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Abstract The process of accurately defining and outlining mare basalt units is nec-
essary for constraining the stratigraphy and ages of basalt units, which are used to
determine the duration and the flux of lunar volcanism. We use a combination of
Clementine’s five-band ultraviolet/visible data and TiO2 and FeO abundance distri-
bution maps to define homogenous mare basalt units and characterize their composi-
tional variations (with maturity) in the Aristarchus region. With 20 groups of distinct
mare basaltic soils identified using the method in this paper, six additional spectrally
defined areas and five basaltic units are constructed, and their mineralogic quantiza-
tion values provide new constraints on their temporal and spatial evolution. Our results
indicate that the Aristarchus region has diverse basalt units and a complex history of
volcanic evolution. We also demonstrate that the techniques, from which spectrally
distinct mare basalts can be mapped, performed well in this study and can be confi-
dently expanded to other mare regions of the Moon.
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1 INTRODUCTION

The compositional distribution and stratigraphy of lunar mare basalts are important to our under-
standing of the composition of the lunar interior and its thermal evolution because they retain a
record of recent impact cratering and a wide variety of volcanic processes (Giguere et al. 2000;
Kodama & Yamaguchi 2005). Samples returned from the Apollo and Luna missions and previous
experimental studies of mare basalt compositions suggest that the mare areas formed by eruptions
that carried large volumes of low-viscosity basaltic lavas. These are similar in style to the Columbia
River flood basalts on Earth (Hiesinger & Head 2006) and they were produced by partial melting
of mafic sources within the lunar mantle at depths of <550 km (e.g., Longhi 1992; Wieczorek &
Phillips 2000). These sources are generally thought to be cumulate rocks that were produced during
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the early differentiation of the Moon. Oceanus Procellarum, near the northwestern limb of the near-
side of the Moon, comprises the largest regional expanse of lunar maria, with deposits ranging from
early volcanism that formed basins through its last phases of activity (e.g., Hiesinger et al. 2003). In
particular, the Aristarchus and Marius complexes are two major volcanic complexes in Procellarum
that have long been recognized on the Moon. They are considered to be the sources for much of the
central Procellarum mare fill (Whitford-Stark & Head 1977).

In order to constrain the stratigraphy and ages of target basalt flows and to understand how
mare volcanism evolved in terms of composition and spatial distribution, it is necessary to accu-
rately define and outline basalt units in detail. As one of the most geologically complex areas on
the Moon, the Aristarchus region exhibits a variety of spectral characteristics (Pieters 1978), com-
positions (McEwen et al. 1994; Lucey et al. 2000; Elphic et al. 2002; Staid et al. 2011), thermal
anomalies (e.g., Gorenstein & Bjorkholm 1973; Zisk et al. 1977), and basalts with a stratigraphic
sequence in age from Imbrian (3.2–3.5 Gyr ago) to Eratosthenian (3.2–1.1 Gyr ago) (e.g., Wilhelms
et al. 1971; Hiesinger et al. 2003). In this paper, we have mapped the mare basalts surrounding
the Aristarchus Plateau (a test area) using Clementine ultraviolet/visible (UV/VIS) multi-spectral
images, and analyzed their compositional variations. We also validate our mapping approach and
classification system for the Aristarchus region by comparing with previously published results.
Section 2 gives a framework of using returned sample and remote data to classify mare basalts in
previous studies. Section 3 describes the geologic setting of the Aristarchus region, and Section 4 is
the detailed description of the techniques used to identify and define basalt units in this paper. Next,
Section 5 presents our results and validates our mapping method by comparing our classification
with previously published results. The last part, Section 6, gives the conclusion of this study.

2 PREVIOUS WORK

From early telescopic observations to today’s large volume of imagery data, three different ways
to classify basalts can be summarized: (1) telescopic mapping according to telescopic reflection
spectra of mature mare surfaces (e.g., McCord et al. 1972a; McCord et al. 1972b; Pieters & McCord
1976; Pieters 1978), (2) mare basalts that are distinguished by different TiO2 classifications (e.g.,
summarized by Giguere et al. 2000), and (3) spectral mapping using today’s remote sensing imagery
data with high resolution to further identify basalt types in more detail (e.g., Hiesinger et al. 2000;
Hiesinger et al. 2003; Staid et al. 2011).

