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Compositional analyses of small lunar pyroclastic deposits
using Clementine multispectral data

Lisa R. Gaddis,1 B. Ray Hawke,2 Mark S. Robinson,3 and Cassandra Coombs”

Abstract. Clementine ultraviolet-visible (UVVIS) data are used to examine the
compositions of 18 pyroclastic deposits (15 small, three large) at 13 sites on the Moon.
Compositional variations among pyroclastic deposits largely result from differing amounts of
new basaltic (or juvenile) material and reworked local material entrained in their ejecta upon
eruption. Characterization of pyroclastic deposit compositions allows us to understand the
mechanisms of lunar explosive volcanism. Evidence for compositional differences between
small pyroclastic deposits at a single site is observed at Atlas crater. At all sites,
compositional variation among the small pyroclastic deposits is consistent with earlier
classification based on Earth-based spectra: three compositional groups can be observed, and
the trend of increasing mafic absorption band strength from Group 1 to Group 2 to Group 3 is
noted. As redefined here, Group 1 deposits include those of Alphonsus West, Alphonsus
Southeast, Alphonsus Northeast 2, Atlas South, Criiger, Franklin, Grimaldi, Lavoisier,
Oppenheimer, Orientale, and Riccioli. Group 1 deposits resemble lunar highlands, with
weak mafic bands and relatively high UV/VIS ratios. Group 2 deposits include those of
Alphonsus Northeast 1, Atlas North, Eastern Frigoris East and West, and Aristarchus
Plateau; Group 2 deposits are similar to mature lunar maria, with moderate mafic band depths
and intermediate UV/VIS ratios. The single Group 3 deposit, J. Herschel, has a relatively
strong mafic band and a low UV/VIS ratio, and olivine is a likely juvenile component. Two
of the deposits in these groups, Orientale and Aristarchus, are large pyroclastic deposits. The
third large pyroclastic deposit, Apollo 17/Taurus Littrow, has a very weak mafic band and a
high UV/VIS ratio and it does not belong to any of the compositional groups for small
pyroclastic deposits. The observed compositional variations indicate that highland and mare
materials are also present in many large and small pyroclastic deposits, and they suggest that
volcanic glasses or spheres may not be dominant juvenile components in all large pyroclastic

deposits.

1. Introduction

Lunar pyroclastic deposits are volatile and metallic element
(Fe and Ti) enriched remnants of ancient volcanic eruptions
on the Moon, and they provide clues to conditions in the early
lunar interior [e.g., Papike et al., 1998] and to the distribution
of potential resource materials for future exploitation [Hawke
et al., 1990]. Studies of lunar pyroclastic materials, especially
the primary or juvenile picritic glasses, provide unique
information on the composition of the mantle [e.g., Delano,
1986] and on the nature and origin of associated volatile
elements in an otherwise volatile-depleted environment [e.g.,
Heiken et al., 1974]. Possible fundamental differences
between picritic glasses and mare basalts [e.g., lesser
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fractional crystallization and greater depth of origin for
glasses; Shearer and Papike, 1993; Papike et al., 1998]
support their identification as the best examples of primitive
materials on the Moon and attest to their importance in
characterizing the lunar interior and as a starting place for
understanding the origin and evolution of basaltic magmatism
on the Moon. Remote-sensing analyses of these deposits
have helped us to identify the characteristic components of
some of these deposits [e.g., Adams, 1974; Pieters et al.,
1973, 1974; Gaddis et al., 1985; Lucey et al., 1986; Hawke et
al., 1989; Coombs et al., 1990], to begin to constrain the
distribution of lunar volcanic deposits [Head, 1974], and to
understand the styles of eruption and emplacement of basalts
on the Moon [Wilson and Head, 1981; Weitz et al., 1998].
Previous analyses have established the general distribution,
composition, and eruptive styles of lunar pyroclastic deposits,
but many fundamental questions remain. The higher-spatial-
resolution (~100 m/pixel) views of the Moon presented by the
Clementine ultraviolet-visible (UVVIS) data allow scientists
to (1) develop a more complete picture of the global
distribution of lunar pyroclastic deposits [Gaddis et al.,
1998], (2) identify previously unrecognized pyroclastic
deposits [Shoemaker et al., 1994; Morrison and Bussey,
1997; Rosanova et al., 1998; Yingst and Head, 1998], (3)
characterize the range of pyroclastic material compositions
[Gaddis et al., 1997b; Weitz et al., 1998]; the nature, extent,
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and timing of their association with mare basalts; and their
styles of eruption, and (4) evaluate the implications of these
data for interpretation of lunar volcanic and thermal history.
In this paper, the third of these topics is addressed, and a
compositional analysis of 18 pyroclastic deposits (15 small
and three large) using multispectral data from the Clementine
UVVIS (415- to 1000-nm wavelengths) camera is presented.

1.1. Characteristics and Distribution
of Lunar Pyroclastic Deposits

More than 85 lunar pyroclastic deposits are recognized
[e.g., Gaddis et al., 1985; Hawke et al., 1990; Gaddis et al.,
1998; Figures la and 1b], and numerous additional “dark-
mantled” areas have been identified as possible pyroclastic
deposits [e.g., Blewett et al., 1995a, b; Yingst and Head,
1998]. Lunar pyroclastic deposits are dark and smooth-
surfaced, and they are commonly observed in association with
sinuous rilles, irregular depressions, or endogenic craters
within highlands and/or the floors of old impact craters
situated along the margins of many mare-filled impact basins
on the lunar near and far sides [e.g., Head, 1974]. Previous
analyses recognized that many lunar pyroclastic deposits
contain dark, glass-rich, friable materials such as those
collected at Taurus-Littrow during Apollo 17 [e.g., Lucchitta,
1973]. Studies of the orange and black spheres from Apollo
17 samples revealed volatile-enriched coatings, which were
inferred to have resulted from fire fountaining during the
emplacement of associated mare basalts [e.g., Heiken et al.,
1974]. The primitive composition of the pyroclastic glasses
indicates that they have undergone little or no fractionation or
contamination after leaving their source region, and thus they
are inferred to reflect the primary compositional
characteristics of the deep (>300-km) interior or mantle of the
Moon [e.g., Delano and Livi, 1981; Papike et al., 1998].
Compositional analyses of several of the "black spots" from
Earth-based spectral reflectance data identified the black
spheres as the dominant component [e.g., Pieters et al., 1973,
1974].

Lunar pyroclastic deposits are divided into two classes on
the basis of size, morphology, and occurrence [e.g., Gaddis et
al., 1985]. The large deposits (~10 in number) are of regional
extent (generally >2500 km’ in size), while small deposits
(~90 in number) are more localized (<2500 km?). Several
large pyroclastic deposits (e.g., those at Taurus-Littrow,
Sulpicius Gallus, Sinus Aestuum, and Aristarchus) are
observed in the highlands on the margins of several mare-
filled impact basins and thus were inferred to mark the
locations of source vents for associated pyroclastic and mare
volcanic activity [Head, 1974]. A range of compositions of
these large or regional lunar pyroclastic deposits has been
inferred from remote-sensing data [e.g., Gaddis et al., 1985;
 Lucey et al., 1986; Hawke et al., 1991; Bussey and Spudis,
1997; Weitz et al., 1998], with iron-rich volcanic beads (both
vitreous and crystalline) inferred to be a spectrally dominant
component. Eruption and emplacement of regional
pyroclastic materials are thought to have been due to
strombolian-style, fire-fountain events associated with high-
effusion-rate, long-duration eruptions such as those often
associated with large vents and sinuous rilles [Wilson and
Head, 1981; Weitz et al., 1998]. Such eruptions are thought
to have occurred primarily during an early period of lunar
volcanism (~3.6 b.y. ago) and to have been favored at impact
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basin margins by relatively thin crust and extensional stresses
[e.g., Head and Wilson, 1992; Lucey et al., 1994].

