but may have been a Moon-wide phenomenon. A quantitative
model of the LMO would benefit from knowing their occurrence.

The biggest obstacle in analyzing the lunar surface is the
paucity of high spatial and spectral resolution of the Moon from
which to derive robust compositional information. The current
data sets provide limited information, and suffer from low preci-
sion in the information that is available. For discerning HA basalts
in particular, FeO and TiO2 surface compositions can mimic the
composition of a mixture of high-Fe/low-Al2O3 mare basalts and
low-FeO/high-Al2O3 feldspathic highland materials. The likelihood
that some or many of the HA basalts are old and thus buried
by basin ejecta or younger basalt flows further exacerbates the
problem. However, we have demonstrated that an assessment of
the geology and actual distribution of materials with distinctive
compositions at the resolution of Clementine data can be used to
evaluate whether mixing produced the composition or whether a
bona-fide high-Al basalt might in fact lie beneath the regolith.

The described method of small impact ejecta analysis is a valu-
able tool for evaluating the sub-regolith bedrock lithologies. We
are currently studying details of crater dynamics to develop a
procedure, and testing aspects of its strengths with actual and
theoretical data. Current and future lunar missions, such as Lu-
nar Reconnaissance Orbiter and Chandrayaan-1, will provide much
stronger data sets with which to better detect HA basalts, locate
lithologies of interest, and understand the lunar environment in
preparation for our manned return to the Moon.
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