2.1 Spectral Characteristics Based on Earth-based Telescopic Measurements

The spectral properties of various terrains on the lunar nearside were measured from 0.32 to 1.1 µm
with Earth-based telescopes in the late 1960s and 1970s. During that period, spectra were obtained
relative to a standard area in Mare Serenitatis (located at 18◦40′N, 21◦25′E). Such studies showed
that differing lithologies from maria, highlands and fresh impact craters can be readily distinguished
by using the telescopic spectra and small variations in color that occur between lunar regions (Pieters
et al. 1993). Lunar spectral types were first summarized in previous telescopic studies (McCord et al.
1972a; McCord et al. 1972b; Pieters 1978). Telescopic mapping of four compositionally sensitive
spectral parameters (UV/VIS ratio, albedo, 1 µm band strength and 2 µm band strength) have been
used to define 13 types of mare basalts and 3 additional groups of lunar volcanoes (Pieters 1978).
In the Pieters (1978) nomenclature, the first letter characterizes the UV/VIS ratio related to titanium
content (H, high; h, medium high; m, medium; L, low), the second letter to albedo (D, dark; I,
intermediate; B, bright), and the last two letters to the strength of ferrous absorptions at 1 and 2 µm
bands (S, strong; G, general; or W, weak for the 1 µm band and P, prominent; A, attenuated; or –,
undetermined for the 2 µm absorption). However, due to the low spatial resolution of telescopic data,
spectral mapping with telescopes could not further subdivide mare basalts into spectrally different
sub-types and as a result, some signs of basalts have been overlooked.
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2.2 Basalt Classes from TiO2 Content

TiO2 content has been analyzed from the mare basalts that were returned and acquired from re-
motely sensed data. It has been useful as a chemical property for separating the mare basalts into
compositional groups. There are several approaches to classify mare basalts on the basis of TiO2

content (Papike et al. 1976; Johnson et al. 1977b; Davis 1980; Johnson et al. 1991; Neal & Taylor
1992; Pieters et al. 1993; Melendrez et al. 1994; Papike et al. 1998; Giguere et al. 2000). Early com-
prehensive mapping was used to estimate TiO2 content (Charette et al. 1974; Head 1976; Johnson
et al. 1977b; Pieters 1978; Davis 1980; Johnson et al. 1991; Greeley et al. 1993; Pieters et al. 1993;
Melendrez et al. 1994; Campbell et al. 1997) and the relatively more accurate approach to remotely
determining FeO and TiO2 content has been established in previous studies (Blewett et al. 1997;
Lucey et al. 1998; Lucey et al. 2000; Gillis et al. 2003). However, as one very important chemically
measurable parameter for mare basalts, TiO2 abundance is not able to identify or define individual
basalt units in detail. In addition, it is not possible to relate the high, low, or very low titanium basalts
through low-pressure fractionation schemes (Lofgren et al. 1981; Longhi 1992; Papike et al. 1998),
indicating the three groups arose from different sources (Staid & Pieters 2001).

2.3 Spectral Mapping Using Remote Sensing Data

Thanks to Pieters’ previous work, much of the optical differences between basalt types has been
revealed. Spectral differences between regions that were mapped using spectral ratios have al-
ready been used to approximate relatively distinct mare units with homogeneous surface materi-
als (Whitaker 1972; McCord et al. 1976; Johnson et al. 1977a; Johnson et al. 1977b; Pieters 1978;
Whitford-Stark & Head 1980; Head et al. 1993). Pieters’ classification of mare soils was extended
to include farside basalts through studies of multispectral images from Mariner 10 (Robinson et al.
1992), the interpretation of multispectral data from Galileo using solid-state imaging (Belton et al.
1992; Greeley et al. 1993; Williams et al. 1995), and subsequent Clementine data (e.g., Pieters et al.
1995; Hiesinger et al. 2003). Moreover, Clementine UV/VIS five band images, together with content
maps of FeO and TiO2, and maturity data were used to map boundaries of mare units (Heather et al.
1999; Kodama & Yamaguchi 2003; Kodama & Yamaguchi 2005; Kramer et al. 2008). Clementine
ratio color data are limited to reflectance information contained in three bands (950, 750, and 415 nm
used in Hiesinger et al. (2000) and Hiesinger et al. (2003)). However, the depth of the pyroxene ab-
sorption band (1000 nm) correlates with the relative abundance of pyroxene and FeO (Korotev 2005).
Also, albedo variations have also been very useful for distinguishing basalts from highlands and for
interpretating the maturity of different basalts (McEwen et al. 1994). These are also important factors
for identifying basalts.

The recent mineralogic and spectral analysis and studies (e.g., Staid et al. 2011; Besse et al.
2011) of mare units on the western nearside of the Moon have focused on using the lunar map-
ping data acquired by the Moon Mineralogy Mapper (M3) on Chandrayaan-1 (Green et al. 2011;
Boardman et al. 2011). Comparing with the Clementine UV/VIS data, most M3 data were collected
in a global mapping mode that covered the wavelength range of ∼430 to 3000 nm in 85 spectral
bands at spatial resolutions of 140 to 280 m/pixel (Staid et al. 2011). However, because of the issue
of scattered light in the M3 ultraviolet wavelengths, it is not possible to precisely evaluate Ti content
of high-Ti and low-Ti units. (Besse et al. 2011). In addition, the 2.0 µm and longer wavelengths
require a thermal correction to the spectrum that removes potential contamination caused by ther-
mal emission (Besse et al. 2011). Though lacking the spectral resolution to perform more detailed
mineralogy (Staid & Pieters 2001; Lucey 2004), the Clementine data have been used to determine
relatively detailed FeO and TiO2 abundance maps (Lucey et al. 1995; Lucey et al. 1996; Blewett
et al. 1997; Lucey et al. 1998; Lucey et al. 2000). These data sets currently have the highest spatial
resolution.
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We aim to re-check the Clementine UV/VIS data to constrain the distribution of mare materials
within the Aristarchus region. These spectral characteristics associated with TiO2 and FeO abun-
dance and albedo were all used to identify different types of lunar surface material and compare
mineralogic and spectral analysis with previous studies.