The small, localized pyroclastic deposits such as those
along fractures in the floor of the crater Alphonsus are widely
distributed across the lunar near and far side [e.g., Gaddis et
al., 1985; Hawke et al., 1989; Coombs and Hawke, 1988;
Coombs et al., 1988, 1990; Gaddis et al., 1997b]. Examples
of small pyroclastic deposits found on the far side include
those in the floor of Schrodinger crater [Shoemaker et al.,
1994], at Oppenheimer crater [Morrison and Bussey, 1997,
Rosanova et al., 1998], and in the Apollo basin within the
South Pole/Aitken Basin [Robinson et al., 1996]. These
"dark-halo crater" deposits are interpreted to be the result of
vulcanian-style or possibly intermittent eruptions, with
explosive decompression and removal of a plug of lava or cap
rock within a conduit and formation of a vent crater [Head
and Wilson, 1979]. In addition to their common occurrence
as endogenic dark-halo craters along fractures in Imbrian to
pre-Imbrian (>3.2 b.y.) impact craters in highland areas along
the perimeters of major lunar maria, localized pyroclastic
deposits have been identified as isolated, small, dark materials
in highland and maria areas, often with no observable source
vent [e.g., Hawke et al., 1989]. Although eruptions of
localized pyroclastic deposits are thought to have occurred
primarily during an early period of lunar volcanism and to
have been favored by relatively thin crust associated with
impact basins [see Head and Wilson, 1992], a possible
"young" (~1 b.y.) deposit has been identified near Taruntius
crater (5.2°N, 46.5°E [Spudis, 1989]).

As with the regional deposits, a wide range of
compositional variation exists among localized pyroclastics.
However, instead of new or juvenile volcanic glasses being
the spectrally dominant compositional component in the small
pyroclastic deposits, identifiable differences in the relative
amounts of possible juvenile materials versus host rock form
at least three classes of localized deposits (Table 1) [Coombs
and Hawke, 1988; Coombs et al., 1988, 1990; Hawke et al.,
1989]. The juvenile materials may consist of disrupted
fragments of a preexisting basaltic cap rock or new magmatic
materials from depth. The small pyroclastic deposits were
subdivided into three compositional classes on the basis of
the depth (i.e., strength), position, and shape of their "1.0-
micron" or mafic absorption band in Earth-based spectra [e.g.,
Hawke et al., 1989] (Figure 2). The mafic absorption band in
lunar soils is primarily due to Fe** in iron-bearing components
such as the minerals pyroxene and olivine and the volcanic
glasses [e.g., see Pieters and Englert, 1993, chap. 14].

1.1.1. Small pyroclastic deposits: Group 1. Mafic
bands of small pyroclastic deposits in the Group 1 class
(Table 1) are centered near 0.94 um, have relatively shallow
depths, and are asymmetrical, with "checkmark"-like shapes
(straight, steep short-wavelength edges and shallow, straight
long-wavelength edges). Spectra for Group 1 deposits
resemble those of typical highlands and are indicative of the
presence of feldspar-bearing mafic assemblages dominated by
orthopyroxene. Also, the shapes of the mafic bands of Group
1 deposits indicate the presence of an additional iron-bearing
component with a band near 1.0 um (such as volcanic glass,
olivine, or clinopyroxene) which has acted to modify the
typical orthopyroxene mafic band. Although compositional
variation is observed within different Group 1 deposits, most
appear to be mixtures of highlands-rich country rock and
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Figure 1. Lunar pyroclastic deposits: (a) the large pyroclastic deposit of the Rima Bode region of the Moon
(-3°W, 13°N; LOIV-109 H2) and (b) the small pyroclastic deposits (North and South) in the floor of Atlas
crater (diameter 67 km; 44.7°E, 46.0°N; LOIV-79H2 and H3). North is toward the top.
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Table 1. Earth-Based Spectral Classification of Small Lunar Pyroclastic Deposits
Group Sites Mafic Band Lithology
Center, pym Depth, % Shape

1 Atlas South 0.94 4-5 asymmetrical mixed highlands wall rock (opx),
Franklin glass-rich juvenile material,
Alphonsus West lesser basaltic cap rock (cpx)

2 East of Frigoris, West 0.96 7 approximately mostly fragmented basalt (cpx),
East of Frigoris, East symmetrical little highlands and glassy

material admixed
3 J. Herschel 1.0 5-7 symmetrical juvenile material rich in

olivine, admixed
highlands (opx)

After Hawke et al. [1989].

glass-rich juvenile material with small amounts of basaltic
cap rock material. Examples of Group 1 small pyroclastic
deposits are found on the crater floors of Atlas (45°N, 45°E)
and Franklin (29°N, 48°E) and near Grimaldi (1°S, 64°W).
1.1.2. Small pyroclastic deposits: Group 2. Mafic bands
in spectra for Group 2 deposits are centered near 0.96 pm,
have greater depths than those of Group 1, and are
symmetrical in shape. Group 2 spectra are similar to those of
mature mare deposits, and they are dominated by
clinopyroxene. Small pyroclastic deposits in Group 2 appear

to consist largely of fragmented plug rock material, with
smaller amounts of highlands and/or juvenile materials.
Examples of Group 2 deposits are the two small deposits east
of Aristoteles crater (50°N, 21°E and 28°E) along the
southeast margin of Mare Frigoris.

1.1.3. Small pyroclastic deposits: Group 3. Mafic bands
of Group 3 deposits are centered near 1.0 pm, have
intermediate depths, are relatively broad and asymmetrical,
and are probably multiple bands. Spectra of Group 3 deposits
are dominated by orthopyroxene and possibly olivine; the
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Figure 2. Earth-based spectra for several small lunar pyroclastic deposits [after Hawke et al., 1989]. The
spectra have had straight-line continua removed to facilitate comparison of the band depths at ~1.0 zm.
Group 1 deposits include those of Atlas (South), Grimaldi, and Franklin, Group 2 deposits include those of
East of Aristoteles (Eastern Mare Frigoris East and West), and Group 3 deposits include those of J. Herschel.
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orthopyroxene is likely to have been emplaced as a result of
erosion and entrainment of the wall rock, and the olivine may
be associated with new magmatic or juvenile volcanic
material. An example of the Group 3 small pyroclastic
deposits is that of J. Herschel crater (62°N, 42°W).

1.2. Objectives

The availability of Clementine high-spatial-resolution,
multispectral data for the Moon allows us to characterize the
compositions of lunar pyroclastic deposits at a level of detail
that was previously unattainable [Nozette et al., 1994;
McEwen and Robinson, 1997]. A key issue involves the
nature and distribution of new magmatic or juvenile
pyroclastic materials. Although it is thought that low-albedo
glasses and devitrified beads are the dominant components of
many regional pyroclastic deposits, other components (such
as finely or coarsely fragmented basalt clasts, and reworked
country rock of either highlands or mare composition) also
may be present in varying proportions [e.g., Nagle, 1978].
Identification and characterization of juvenile volcanic
components are vital for understanding the primary mafic
materials on the Moon and for constraining their eruption
conditions and mechanisms.

In this paper, the Clementine UVVIS data are used to
perform a compositional analysis of 15 small lunar pyroclastic
deposits at 11 sites on the Moon (Figures 3 and 4; Table 2).
The small pyroclastic deposits are the focus of this study
because of their possible relative youth (~1 b.y. [Spudis,
1989]), their broad global distribution and relatively large
population, and the fact that their small sizes may have
limited the accuracy of early Earth-based (most commonly 1
to 10 km spectral spot size) spectral analyses. This analysis is
complementary to that of Weitz et al. [1998], who used
Clementine UVVIS data to study seven regional pyroclastic
deposits. Weitz et al. [1998] supported previous
identifications of iron-bearing glasses as major juvenile
components of these deposits, and they characterized the
distributions of glassy and devitrified materials to constrain
models of their eruption dynamics in volcanic plumes. By
comparing compositional data for both small and large
pyroclastic deposits, the nature of juvenile materials in both
types of deposits can be constrained. The objectives of this
work are to (1) examine the spatial distribution of pyroclastic
materials at a single site to determine whether evidence of
multiple eruptions can be observed, (2) understand the extent
of compositional variations among small lunar pyroclastic
deposits, and (3) characterize the juvenile components of the
small pyroclastic deposits.