3 THE AREA UNDER INVESTIGATION

We focused our attention on an area of the lunar surface from 6.57◦N to 43.13◦N latitude and
from 29.54◦W to 67.5◦W longitude (Fig.1). The Rümker Hills in northern Procellarum, the
Aristarchus Plateau Mountains in central Procellarum, and the Marius Hills region in south-central
Procellarum are three volcanic complexes in this region (Whitford-Stark & Head 1977). The Rümker
Hills region is covered with a series of volcanic domes (Smith 1974). The Aristarchus Plateau is an
elevated rectangular crustal block about 170 × 220 km that is surrounded by younger mare basalts
from Oceanus Procellarum. It is generally a westward tilted block sloping away from the Imbrium
basin which has complex surface materials from the Imbrium impact event (Chevrel et al. 2009).
The geologic and compositional diversity of the Aristarchus region and evidence for active emission
of volatiles from the Aristarchus crater (Cameron 1972; Gorenstein & Bjorkholm 1973) have led
to proposals for surface exploration and resource extraction (Cintala et al. 1985). A study of the
Aristarchus pyroclastic glass deposits (Hagerty et al. 2009) found the source region contained an
abundance of Th and other heat-producing elements, suggesting that the high abundance of heat-
producing elements in the underlying lunar mantle most likely served as a thermal driver for pro-
longed volcanic activity in this part of the Moon. The Marius Hills region shows cone and dome
material (Pieters 1978; Wilhelms et al. 1971) as the main constituent of the surface. This area is
bluer in the false color composite image, and has a lower albedo than its neighbors. The recent lu-
nar exploration mission by SELENE discovered a vertical hole (H in Fig. 1), which is located in
a sinuous rille at the western portion of the Marius Hills region and a possible lava tube skylight
(Haruyama et al. 2009). The crystallization age of the youngest unit in the Marius Hills region is
expected to have an age of 1∼2 Gyr, depending on the details associated with the history of impact
flux (Soderblom & Lebofsky 1972).

4 METHODS AND ANALYSIS

4.1 The Clementine Mission: Instrument and Data Processing

The Clementine spacecraft (Nozette et al. 1994; McEwen & Robinson 1997) mapped the Moon
during the first half of 1994 using a number of scientific instruments including a UV/VIS camera.
Clementine’s UV/VIS data contained five bands centered at 415, 750, 900, 950 and 1000 nm, with
an average resolution of 200 m/pixel (McEwen & Robinson 1997). The wavelengths of these camera
filters were chosen to maximize information about minerals within this spectral region by character-
izing the ultraviolet/visible slope and the strength and shape of the 1000 nm ferrous band (Staid &
Pieters 2000).

In this study, in order to investigate and understand the volcanic history of the Aristarchus region
(Fig. 1), an array of Clementine and Clementine-derived data was used to classify mare basalt units.
The calibration procedures used on the UV/VIS images can be found in previous studies (McEwen
& Robinson 1997; Tompkins & Pieters 1999). The data were processed at a resolution of 200 m/pixel
using the ENVI software package. In addition to the multispectral images, we produced two distinct
compositional maps (FeO and TiO2) of the Aristarchus region by applying the algorithms developed
by Lucey et al. (2000). More detailed descriptions of these data sets can be found in previous studies
(Pieters et al. 1994; McEwen & Robinson 1997; Giguere et al. 2000; Staid & Pieters 2000; Heather
& Dunkin 2002; Zhang et al. 2012).
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Fig. 1 Basalts in the Aristarchus region on the nearside of the Moon as seen in the Lunar
Reconnaissance Orbiter WAC USGS global mosaic (Chin et al. 2007). A simple cylindrical map
projection is used.

4.2 Compositional Diversity from Clementine False Color Images

Three general reflectance properties of lunar materials can be readily measured with Clementine
UV/VIS filters (Pieters et al. 1994). Clementine 750 nm reflectance represents the overall albedo
or brightness of lunar surface materials. The steepness of the continuum throughout the visible can
be measured by the Clementine 415/750 nm ratio, which is sensitive to both composition and the
maturity of the lunar soil. The reflectance near 1 µm relative to the visible is usually measured
with the 750/950 nm ratio, which is sensitive to the strength, character of absorptions near 1 µm
(an indication of presence of iron-bearing minerals), and the steepness of the continuum (affected
by exposure to the space environment). These multispectral data are well-suited for use in lunar
geologic mapping (Gaddis et al. 2006).

Previous Clementine standard false color ratio composite based on three spectral ratios of
Clementine imaging data (750/415 nm ratio assigned to red, 750/950 nm ratio to green and
415/750 nm ratio to blue; Fig. 2(a)) and our compositional false color images (750 nm assigned
to red, 415/750 nm ratio to green and 750/950 nm ratio to blue; Fig. 2(b)) were used to constrain the
compositional distributions of mare in the Aristarchus region. In the Clementine standard false color
image, a mature low-Ti basalt or mature highland material appears red, while a mature high-Ti mare
basalt appears blue. Green, cyan and yellow indicate freshly exposed basalts (e.g., Heather & Dunkin
2002; Kodama & Yamaguchi 2003). In our false color image, heterogeneous units present different
colors (e.g., mare basalts are in green and highlands are in red), textures (e.g., smooth or in patches)
or saturation levels. However, compared with the standard false color images from Clementine, some
mare boundaries are easier to determine, and the individual divisions of mare are distinguished ac-
cording to variations in their color, which correlate with their compositional variation (Fig. 2(b)).
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Fig. 2 Clementine false color images used in this paper: (a) Clementine standard false color
images, 750/415 nm ratio assigned to red, 750/950 nm ratio to green and 415/750 nm ratio to
blue; (b) Our composite color image in this paper, 750 nm assigned to red, 415/750 nm ratio to
green and 750/950 nm ratio to blue. The numbered squares (2◦ × 2◦) are selected to detect rela-
tively pure mare endmembers.

4.3 Selecting Regions of Interest Based on Relatively Pure Mare Soils

In order to extract samples of mare soil from the entire area being studied, sampled areas (SAs, used
to select relatively pure mare endmembers) are collected from all mare units identified in Section 4.2.
A set of 2◦ × 2◦ squares partitions the whole area under study (Fig. 2(b)). The upper left location
of the grid is 67◦W longitude and 43◦N latitude, and the lower right location is 31◦W and 7◦N.
In order to be sure that all units outlined in Figure 2(b) are included in the partition, a total of 40
squares is selected as SA and they are numbered from 1 to 40 in Figure 2(b). The units marked by
letter A (non-mare terrain), B (composition representative of the Aristarchus Plateau) and C (masked
by crater ejecta) are not included in this step.

Potential exposures of mature basalt on the lunar surface can be identified by using the 1.0/0.75
µm ratio versus the 0.75 µm scatterplot. The events that occur in the Moon’s interior (temperature
variation, moonquake and igneous activity) and exterior (impact and space weathering effect) result
in compositional assimilation and contamination among various basalt units (Fig. 3(a) and 3(b)).
In the 1.0/0.75 µm ratio versus the 0.75 µm scatterplot, mature and immature lunar soils can be
segregated (Staid & Pieters 2001). Areas that represent the most immature materials within the
study area of each mare unit can be selected by identifying pixels that correspond to the lower right
limit of each mare unit’s 1.0/0.75 µm ratio versus the 0.75 µm scatterplot cloud (Fig. 3(c)). We try
to avoid these immature materials when choosing Regions of Interest (ROIs), which represent dark
mare soils (red in Fig. 3(c) and 3(d)) that can be recognized in the upper left corner of the scatterplot
(Fig. 3(c)). Then spectral endmembers of unique, spatially coherent units can be identified, and these
pixels that represent basalt are selected as ROIs.

4.4 Obtaining Average Reference Spectra Using a 3-Dimensional Visualizer

A quantitative value is required in order to establish a boundary condition that dictates whether or
not a pixel group is considered spectrally distinct from another one. The values in Table 1 were ob-
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Fig. 3 The plot shows that ROIs of basalts are selected from the upper left corner of the scatter-
plot (0.75 µm reflectance versus 1.0/0.75 µm ratio). (a) 0.75 µm reflectance image from Clementine
data showing the location of the mare region we are studying. (b) An area of 1304×936 pixels
displayed to identify different degrees of mature/immature mare soils. (c) Scatterplot of Mafic ab-
sorption (1.0/0.75 µm ratio) versus albedo (0.75 µm reflectance) for the region in Fig. 3(b). From
the plot, A (red pixels) represents the dark basalt soils, B (green pixels) indicates the ejecta and ray
material of craters, C (blue pixels) shows the inner wall and rim material of craters and rilles, and
D (purple pixels) represents the immature materials in craters. (d) The color map of different mare
soils is outlined in the scatterplot of Fig. 3(c).

Fig. 4 3-Dimensional Visualizer of 20 groups of pixels for mare basaltic soils in the area under
study. They are grouped according to their regional distribution. H group pixels are present in the
high-Ti region, L group pixels are shown in the low-Ti mare region and M means that they mainly
appear in the Marius Hills region.
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Table 1 The average spectral parameters of twenty identified pixel groups derived from Clementine
UV/VIS data.