2. Methods

2.1. Clementine Data Processing

The Clementine data were obtained by the UVVIS camera
at five wavelengths or bands: 415, 750, 900, 950, and 1000
nm (0.415, 0.75, 0.90, 0.95, and 1.0 um). The U.S.
Geological Survey Integrated Software for Imagers and
Spectrometers (ISIS) software [Eliason, 1997; Gaddis et al.,
1997a; Torson and Becker, 1997; McEwen et al., 1998] was
used to process the raw Clementine images and to create
multispectral mosaics. Input files are predominantly single
long-exposure files, with occasional use of merged long- and
short-exposure data to improve saturated areas. Radiometric
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calibration and data processing steps were conducted in 11
phases [McEwen et al., 1998; Eliason et al., 1999], including
electronic offset and gain corrections, dark-current
subtraction, nonlinearity and temperature-dependent offset
corrections, readout or frame transfer correction, flat-field and
exposure-time corrections, normalization to a 1-AU distance
and conversion to 1-AU relative radiance, conversion to
reflectance, photometric normalization (to standard viewing
angles of phase=30°, emission=0°, and incidence=30°),
subpixel-level coregistration to nearest 0.2 pixel, projection to

Sinusoidal Equal-Area, and automated mosaicking. The
photometric correction is applied to permit accurate
comparison of frame-to-frame reflectance values; the

correction is a hybrid function involving separate corrections
at different phase angle ranges [McEwen, 1991, 1996;
McEwen et al., 1998]. The hybrid photometric correction was
derived from analyses of Galileo Solid-State Imager (SSI)
data (primarily at the 756-nm wavelength) at phase angles of
20° to 100°, supplemented by analyses of low-phase (0° to
4°) Clementine data [Buratti et al., 1996], and disk-integrated
photometric models of P. Helfenstein (personal
communication, 1998). Clementine data used in this analysis
have original phase angles of 14° to 60° (Table 2). The data
were spectrally calibrated from digital numbers (in counts/ms)
to bidirectional reflectance (percent reflectance, within 5% of
absolute) at the standard viewing geometry using reflectance
properties of soil at the Apollo 16 landing site to facilitate
compositional analyses (C.M. Pieters et al.,, Clementine
UVVIS data calibration and processing, available at
http://www planetary.brown.edu/clementine/calibration.html,
1997) (hereinafter referred to as Pieters et al., online
document, 1997).

Possible sources of error in the Clementine data include
residual calibration errors (~1% filter-to-filter; Pieters et al.,
online document, 1997), photometric variations within a
scene, uncorrected topographic effects, and scattered light.
Residual photometric effects include wavelength-dependent
variations (currently unaccounted for in the photometric
normalization) at levels of about 0.2% across a Clementine
frame and ~0.5% between frames. Topographic effects,
particularly those due to steep slopes, can change the effective
phase angle and thus alter the apparent brightness of a feature.
Although characterization of the effects of topography on
analyses of Clementine data are underway [e.g., Jolliff, 1999;
Robinson et al, 1999], no attempt has been made yet to
include a topographic correction in the current Clementine
data processing. Scattered light is a possible anomalous
brightness in which high-albedo units influence the measured
values of low-albedo units (and vice versa) to varying degrees
at different wavelengths [e.g., Gaddis et al., 1995; Li et al.,
1999]. In the Clementine data, at a wavelength of 415 nm
(where scattered light appears to be most significant),
scattered light has an estimated magnitude of ~10% in
residual brightness near the lunar limb, and it falls to a value
of ~3% at a distance of 200 pixels [Robinson et al., 1999].

2.2. Interpretation of Lunar Multispectral Data

In the UVVIS spectral range of the Clementine data, iron-
bearing silicate minerals (such as pyroxene and olivine) and
volcanic glasses have characteristic Fe** electronic transition
absorption bands near 1.0 pm [e.g., Burns, 1993]. The
presence and composition of these components can be
characterized by the position, shape, and depth of their mafic
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Figure 4. Clementine albedo (750 nm) data for representative examples of the three types of small
pyroclastic deposits on the Moon. Included (from top, left to right) are Atlas, Franklin, Eastern Mare
Frigoris, and J. Herschel. The annular ring pyroclastic deposit at Orientale is also included for comparison.
See Table 2 for site locations.
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Table 2. Lunar Sites, Spectral Classification, and Clementine Color Ratio Data Included in This Analysis

Name Group”  Type' Location Phase  415/750  950/750
(lat., lon.) Angle*
1. Alphonsus Northeast 1 2 sp -12.8°, -1.6° 16 0.57 1.06
2. Alphonsus Northeast 2 1 sp -12.5°,-1.9° 16 0.59 1.05
3. Alphonsus Southeast 1 sp -14.4°,-1.9° 15 0.58 1.05
4. Alphonsus West 1 sp -13.6°, -4.1° 16 0.58 1.09
5. Apollo 17/Taurus Littrow - Ip 20.4°, 30.1° 20 0.65 1.15
6. Aristarchus 2) Ip 26.7°, -50.5° 27 0.56 1.07
7. Atlas North 2 sp 47.3°, 44.8° 51 0.56 1.06
8. Atlas South 1 sp 45.7°, 44.6° 50 0.58 1.08
9. Criiger 1 sp -17.9°, -66.7° 20 0.59 1.09
10. Franklin 1 sp 38.4°,47.9° 41 0.57 1.10
11. Eastern Frigoris East 2 sp 50.1°, 34.4° 55 0.56 1.06
12. Eastern Frigoris West 2 sp 49.6°, 27.4° 52 0.56 1.06
13. Grimaldi 1 sp -0.8, -62.3° 19 0.59 1.08
14. Jansen - fmce 13.5°,28.7° 18 0.63 0.95
15. J. Herschel 3 sp 61.4°,-36.9° 60 0.55 1.03
16. Lavoisier 1 sp 38.2,-80.8° 34 0.59 1.08
17. Mare Serenitatis - mm 24.5°,13.5° 35 0.60 1.05
18. Mare Tranquillitatis - mm 13.5°,22.0° 30 0.68 1.06
19. Menelaus - fhe 16.3°,16.0° 16 0.64 1.08
20. Oppenheimer sp -35.6, -166.0° 36 0.58 1.06
21. Orientale (1) Ip? -30.2°,-97.4° 35 0.59 1.09
22. Riccioli 1 sp -2.9,-74.2° 22 0.58 1.07

*Group: revised spectral classification for small pyroclastic deposits [after Hawke et al., 1989]. Parentheses

denote possible Group similarities for a large deposit.

*Type: sp, small pyroclastic deposit; lp, large pyroclastic deposit; fmc, fresh mare crater; mm, mature mare

deposit; the, fresh highlands crater.