Name Group Reflectance (%) Ratio

415 nm 750 nm 900 nm 950 nm 1000 nm 415/750 750/950 1000/750

S2 6.1 9.6 9.8 9.7 9.8 0.631 0.996 1.019
S4 5.7 9.0 9.1 9.0 9.2 0.633 0.993 1.022
S6 5.8 9.5 9.7 9.7 9.9 0.614 0.980 1.042
S7 H 5.9 9.2 9.4 9.3 9.5 0.643 0.981 1.040
S11 5.6 8.5 8.8 8.7 8.9 0.656 0.979 1.044
S12 5.6 8.7 9.1 9.1 9.3 0.637 0.966 1.061
S14 5.3 7.9 8.1 8.1 8.2 0.672 0.976 1.040
S15 5.4 8.1 8.4 8.3 8.5 0.667 0.969 1.050

S1 6.3 10.7 10.9 10.8 11.0 0.590 0.993 1.023

S3 5.8 10.0 10.5 10.6 10.9 0.578 0.950 1.090
S5 6.1 10.0 10.3 10.3 10.5 0.609 0.973 1.054
S8 L 5.8 9.4 9.7 9.6 9.9 0.616 0.971 1.057
S9 5.7 9.6 9.9 10.0 10.3 0.589 0.962 1.074
S18 6.0 10.3 10.7 10.8 11.1 0.587 0.953 1.080
S20 5.0 7.5 7.9 8.0 8.2 0.667 0.940 1.098

S19 6.5 10.6 10.7 10.6 10.7 0.614 0.995 1.017

S10 5.9 9.5 9.9 10.0 10.3 0.622 0.950 1.085
S13 M 5.3 8.6 9.0 9.0 9.2 0.616 0.955 1.074
S16 5.2 7.9 8.2 8.2 8.5 0.658 0.954 1.079
S17 5.2 8.2 8.5 8.5 8.7 0.642 0.965 1.070

tained from averaging Clementine’s five UV/VIS bands for each pixel group identified in Figure 4.
Generally, L group basalts are relatively brighter than H and M groups in 750 nm reflectance, but
have a relatively weaker absorption depth (from 900 to 1000 nm reflectance) than both H and M
groups. Comparing with L group basalts, the higher average 415/750 ratio values (and, correspond-
ingly, the most TiO2 rich basalts) occur in H and M groups, whereas average values for the L group
are lower (except for S20). In addition, S1 and S19 basalts have similar average values for their spec-
trum (Table 1) with those of L groups. Therefore, the statistical variations of the 20 groups in Table 1
indicate that each pixel cluster represents a distinct basaltic soil from others, though both lateral and
vertical mixing, which arises from billions of years of physical weathering by the solar wind and
meteoritic bombardment, has tended to reduce lithologic contrast and obscure the composition of
the bedrock.

Some problems, largely due to scattered light, were minimized by using average spectra and by
careful inspection of each image to extract representative spectra (Tompkins & Pieters 1999). In our
study, mean spectral curves can be obtained in a 3-Dimensional Visualizer displaying these ROIs
selected above. Groups of pixels (Fig. 4) within the image are identified as the data cloud rotates in
different directions. Each of them represents one type of basaltic soil, which has different spectral
shapes and features from others. The data are displayed in a five dimensional space (Clementine
five UV/VIS bands), and spectral endmembers are identified as pixels that are located at the corner
vertices. These average spectral curves (Fig. 5) of 20 clusters are obtained as reference spectra used
for subsequent analysis with a supervised classification technique. The locations of the five bands in
these spectra represent recent overall chemical and physical states of these mare soils. In particular,
the absorption depth near 1000 nm reflects variations in the composition (iron-bearing minerals) and
a range of maturity.
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Fig. 5 Mean spectral curves of mare basalt ROIs, corresponding to the 20 pixel groups in Fig. 4.
Absorption of the 950 nm wavelength is caused by the presence of ferrous iron (Burns 1982).

4.5 Classifying Basaltic Units with the Supervised SAM Method

Basalt units are then reclassified using the Spectral Angle Mapper algorithm (SAM) supervised
classification method. SAM is an automated method for successively comparing image spectra to
each individual reference spectrum (Kruse et al. 1993). The algorithm determines the similarity be-
tween two spectra by calculating the “spectral angle” between them, treating them as vectors in a
space with dimensionality equal to the number of bands. This technique, when used on calibrated
reflectance data, is relatively insensitive to illumination and albedo effects (Kruse et al. 1993; Crosta
et al. 1998). Endmember spectra used by SAM can come from ASCII files, spectral libraries, or
can be directly extracted from the image (as average spectra from an ROI used in this study). SAM
compares the angle between the endmember spectral vector and each pixel vector in n-dimensional
space. Smaller angles represent closer matches to the reference spectrum. A more detailed descrip-
tion about SAM can be found in previous researches on geological mapping (e.g., Kruse et al. 1993;
Crosta et al. 1998; Girouard et al. 2004). Basalt sub-classes are defined from the a map of the su-
pervised classification result from SAM. During these steps, the ENVI software package is used for
data visualization and processing.

5 RESULTS AND DISCUSSION

5.1 Distribution and Validation of Mare Material

From the final classification map (Fig. 6), the boundaries of our units are distinguished by defining
lines that show obvious color transitions. The Clementine ratio composites are sensitive to spectral
variations resulting from local mixing with nonmare materials and variations in optical maturity
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Fig. 6 The spectral areas and basaltic units defined in this paper. Their colors correspond to the pixel
clusters in Fig. 4. Units with the same color represent similar UV/VIS spectra.

(Staid et al. 2011). It is known that regional spectral differences mapped using spectral ratios can be
used to approximate relatively homogeneous surface mare units (e.g., Whitaker 1972; McCord et al.
1976; Johnson et al. 1977a; Johnson et al. 1977b; Pieters 1978; Head et al. 1993; Hiesinger et al.
2000; Hiesinger et al. 2003; Staid et al. 2011). We assume that spectral homogeneity indicates that
they represent the whole or a portion of a flow unit that may have been composed of one homoge-
neous type of material in terms of the state of maturity. Therefore, one unit may contain the same or
more than one spectral type of material in this study owing to the range of mare basalt compositions
with different states of maturity. Nevertheless, geologic units show temporal and spatial distributions
that are continuous over a finite area. The boundaries of those units are determined based on whether
an obvious color boundary occurred between two units, and where spatially discrete areas caused by
contamination (i.e. fresh impact crater ejecta) would not be considered. When determining bound-
aries of units, the spectral class in areas overlapped by vertical stripes are defined as the same class
with the unit that they settled on, or determined by referring to Clementine ratio color maps (Fig. 2).

The results obtained from the preliminary analysis of the SAM classification map are presented
in Figure 6. In order to be sure that these mare units extracted from the map have a geologic inter-
pretation, all basaltic soils in this area can be categorized into four types on the basis of variations
in color on their surfaces: (1) H type (relating to H ROIs seen in Fig. 4) is shown in pink, green and
yellow in the classification map (Fig. 6); (2) blue and purple materials are classified as L type; (3) S1
type is associated with the red pixels in Figure 4; and (4) the Marius Hills complex is defined by the
combination of H and M ROIs outlined in Figure 4. Their boundaries are represented as solid black
lines in Figure 6.

The distribution of mare basalts derived in this study is consistent with previous studies (Pieters
1978; Whitford-Stark & Head 1980; Hiesinger et al. 2003; Staid et al. 2011), and it also includes
several new geological groups. In previous researches, Pieters (1978) used four spectral parameters
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(UV/VIS ratio, Albedo, 1 µm and 2 µm absorption depth) to characterize mare basalt types from
telescopic spectral reflectance. Compared to Pieters’ spectral types of basalt units, our H type basalts
are consistent with HDSA and hDSA classes based on the telescopic observation. However, unit P1
of area 1 (H type, Fig. 6) is a member of the LBG type. For L type basalts in this study, they are
defined as Pieters’ LBG and LBSP classes, as well as S1 type defined as the LBSP class. Two basalts
(blue and pink in Fig. 6) are exposed on the surfaces of area 4, which are in accordance with LBG
and mISP classes in the work of Pieters (1978) and are part of Telemann and Hermann formations
(Whitford-Stark & Head 1980) based on imaging observations from Galileo (Greeley et al. 1993).
Some areas (e.g., a portion of Procellarum basalts lying in the south part of the Aristarchus Plateau)
were previously classified or identified as “undivided” and unidentified by the telescopic work of
Pieters (1978), but classified as one special spectral group in this study. This is most likely a result
of the poor spatial resolution inherent in ground-based reflectance data.

The validity of these variations in the composition of mare can also be demonstrated by feature
analysis of their spectral curves. Approximately eight average spectra (Fig. 7) of mare soils are
extracted to compare their absorption depth near the wavelength of 1 µm, which is sensitive to mafic
minerals and maturity (Pieters et al. 1994). The typical average spectra of S2, S3, S4, S6, S9, S11,
S12 and S14 ROIs (Fig. 4 and Fig. 6) are selected and their reflectance is normalized to unity at
750 nm from 900 to 1000 nm, as can be seen in Figure 7.