‘Phase angle of the original, uncorrected Clementine data.

absorption bands. Although pyroxenes have absorption bands
at both 1 and 2 pum, the precise band centers near 1.0 um are
diagnostic of pyroxene chemistry (e.g., Fe, Mg, Ca
substitution), with band centers moving to longer wavelengths
as Ca and Fe substitute at increasing levels for Mg in the
pyroxene structure [e.g., Adams, 1974; Hazen et al., 1978;
Cloutis and Gaffey, 1991]. In the UVVIS wavelength range,
low-Ca pyroxenes (commonly orthopyroxenes) have band
centers between 0.9 and 0.94 um, and high-Ca pyroxenes
(clinopyroxenes) have band centers between 0.95 to 1.05 um
[Adams, 1974]. Orthopyroxenes are typical of lunar highland
units, and clinopyroxenes are observed commonly in the lunar
maria. Olivine has a single, broad absorption feature centered
near 1.1 pm because of three overlapping Fe** absorptions;
the center wavelength of each band varies with substitution of
Fe for Mg in the olivine crystal structure [e.g., Burns, 1970,
1993]. Volcanic glasses which are iron-rich, such as the
orange glasses from the Apollo 17/Taurus-Littrow region and
the green glasses from Apollo 15/Hadley-Apennine region,
_have broad, Fe®* mafic absorptions at or beyond 1.0 um and a
" weaker band at 1.8 pm [e.g., Adams et al., 1974; Bell et al.,
1976]. Variations in titanium content among these glasses are
distinguishable in remote spectra by an absorption feature
near 0.6 um, and these effects are often superimposed on the
longer-wavelength glass absorption bands [e.g., Pieters and
Englert, 1993, chap. 14].

Although the ~100 m/pixel spatial resolution of the
Clementine UVVIS data is higher than that previously
available, the five-band data have limited spectral resolution
when compared to some Earth-based spectral data (which
may have >100 spectral channels between 400 and 1000 nm).

These characteristics of the Clementine UVVIS data have
prompted the use of relative brightness and other spectral
parameters as indicators of color differences and thus
compositional variations in the multispectral data. The
overall brightness or “albedo” of a unit at 750 nm is a first-
order indicator of differences in color due to variations in soil
mineralogy, maturity, particle size, and viewing geometry
effects. As with mature mare soils, the primary compositional
differences among the small lunar pyroclastic deposits that
can be characterized with Clementine data include relative
titanium content [e.g., Johnson et al., 1991], and relative
mafic content and composition [e.g., Pieters et al., 1993;
Pieters and Englert, 1993, chap. 14]. The relative titanium
content of a basaltic soil is described by the slope of the line
between 415 and 750 nm, defined as the ratio of UV/VIS or
the 415/750 nm ratio. Deposits with high 415/750 values
have higher titanium contents and have historically been
called “blue”; deposits with low values have lower titanium
contents and are “red” [e.g, Wilhelms, 1987]. The mafic
content is defined by the 1-um band strength, or the ratio of
950/750 nm. Deposits with low 950/750 values have deep
1.0-um bands and strong mafic spectral signatures, and those
with high 950/750 values have shallow bands and weak mafic
signatures. In addition to providing effective compositional
discrimination among the small pyroclastic deposits, the
spectral ratio parameters (as measures of relative reflectance)
serve to minimize small residual photometric variations due to
viewing geometry effects. As noted further below, these
relative compositional classifications for pyroclastic deposits
are complicated by the possible presence of volcanic glasses
in the deposits.
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The use of Clementine spectral ratios for compositional
analyses is warranted by the lack of spectral resolution and
information beyond 1 um in the UVVIS data. It is impractical
to remove a slope or continuum curve from the UVVIS data
as is commonly done to Earth-based spectral data to enhance
the apparent shape and position of the 1.0-um band [e.g.,
McCord et al., 1981; Fischer and Pieters, 1994, 1996;
Tompkins and Pieters, 1999]. The slope of such a continuum,
along with overall reflectance and mafic absorption band
strength, bears evidence of the amount of “space weathering”
a mature mafic soil has undergone With increasing age, the
continuum slope increases, and the overall reflectance and
mafic band depth decreases. Although knowledge of these
slope values is not available from the Clementine UVVIS
data, the UV/VIS and 950/750 ratio values can also be
interpreted in terms of relative soil maturity: a mature soil is
“red” and has a relatively shallow 1.0-um band, while a more
immature soil is “blue,” with a deeper 1.0-um band [e.g.,
Fischer and Pieters, 1994]. These effects are complexly
convolved with those due to the presence of titanium- and
iron-bearing minerals in lunar soils [e.g., Lucey et al., 1998a,
b].

Recent work with the global Clementine UVVIS data has
led to the development of geochemical estimates of FeO and
TiO, abundances, along with relative soil maturity, based on
empirical relationships between spectral properties and
elemental abundances for lunar soils [e.g., Lucey et al., 1994;
1998 a, b]. These estimates are based on correlations between
geochemical data from lunar samples and reflectance at
0.415, 0.75, and 0.95 pum and they represent attempts to
deconvolve the sometimes competing effects of composition
and maturity on reflectance. The models account for the
effects of the presence of ferrous iron, titanium, and opaques
in minerals, as well as submicroscopic metallic iron produced
by space weathering. A key assumption in the development
of the models used to derive these estimates is that glass
abundance in lunar soils is highly correlated with maturity.
Impact glasses are the dominant form of glass on the Moon,
and they are a major component of agglutinates formed as
soils increase in age. Because the effects of volcanic glasses
on this relationship are presently unknown, both the FeO and
TiO, abundances and the maturity of soils developed on lunar
pyroclastic deposits cannot yet be completely constrained by
the same means.

Although both intimate and coarse mixing of components
of variable composition play significant roles in the
development of all lunar soils [e.g, Pieters and Englert, 1993,
chap. 14] and the deconvolution of soil components as
identified remotely has been the subject of intensive
investigation in recent years [e.g., Sunshine and Pieters,
1993; Mustard et al., 1998], the approach used here is to
evaluate small pyroclastic deposit compositions on the basis
of the dominant type of mafic minerals as observed in the
spectral ratio parameters identified above. This first-order
classification will serve as a comparison to previous Earth-
based spectral analyses and will provide a basis for further
characterizations of lunar volcanic deposits with the
Clementine data.

3. Compositional Analyses of Small
Pyroclastic Deposits

To characterize the compositions of the small pyroclastic
deposits on the basis of Clementine UVVIS data, we focus on
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15 small pyroclastic deposits at 11 sites broadly distributed
across the Moon (Table 2; Figures 3 and 4): Alphonsus crater
floor, Atlas crater North and South floor; near Criiger crater,
Franklin crater floor; two deposits on the southeastern margin
of Mare Frigoris, or Eastern Frigoris West and East, near
Grimaldi crater, the southeast of the floor of J. Herschel
crater, Lavoisier crater floor, Oppenheimer crater floor, and
near Riccioli crater. In each case, probable vents, generally in
the form of endogenic “dark-halo” craters or dark-rimmed
irregular depressions, are identifiable [e.g., Head and Wilson,
1979]. Spectral data for three large pyroclastic deposits and
several typical mare and highlands sites are included for
comparison: (1) the annular ring of pyroclastic material along
the southern margin of Orientale basin [e.g., Bussey and
Spudis, 1997; Weitz et al., 1998], the regional deposits at (2)
Apollo 17/Taurus-Littrow and (3) Aristarchus, (4) the young
highlands crater Menelaus, (5) the young mare crater Jansen,
(6) the high-titanium mare of northern Mare Tranquillitatis,
and (7) the low-titanium mare of southeastern Mare Imbrium.
The Orientale pyroclastic deposit is enigmatic: because it is
large, it has been modeled as a regional deposit [e.g., Head et
al., 1997; Weitz et al., 1998], but its nearly circular form and
its clearly visible vent are similar to those of small pyroclastic
deposits. This comparison of compositional data for large
and small pyroclastic deposits, including the Orientale
deposit, may help to clarify the nature of this deposit. Spectra
were obtained with sampling areas of 15x15-pixel or 25x25-
pixel box sizes (at 100 m/pixel) within spectrally
homogeneous, topographically flat units near the vent(s). The
one exception to this spectral extraction method is the
Orientale annular deposit ~80 km from the apparent vent; in
this area, spectra were extracted within uniformly dark units
spaced widely around the ringed deposit. In all cases, it is
assumed that the spectra represent mature volcanic soils in
which particle size has been homogenized by maturation
processes. In each case, spectral extraction was restricted to a
single-orbit strip to limit problems with interorbit brightness
variations due to changes in viewing geometry [e.g., Jolliff,
1999]. Standard deviations of <2% at each wavelength are
typical.