The materials with spectral types of S3 and S9 are mainly distributed in areas marked by the
letter “L” (Fig. 6), and the materials with six other spectral types cover most areas designated with
“H.” The strongest absorption of the S2 spectrum (Fig. 7) indicates that these materials with an S2
spectrum are the younger exposed mare soils. This is consistent with unit P5 being the youngest (∼12
Gyr) basaltic unit defined by Hiesinger et al. (2003) by using the crater size-frequency distribution
measurements. However, the low-Ti and older basaltic area 1 (Staid et al. 2011), and area 4 which
was dated to be more than 3.4 Gyr old (Boyce & Jonnson 1978; Hiesinger et al. 2003), are measured
with S3 and S9 spectra (Fig. 7), owning to the wide contrast with the P5 units (S2 spectrum). This
is because each unit is largely a result of the recent chemical and physical state of lunar soils. With
exposure to the space environment, mature lunar soils are dark red and exhibit reduced spectral
contrast relative to immature soils (Fischer & Pieters 1994; Fischer & Pieters 1996; Lucey et al.
2000). Thus, the diagnostic spectral features of mare basalts are more subdued in spectra of mature
soils, which contain less fresh fragments from the bedrock.

The spectra of the Marius Hills complex (S6, S11 and S12 in Fig. 7) are consistent with the
conclusion that the entire plateau has a relatively weak 1 µm band depth from M3 data (Besse et al.
2011).

5.2 TiO2 and FeO Abundances and Distribution

A quantitative value is required in order to establish a boundary condition that dictates whether or
not a basalt area/unit is considered spectrally distinct from its neighbor. We produced two distinct
compositional maps (FeO, TiO2, Figure 8(a), 8(b)) of the Aristarchus region by applying the algo-
rithms developed by Lucey and coworkers (Lucey et al. 2000). In these chemical abundance maps
from Clementine data, the effects of maturity are removed and the differences due to compositional
variations are isolated (Heather & Dunkin 2002). The FeO and TiO2 contents are estimated to accu-
racies of 1 wt% (Lucey et al. 2000). We categorized mare units into high-Ti and low-Ti basalts based
on their TiO2 content (Le Bas 2001) that had approximately 6 wt% TiO2. The “High-Ti basalts” (6-
14 wt% TiO2) in the compositional classification system was once used for Apollo and Luna basalts
(Papike et al. 1998).

These spectrally distinct areas/units defined in this study can be characterized by their com-
positional variations. The values in Table 2 were obtained with random measurements which were
taken of a circular area with diameter 20 km from each basaltic area/unit surface. These values are
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Fig. 7 The spectra (reflectance normalized to unity at 750 nm) of eight types of mare soils in the
region being studied.

Fig. 8 TiO2 and FeO abundance maps constructed using the algorithm of Lucey et al. (2000). (a)
TiO2 map; mare basalts in the region under study are mostly dominated by low-Ti (1.5–6 wt% TiO2)
and high-Ti (>6 wt% TiO2) basalts; (b) FeO map; the data still suffer from orbital stripes as a result
of photometric complications.

unaffected by contamination which can be distinguished from the surface basalts in these chemical
content maps (FeO and TiO2) and the false color images (Kodama & Yamaguchi 2003). The values
of chemical composition in Table 2 show that areas 1, 4 and unit P1 (<6 wt% TiO2) are part of
low-Ti basalts, while the other areas (areas 2, 3, 5 and 6) and units (P2–P5) are part of the high-Ti
basalts. FeO contents of most of these areas and units are more than 18 wt%, except for unit P1
(16.8 wt% FeO). In our experience, the basaltic areas/units having similar spectral variation have
close chemical composition contents, though these areas/units show a great range in TiO2 contents
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Table 2 The chemical composition1of several mare basalts derived from
Clementine UV/VIS data based on algorithms by Lucey et al. (2000).

Area Unit

Number TiO2(wt%) FeO(wt%) Name TiO2(wt%) FeO(wt%)

1 2.0 18.4 P1 3.9 16.8
2 6.8 19.5 P2 8.8 20.8
3 9.7 21.8 P3 11.3 21.4
4 3.2 18.5 P4 14.0 22.9
5 7.9 21.7 P5 7.2 21.6
6 13.4 22.9 – – –

1 These chemical values were obtained with random measurements which were taken
from a circular area with a diameter of 20 km. Each basaltic unit’s surface is unaf-
fected by contamination.

(Table 2). Therefore, only these representative areas (1–6) and units (P1–P5) distributed in Oceanus
Procellarum are included to extract their chemical composition values.

The distribution of mare basalts derived in this study is not only consistent with previous studies
(e.g., Pieters 1978; Whitford-Stark & Head 1980; Hiesinger et al. 2003; Staid et al. 2011), but also
includes several new differences. Application of these datasets in our study results in estimates of
approximately 6–14 wt% TiO2 for H type basalts (Fig. 6). However, the TiO2 content of the basalt
P1 in area 2 (Fig. 6) is 3.9 wt% (low-Ti basalt) and was classified as LBG type in the study of Pieters
(1978).