To characterize further the juvenile components in lunar
pyroclastic deposits, the Clementine color ratio data can be
used to evaluate subtle differences in composition among the
small pyroclastic deposits and to compare them to other lunar
units. In this section, a summary of the interpretation of the
reflectance spectra for the small pyroclastic and comparative
deposits is presented. These data are then used (1) to examine
the spatial distribution of pyroclastic materials in the floor of
Atlas crater to search for evidence of multiple eruptions at a
single site and (2) to characterize the extent of compositional
variations among representative examples of small and lunar
pyroclastic deposits. These analyses set the stage for a
summary discussion of the nature of the juvenile components
of lunar pyroclastic deposits.

3.1. Spectral Interpretation

Clementine five-band UVVIS reflectance spectra for 14
lunar sites, including 10 pyroclastic deposits at 8 sites, are
shown in Figure 5 (see also Figure 3 and Table 2). The small
pyroclastic deposits, chosen as representative examples of the
three compositional classes of Hawke et al. [1989], include
those at Alphonsus West (near Alphonsus CA), Atlas South
and North, Franklin, Eastern Frigoris East and West, and J.
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Figure 5. Clementine spectral reflectance data for examples
of three types of small pyroclastic deposits on the Moon,
along with spectra for the larger pyroclastic deposits at Apollo
17/Taurus Littrow and Aristarchus Plateau and for typical
mare and highlands soils. Included are spectra for Atlas
South and North floor, Franklin floor, deposits in the West
and East of Eastern Mare Frigoris, J. Herschel, Orientale
Basin south rim, and Alphonsus. See Table 2 for site
locations.

Herschel. Large deposits include those at Orientale, Apollo
17/Taurus-Littrow, and Aristarchus. Also for reference,
spectra for a highlands crater (the Copernican crater
Menelaus, 26-km diameter), a mare crater (Jansen, 23-km
diameter), and the mature mare deposits of Serenitatis (low
titanium) and Tranquillitatis (high titanium) are shown. For
information on primary mineralogic variations among the
small pyroclastic deposits, three aspects of these spectra are
emphasized: the albedo of the deposits at 750 nm, the
415/750 nm (UV/VIS) ratio, and the 1-zm band depth.

3.1.1. Albedo. Spectra in Figure 5 show straightforward
albedo trends. The Copernican crater Menelaus, in the
Montes Haemus on the southern rim of Mare Serenitatis, is
the brightest feature, as expected for a relatively fresh
highlands crater exposing anorthositic material. The high-
titanium mare in northern Mare Tranquillitatis and the
pyroclastic deposit at Apollo 17/Taurus-Littrow are the
darkest of the units observed, and these are followed closely
by the slightly brighter Aristarchus Plateau pyroclastic deposit
and the low-titanium mare deposit of central Mare Serenitatis.
Jansen, the relatively fresh mare crater southeast of Plinius,
has an intermediate brightness level overall, and it is brighter
than the two mature mare deposits at Mare Serenitatis and
Mare Tranquillitatis. The majority of the pyroclastic deposits
observed have intermediate albedoes at 750 nm, with
brightness increasing from Alphonsus West, Eastern Frigoris
East and West, Atlas South, J. Herschel, Atlas North,
Franklin, to Orientale. These brightness variations are
interpreted to result largely from compositional differences
due to iron and titanium (or opaque mineral) contents of
basalts and volcanic glasses in the mare and pyroclastic
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deposits, with possible superimposed maturity effects [largely
the amounts of submicroscopic metallic iron and agglutinates;
Pieters and Englert, 1993; Lucey et al., 1998a].

3.1.2. UV/VIS. In Figure 5, the UV/VIS ratio for each
deposit (Table 2) is examined as the slope of the line between
415 and 750 nm. These spectra show that the steep 415/750
slopes of the immature highlands and mare units such as
those at Menelaus crater (415/750 or UV/VIS=0.64) and
Jansen (0.63) are readily distinguished from the relatively
shallow slopes (lower UV/VIS values) of the more mature
mare and localized pyroclastic deposit soils. In the case of
the highlands crater Menelaus, these data are indicative of a
relatively young or fresh surface with an anorthositic lithology
[e.g., Pieters, 1986]. For Jansen, these relatively high
UV/VIS values are typical of a fresh mare crater in a low-
titanium basalt soil. Differences among the pyroclastic
deposits as reflected in the UV/VIS values may be attributable
to mineralogic and/or maturity differences, although the
maturity relationships (in the form of competition between
juvenile glasses and agglutinitic glasses due to space
weathering) for these deposits are poorly understood at
present. Weitz et al. [1998] have related the 415/750 values
for large pyroclastic deposits to color differences due to
pyroclastic glass crystallinity and/or the Fe*Ti content of the
glasses, as well as relative maturity. The 415/750 values
observed among the small pyroclastic deposits are generally
lower (redder) than those of the large pyroclastic deposits,
ranging from ~0.55 (J. Herschel) to 0.59 (Orientale) as
compared to 0.65 for Apollo 17/Taurus-Littrow. These
values are typical of mature lunar mare and highlands
deposits and thus support the previously identified spectral
affinities with typical mare (Group 2) and highlands soils
(Group 1) for the majority of small pyroclastic deposits [e.g.,
Hawke et al., 1989].

3.1.3. One-micrometer band depth. Spectra in Figure 5
also allow us to compare mafic mineralogies by estimating the
slope of the line between 950 and 750 nm as a measure of
depth of the 1-um absorption band (see also Table 2). The 1-
um band of the fresh highlands crater Menelaus is very
shallow or weak (950/750=1.08), as is consistent with a
noritic anorthosite lithology and with a small amount of low-
Ca pyroxene as the primary mafic mineral. By contrast, the
mafic band of Jansen, the fresh mare crater southeast of
Plinius, is the strongest observed among these examples
(0.95), suggestive of a significant component of high-Ca
pyroxene, with a prominent mafic absorption band near 0.98
to 1.00 um. The mare deposit in Mare Tranquillitatis and the
pyroclastic deposit at Apollo 17/Taurus-Littrow have the
shallowest or weakest mafic bands, as might be expected for
such mature, high-titanium volcanic deposits (with crystalline
and glassy beads in the case of the Apollo 17 soil). The
mature mare deposit of Mare Serenitatis (~MS2) shows the
slightly stronger mafic absorption typical of a low-titanium
basalt and is similar to the large Aristarchus Plateau
pyroclastic deposit. As observed previously [e.g., Gaddis et
al, 1985; Hawke et al., 1989], the lunar pyroclastic deposits
have highly variable mafic absorptions, but all are generally
weaker than most mature mare soils. Mafic band strengths
for the small pyroclastic deposits increase in the following
order (950/750 from 1.1 to 1.03): Franklin, Orientale,
Alphonsus, Atlas South, Eastern Frigoris West and East, Atlas
North, and J. Herschel. Although maturity effects cannot be
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ruled out, these values are interpreted to be indicative of
primary compositional variations among the small pyroclastic
deposits and are consistent with changes in the amounts of
juvenile components (such as low-Ca and high-Ca pyroxene
and/or olivine and volcanic glasses) and/or degrees of mixing
with local highlands and mare lithologies as noted by
previous authors [e.g., Hawke et al., 1989].

3.2. Intradeposit Compositional Variation:
The Atlas Crater Example

A key question in the compositional analysis of small lunar
pyroclastic deposits is the nature and extent of possible
variations within a single pyroclastic deposit [e.g., Robinson
et al., 1996]. Such variations, if present, may be the result of
several competing effects, including maturity differences,
mixing with adjacent or underlying materials (perhaps due to
a thin mantling deposit overlaying a unit of different
composition), and intrinsic mineralogic differences. The
latter possibility is the most intriguing and may include
differences in crystallinity due to eruption style or duration
[e.g., Weitz et al., 1998] or variations in mineralogy due to
multiple eruptions occurring from a single vent or to changes
in composition of a single eruption with time. Here we
examine the Atlas crater floor deposits in detail to determine
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the nature of possible intradeposit compositional variations in
this area. We selected this example because we can readily
identify two distinct vents (North and South), the deposits are
spatially separable (~80 km distant), topographic variations
do not appear to be substantial, and the areas are covered by a
single Clementine orbit with ~100 m/pixel spatial resolution.
Atlas is an Upper Imbrian crater (3.25 to 3.72 b.y. ago
[Wilhelms, 1987]) in the highlands northeast of Mare
Serenitatis, and its composition is primarily that of mature
highlands materials with superimposed low-albedo, mafic
deposits surrounding two irregular depressions along floor
fractures in the North and South regions of the crater floor
[e.g., Hawke et al., 1989] (Figure 6a). To examine the
possible compositional variations within the dark deposit, we
measured 200-pixel (~20-km) transects in the Clementine
950/750 nm ratio data across the probable vents for the North
and South floor deposits in Atlas crater (Figure 6b).
Transects extend to distances of 30 to 40 pixels beyond the
farthest reaches of the ~120-pixel-long deposits (Figures 6b,
7). The profiles clearly show both the spatial distribution of
the deposit in a single dimension and the superimposed
effects of topography (i.e., increased bright/dark patterns due
to hummock slopes, floor fractures, and vents facing toward
or away from the Sun and/or sensor, marked with “t” in
Figure 7). Although substantial spatial variation at the pixel-

Figure 6. Atlas crater (67 km diameter): (a) Clementine albedo (750-nm) data. Note the dark pyroclastic

deposits in the North and South crater floor.

(b) Clementine 950/750 ratio image depicting the mafic

absorption band in this area. Ratio values of <0.9 are black and have stronger mafic absorptions; white areas
have ratio values of >1.11, and they have weaker mafic bands. Profile locations for Figure 7 are marked.
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Figure 6. (continued)

to-pixel scale is apparent at a 3% level even where
topography is not a major factor, the mean values of the
950/750 ratios show revealing trends. In the case of the North
vent deposit, the effect of the superimposed pyroclastic
deposit is to lower the 950/750 value to an average of 1.065,
well below that of the local mature highlands value of 1.08
(note that 950/750 values for the crater floor vary from 1.075
to 1.093). Note also that the mafic band weakens toward the
margins of the deposit, but it does not show abrupt changes
that could be interpreted as primary compositional variations
within the original deposit. These trends suggest that the
North vent pyroclastic deposit has a stronger mafic band than
the crater floor and that it is strongest near the vent and
weakens as the deposit thins at its margins. By contrast, for
the South vent deposit, we see that the average value of the
950/750 ratio (~1.09) is slightly higher than that of the
surrounding crater floor (~1.08), and to the southeast, the
average 950/750 value (~1.095) is even higher.  The
pyroclastic deposit in this area appears to have a mafic
spectral signature which is much like that of the highlands (as
do the Group 1 deposits of Hawke et al. [1989]); in this case,
the pyroclastic deposit has a weaker mafic band than that of
the surrounding highlands. The highest, or weakest, mafic
band depth values southeast of the South vent pyroclastic unit
may correspond to a thicker deposit; possible changes in
mafic band depth with increasing distance from the vent are
masked by the topographic features near the margins of the
South vent deposit.

To summarize these observations: (1) the mean 950/750
values for the pyroclastic deposits are different than those of
subjacent highlands terrain; (2) the mean 950/750 values for
each pyroclastic deposit are different from each other; and (3)
for the North vent deposit, a compositional trend of
decreasing mafic band strength with increasing distance from
the vent is observed. The North vent pyroclastic deposit has a
relatively strong mafic absorption band as compared to the
surrounding highlands in the crater floor, and the South vent
deposit has a weaker band than that of the crater floor
materials. In the case of the Atlas crater pyroclastic deposits,
these data suggest that there are two compositionally distinct
pyroclastic deposits within a single vent area. Compositional
trends at the North vent can best be explained as a result of
thinning of the pyroclastic deposit with increasing distance
from the vent; no strong indications of intradeposit
compositional variations are observed in this example.
Although both pyroclastic deposits occur in the floor of the
Upper Imbrian Atlas crater and are thus younger than ~3.25
b.y. [Wilhelms, 1987], little detailed information exists on the
relative ages of these deposits. The simplest explanation for
the origin of the observed compositional variation between
the North and South deposits is that magmatic intrusion under
the floor of Atlas caused two explosive eruptions, and
different proportions of wall rock, cap rock, or juvenile
materials were emplaced in each area, perhaps as a result of
differences in eruption duration. Nevertheless, we cannot rule
out the possibility that two temporally distinct eruptions have
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Figure 7. Atlas crater: Profiles of 950/750 ratio values across the (a) North and (b) South vents. The
locations of topographic features are marked (“t”), and the extents of the deposits and the vents are indicated:
Mean ratio values for each portion of the deposit are aiso shown. The dashed curves, provided for reference,
are fifth-order polynomial curves fit to the profiles using the least squares method.

occurred from a single, possibly related vent structure, and
that we may be observing changes with composition through
time at Atlas crater.

It should be noted that this analysis does not explicitly
account for the possible effects of scattered light. If present,
scattered light would act to artificially brighten the pyroclastic
deposits in a wavelength-dependent manner [e.g., Gaddis et
al., 1995; Robinson et al., 1999]. Shadow measurements of
craters in the region suggest a possible brightening effect at
the 2% level which may be due to scattered light. However,
because the two deposits in Atlas crater floor are in relatively
close proximity to each other, and they are likely to be
uniformly affected by scattered light from surrounding
highlands units, scattered light is not thought to be

responsible for the observed variations in 950/750 values. In
any case, scattered light could not account for the magnitudes
of the differences in brightness between the deposits [e.g., Li
et al., 1999].

3.3. Interdeposit Compositional Variation

To examine the compositional relations among
representative members of the three classes of small lunar
pyroclastic deposits, we compared mean values of reflectance
ratios (415/750 and 950/750) for 15 deposits at 11 sites:
Alphonsus, Atlas, Criiger, Franklin, Eastern Mare Frigoris,
Grimaldi, J. Herschel, Lavoisier, Oppenheimer, Riccioli, and
the unclassified annular pyroclastic deposit on the southern
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Figure 8. Mean color ratio data (415/750 versus 950/750) for several lunar pyroclastic deposits. Included
are data for deposits at Alphonsus, Atlas, Criiger, Franklin, Eastern Mare Frigoris, Grimaldi, J. Herschel,
Lavoisier, Oppenheimer, Orientale, Riccioli, Apollo 17/Taurus Littrow, and Aristarchus. The number of sites
included in each calculation of mean value is indicated in parentheses near each site label. See Table 2 for

site locations.

rim of Orientale basin (Figure 8). For comparison, color ratio
data for the large pyroclastic deposits at Taurus-Littrow and
Aristarchus Plateau are also shown. All of the pyroclastic
deposits shown in Figure 8 have relatively shallow mafic
band depths (all 950/750 > 1), and they have 415/750 or
UV/VIS ratios in the 0.55 to 0.6 range, comparable to many
low-titanium mare basalt and lunar highlands deposits. The
large pyroclastic deposit at Apollo 17, among the bluest of
lunar volcanic deposits (i.e., high TiO,) and having one of the
weakest mafic absorption bands [e.g., Gaddis et al., 1985],
plots far above and to the right of all of the small deposits
examined here. Although possible overlap is observed, each
of the three compositional groups of Hawke et al. [1989] can
be distinguished in Figure 8. However, note that our results
are slightly different and thus represent small modifications to
the previous three-group classification scheme.