The recent M3 spectral observation (Staid et al. 2011) was not able to differentiate unit P1 from
area 2 by using spectra. From the two color images from Clementine (Fig. 2(a) and 2(b)), they both
show that the characteristic color of unit P1 is different from its surrounding basalts. Our basalt
unit P3 is divided into H type (high-Ti basalt) in our study, which was classified as HDSA and
hDSA spectral types in previous Earth-based telescopic observations (Pieters 1978; Pieters et al.
1980). However, it was outlined into area 2 according to the spectral similarity between them from
investigation with the M3 data (Staid et al. 2011). In addition, FeO and TiO2 contents of unit P3
are closer to area 3 than area 2 (Table 2), and its age was regarded as one homogeneous basalt in
the study of Hiesinger et al. (2003). The average FeO and TiO2 contents of unit P4 are both very
high (FeO, 22.9 wt%; TiO2, 14.0 wt%). Pieters (1978) defined unit P4 as HDSA class and it was
classified as part of the Eratosthenian System (EM) unit in a geologic map of the nearside of the
Moon (Wilhelms et al. 1971). The strong spectral absorption depth near 1 µm (S11 in Fig. 7) of
basalt P4 also indicates that it is relatively younger than the surrounding basalts, which is consistent
with the order of their occurrence measured in the work of Hiesinger et al. (2003).

Our study also confirms that basalts in the west with high-Ti content also have substantially
higher iron content than previous studies (e.g., Staid & Pieters 2001). The TiO2 contents of areas 1
and 4 are obviously lower (< 4 wt% TiO2) than other high-Ti areas, such as 2, 3, 5 and 6 (> 6 wt%
TiO2). This suggests that areas 1 and 4 are individual low-Ti basaltic units in terms of volcanic
history of the Moon. The strong 1 µm absorption by the mare soils in the west with high-Ti content
may be due to the presence of abundant olivine within the emplaced basalts (Staid & Pieters 2001),
and thus indicates that even the young high-Ti basalts in the west were very rich in iron (> 20 wt%
FeO). FeO content of the high-Ti area 2 (6.8 wt% TiO2, 19.5 wt% FeO) is slightly lower than other
high-Ti areas (Table 2).

The basalts associated with area 2 were stratigraphically younger than area 3 as found by spectral
analysis of the M3 data in the work of Staid et al. (2011). However, the mare age map of Hiesinger
et al. (2003) shows that their age units appear to be less contiguous than the spectral areas observed
in the M3 integrated band depth image (Staid et al. 2011). Combining with crater size-frequency
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distribution ages, Hiesinger et al. (2000) found no distinct correlation between the age of the deposit
and the composition. Instead, FeO and TiO2 concentrations appear to vary independently with time,
and eruptions of TiO2-rich and TiO2-poor basalts have generally occurred contemporaneously, as is
the case for basalts with varying FeO contents (Hiesinger & Head 2006).

6 CONCLUSIONS

Clementine observations of western nearside maria surrounding the Aristarchus Plateau have pro-
vided new information about the mineralogy and the distribution of these last major phases of lunar
volcanism. Using the above criteria and method, and comparing with previous work, give us an idea
of the validity of units’ boundaries and the accuracy of our classification scheme. The correlation
between their resulting maps (e.g., Pieters & McCord 1976; Whitford-Stark & Head 1980; Staid
et al. 2011) and ours is excellent, but our map reveals additional details of subdivisions that are not
defined in the above studies (e.g., basalt classes classified by Pieters (1978)), demonstrating that our
technique, from which spectrally distinct mare basalts can be mapped, performed well and can be
confidently applied to other areas.

This study of the Clementine data for basalts on the western nearside still contains a wealth of
information that can provide insights into their spectral and compositional variations. The relation-
ships that exist among spectral and compositional variations, maturity and the discrete stratigraphic
sequences of mare basalts occurring on the Moon will be important targets for future studies. More
detailed examinations of previous remote sensing data (including earth-based telescopic data) have
provided information about mineralogical trends related to the evolution of mare basalt composition
during and after emplacement.

The recent investigations of high spectral-resolution M3 data have provided general spectral
characteristics of distinct areas within Mare Imbrium and portions of Procellarum, but the M3 data
have not produced mineral abundance maps such as TiO2 and FeO content maps obtained from the
Clementine mission. In addition, more studies on compositional characteristics and the stratigraphi-
cal sequence of mare geologic units are further needed to provide constraints on their source regions,
temporal evolution and mechanisms.

The high spatial resolution of Clementine data and the high spectral resolution of M3 data are
combined, which is an advantage for future research on these issues. Moreover, the high spectral
resolution of imagery data will be better for SAM supervised classification than poor spectral reso-
lution, and the results will also be improved in the future. This gives us the chance to use new data
sets to further examine and refine the results obtained in our study and, in turn, provides a better
understanding about the history of the Moon. We will later extend the spectral analysis to include
other Mare Imbrium and Oceanus Procellarum basalt types to identify the temporal changes in space
and composition of mare volcanism on the Moon. This analysis will enhance our understanding of
the thermal evolution and interior structure of the Moon.
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