3.3.1. Small pyroclastic deposits: Group 1 (revised).
The larger cluster (Figure 8, top) has a wider range of mafic
band depths, the UV/VIS values are higher (bluer), and the
average mafic band depths are shallower than those of the
small cluster in the center and the J. Herschel point at lower
left. The larger cluster includes 10 small pyroclastic deposits,
including those of Alphonsus Northeast 2 (near Alphonsus
KC), Southeast, and West, Atlas South, Criiger, Franklin,
Grimaldi, Lavoisier, Oppenheimer, and Riccioli. Members of
the larger cluster in Figure 8 can be considered to be
representative of the Group 1 deposits of Hawke et al. [1989].
Note also that the Orientale annular pyroclastic deposit falls
with the Group 1 color ratio range.

3.3.2. Small pyroclastic deposits: Group 2 (revised).
The central cluster in Figure 8 includes four small pyroclastic
deposits:  Atlas North, Alphonsus Northeast 1 (near
Alphonsus MD), and Eastern Mare Frigoris East and West.
Members of the central cluster are comparable to the Group 2
deposits of Hawke et al. [1989]. Although small pyroclastic
deposits in the central cluster overlap slightly in 415/750 with
the Group 1 cluster, they generally have lower 415/750 values
and are thus redder in color, with possibly lower titanium
contents, than most Group 1 deposits. Also, the central
cluster has an average 950/750 ratio value that is lower than
most Group 1 deposits, and so it has slightly stronger mafic
absorptions than many of the Group 1 deposits. Note that two
of the crater floor sites, Alphonsus and Atlas, have small
pyroclastic deposits that can be considered to fall into two
separate compositional groups. Also, the large pyroclastic
deposit of Aristarchus Plateau shows a similarity in color ratio
to the small deposits of Group 2.

3.3.3. Small pyroclastic deposits: Group 3 (revised).
The single deposit at the lower left (Figure 8) is the J.Herschel
deposit; in this analysis, it is the only member of Group 3.
The ratio value for the J. Herschel crater deposit is the lowest
950/750 observed, and thus it has the strongest mafic
absorption feature among the small pyroclastic deposits. The
J. Herschel deposit also has the lowest 415/750 value and is
the reddest of the deposits examined.

Although a general trend of increasing mafic absorption
band strength from Group 1 to Group 2 to Group 3 small
pyroclastic deposits can be observed in Figure 8, the difficulty
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Figure 9. Ranges of typical Clementine color ratios (415/750
versus 950/750) for three classes of small lunar pyroclastic
deposits and for typical mature and fresh mare and highlands
soils. As indicated by the dashed arrow, lunar soil maturity
for mare soils increases downward to the right.

in clearly distinguishing the three compositional classes
among these deposits indicates that this classification will
break down with additional data. This observation suggests
that the compositional variation among the majority of small
pyroclastic deposits can best be explained as mixing of
juvenile volcanic components with a continuum of nearby
mare and highlands components. To explore possible
compositional relations of the small pyroclastic deposits with
those of typical highlands and mare materials, we examine
color ratio data (Figure 9) for typical highlands and mature
and fresh maria (both low- and high-titanium; fresh high-
titanium deposits are off-scale at the high 415/750 and low
950/750 values). Although the systematics have not been
resolved for application to lunar pyroclastic deposits [e.g.,
Lucey et al., 1998a, b], color ratio data can be interpreted in
terms of relative maturity for mare soils: a mature soil is red
and has a relatively shallow 1.0-um band, and an immature
soil is blue, with a deeper 1.0-um band [e.g., Fischer and
Pieters, 1996]. This trend of increasing maturity with
increasing 950/750 and decreasing 415/750 values for the
shaded areas of typical mare soils is marked with a dashed
arrow in Figure 9. Note that the color ratio data for the small
pyroclastic deposits, shown as shaded areas, are
approximately orthogonal to the maturity trend, and so
maturity variations are unlikely to account for most of the
compositional variations observed among these deposits.

As indicated by the degree of overlap in the shaded regions
in Figure 9, the small pyroclastic deposits all show the
greatest similarities in color ratios with mature highlands and
mature low-titanium maria. The Group 1 deposits show a
substantial degree of overlap, and thus strong compositional
affinities, with typical lunar highlands, as indicated previously
by Hawke et al. [1989]. As further noted by Hawke et al.
[1989], Group 2 deposits have spectral characteristics similar
to mature mare soils, especially those with low titanium
contents. Color ratio data for the single Group 3 deposit, J.
Herschel, resemble those of mature low-titanium maria and
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are unique in this analysis. With the exceptions noted above,
these observations generally confirm previous classifications
by Hawke et al. [1989] of interdeposit compositional
variation for small pyroclastic deposits. Group 1 pyroclastic
deposits probably consist of feldspar-bearing mafic
assemblages dominated by low-Ca orthopyroxene, and a
likely explanation for their proveénance is that they are
mixtures of highlands-rich country rock and glass-rich
juvenile material with small amounts of basaltic cap rock
material. Group 2 deposits show strong affinities with mature
mare deposits dominated by clinopyroxene, and they may be
fragmented plug rock material, with insignificant amounts of
highlands and/or juvenile materials. The single Group 3
deposit at J. Herschel has the strongest mafic absorption band
and shows evidence of orthopyroxene and possibly olivine;
the orthopyroxene is likely to have been emplaced as a result
of erosion and entrainment of the wall rock, ‘and the olivine
may be the dominant juvenile material. It appears that the
coarser spatial resolution of the Earth-based spectral data has
successfully characterized the small pyroclastic deposits.

4. Juvenile Pyroclastic Materials on the Moon

Compositional data from Clementine for small lunar
pyroclastic deposits generally confirm previous results and
indicate that the observed range of compositions among the
small deposits is consistent with an origin as products of
explosive volcanic eruptions incorporating and distributing
various amounts of nonjuvenile and juvenile pyroclastic
material. As noted by Head and Wilson [1979] for small
endogenic deposits at Alphonsus, the low-albedo pyroclastic
deposits may consist of 50 to 100% redistributed country
rock; this possibility is consistent with our observed
compositional differences between the two small pyroclastic
deposits at Atlas. Non-juvenile materials can consist of the
complete range of lunar surface and subsurface materials in
various states of maturity, with fragmented country rock
(including reworked basaltic plug rock and older local mare
and highlands rocks) and highlands and mare soils as the
major components. Juvenile components of lunar pyroclastic
eruptions are likely to be very small (submillimeter to
millimeter in size [Wilson and Head, 1981]; ~40-pum average
at Apollo 17 [McKay and Waits, 1978]), to include volcanic
spheres (as single and compound droplets, both quenched and
crystalline), crystals and crystal fragments (primarily pyroxene
and olivine), and fragmented basaltic particles resulting from
disruption of a foamy layer, and they may be friable or
partially consolidated after deposition [e.g., Nagle, 1978;
Head and Wilson, 1979]. Although known samples of small
pyroclastic deposits are not recognized, a comparison of
spectral data for the small deposits and those of sampled
(Apollo 17/Taurus-Littrow deposit) and unsampled large
deposits provides a basis for discussion of the nature of the
juvenile components of both types of deposits.

As noted by Hawke et al. [1989], Earth-based spectral
evidence for juvenile materials among the small pyroclastic
deposits is strong but indirect: some component (previously
referred to as a “darkening or coloring agent”) is reducing the
albedo of these deposits and, particularly in the case of the
Group 1 deposits, broadening the long-wavelength arm of the
mafic absorption feature. For Group 1 deposits, this agent has
been identified as an iron-bearing pyroclastic glass [e.g.,
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Hawke et al., 1989]. As noted by McCord et al. [1981] on
the basis of Earth-based spectral data for J. Herschel, the
moderate albedo and relatively strong, broad absorption band
at 1 um provide evidence that olivine is a juvenile component
of this deposit. Examination of the longer-wavelength spectra
from Clementine (i.e., from the near-infrared camera, or NIR
spectra), especially near 2.0 um, may allow us to constrain the
possible spectral contributions of olivine versus iron-bearing
pyroclastic glasses for the J. Herschel deposit. Earth-based
spectral reflectance data suggest that juvenile components in
the small pyroclastic deposits are most readily identified in
the Group 1 and 3 deposits.

It was noted that the Apollo 17/Taurus-Littrow deposit
falls far outside the range of 415/750 and 950/750 values
typical of the small pyroclastic deposits (Figure 8). This fact
has also been noted by Weitz et al. [1998], who used the
Clementine UVVIS data to characterize large pyroclastic
deposits at Taurus-Littrow, Sulpicius Gallus, Mare Vaporum,
Rima Bode, Sinus Aestuum, Aristarchus Plateau, and
Orientale. Their goal was to use spectral properties of each
large deposit to infer crystallization states of pyroclastic beads
and to estimate cooling rates in volcanic plumes that
emplaced the deposits. Their model states that deposits with
high glass concentrations were produced in volcanic plumes
with low optical densities and high cooling rates, and those
dominated by crystallized beads had slower cooling rates
owing to higher optical densities.  Although spectral
contributions from nearby mare and highlands soils are
acknowledged components of these deposits [Weitz et al.,
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Figure 10. Clementine color ratio (415/750 versus 950/750)
data for three classes of small lunar pyroclastic deposits and
for three examples of large pyroclastics (Taurus-Littrow,
Sinus Aestuum, and Aristarchus Plateau). The dashed line
marks the possible mixing line of Weitz et al. [1998] between
large pyroclastic deposit compositions dominated by
quenched iron-bearing volcanic glasses (Aristarchus) versus
crystallized beads (Sinus Aestuum).
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1998], a linear trend was observed (Figure 10) that was
thought to be a mixing line between those deposits which
originally had ~100% crystallized beads and those with
~100% glass beads. A Sinus Aestuum dark spot is the
crystallized end-member, and Aristarchus is the glass end-
member.

A working assumption of Weitz et al. [1998] was that the
titanium contents of the large pyroclastics were similar.
These authors note the limitations of this assumption and
point out that variations in titanium content will affect the
amount of ilmenite formed in crystallized beads and thus
influence the strength of the glass band absorption at 1.0 um.
It has long been recognized that several of the large
pyroclastics (Taurus-Littrow, Sulpicius Gallus, Rima Bode,
Mare Vaporum, and Sinus Aestuum), originally inferred to be
associated with early, high-Ti volcanism in the central lunar
nearside [e.g., Pieters et al., 1973; Adams et al., 1974; Gaddis
et al., 1985], probably consist of differing amounts of glass
and crystallized beads such as those of Apollo 17 [Hawke et
al., 1990]. For these deposits, a mixing line relationship may
indeed hold true. However, compositions (particularly
titanium contents) of the Orientale and Aristarchus deposits
are not known, and this relationship may not apply to those
deposits. Although Fe**-bearing glasses in a mature lunar soil
are thought to produce the observed very low albedo and
strong, broad 1.0-um band at Aristarchus, significant
differences between the Aristarchus pyroclastics and the
orange glasses at Apollo 17 have been noted and used to
suggest that these deposits are compositionally unrelated
[Lucey et al., 1986; Hawke et al, 1991]. In addition,
substantial variation (~0.2-16 wt %) in TiO, among the 25
known classes of pristine lunar glasses has been observed
[Delano, 1986].

Comparison of the Clementine color ratio data for small
and large lunar pyroclastics (Figure 8) further reveals the
limitations of a simple mixing relationship in explaining the
observed compositional relations. Substantial overlap is
observed in the color ratio data for the small and large
pyroclastic deposits. As noted above, the Orientale color ratio
data resemble those of the Group 1 small pyroclastic deposits.
The Orientale deposit has been modeled as a large or regional
lunar pyroclastic deposit by Head et al. [1997] and Weitz et
al. [1998]. The unusual annular structure of the Orientale
deposit is suggestive of a vulcanian eruption mechanism from
a circular vent, but the large size of the Orientale pyroclastic
deposit (~15,000 km® [Weitz et al., 1998]) and its association
with a central fissure vent are thought to be compatible with a
long-duration, fire-fountain style of eruption. In our
observations (Figure 8), the Orientale pyroclastic deposit has
a higher 415/750 value than other Group 1 small pyroclastics
but has a shallow mafic band similar to those of the Franklin
and Alphonsus West deposits. By contrast, the large
pyroclastic deposit of Aristarchus Plateau has a stronger mafic
band and shows some similarity to the Group 2 small
pyroclastic deposits. This overlap suggests that there may be
compositional similarities between the large and small
deposits in spite of their different eruption styles. The
overlap may be interpreted to indicate that volcanic spheres,
either quenched or crystalline, are not always the dominant
juvenile component in large pyroclastic deposits; substantial
highlands and mare components may also be present in some
large and small pyroclastic deposits.



GADDIS ET AL.: LUNAR PYROCLASTIC DEPOSITS

5. Summary and Conclusions

These analyses of the Clementine five-band spectral data
for several areas on the surface of the Moon permit us to
make several conclusions regarding the composition of small
pyroclastic and other deposits on the Moon:

1. Mean mafic band strengths for two small pyroclastic
deposits in the floor of Atlas crater are different than that of
the subjacent highlands terrain, and they are different from
each other. These data suggest that two distinct eruptions
may have occurred from a single, possibly related vent
structure and that we may be observing changes with
composition through time at Atlas crater.

2. Color variations among the small pyroclastic deposits
examined are consistent with those of Hawke et al. [1989],
and our compositional interpretations are generally
unchanged. Among the small pyroclastic deposits examined
here, we can distinguish three compositional classes, and we
see the trend of increasing mafic absorption band strength
from Group 1 to Group 2 to Group 3. However, our
classifications are slightly different those of Hawke et al.
[1989], and they suggest that with additional data the three
classes will aggregate into one or two groups.

3. The compositions of the small pyroclastic deposits both
resemble and differ markedly from those of the larger
pyroclastic deposits. Although the Apollo 17/Taurus Littrow
deposit falls well beyond the three classes observed for the
small deposits, the Orientale annular pyroclastic deposit
resembles the Group 1 small pyroclastics and many lunar
highlands units, and Aristarchus is similar to Group 2 small
pyroclastic deposits and many mature lunar maria. The
observed overlap in color ratio data for these large and small
pyroclastic deposits suggests that simple mixing of largely
volcanic bead components, either quenched or crystalline,
does not adequately explain the compositional variation
among lunar pyroclastic deposits. Volcanic spheres,
particularly quenched iron-bearing glasses, may not always be
the dominant component in some of the large pyroclastic
deposits; substantial highlands and mare components may
also be present in many large and small pyroclastic deposits.

4. Data for the Group 3 small pyroclastic deposit at J.
Herschel support previous interpretations that it contains a
juvenile component in the form of olivine [e.g., McCord et
al., 1981], which has acted to reduce the albedo to a moderate
level and to increase the mafic band depth over the adjacent
highlands terrain.  Because olivine does not have an
absorption feature at wavelengths longer than 1.0 gm and
iron-bearing glasses do, examination of Clementine NIR data
at 2.0 ym may allow us to constrain the possible spectral
contributions of olivine versus iron-bearing pyroclastic
glasses for this deposit.

5. Evidence for the presence of volcanic glasses in some of
the small pyroclastic deposits is indirect, and it is based
largely on our support for previous compositional
classifications for these deposits. In the possible absence of
volcanic glasses, the iron, titanium, and maturity mapping
methods established by Lucey et al. [1998a, b] for mature
mare deposits may be applicable for many of these deposits.
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