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Abstract

The 5-band Clementine UVVIS data at ~100 m/pixel were used to examine the compositions of 75 large and small lunar pyroclastic
deposits (LPDs), and these were compared to representative lunar mariaand highlands deposits. Results show that the albedo, spectral color,
and inferred composition of most LPDs are similar to those of low-titanium, mature lunar maria. These LPDs may have consisted largely
of fragmented basalt, with substantial components of iron-bearing mafic minerals (pyroxenes, olivine) and smaller amounts (if any) of
volcanic glass. Several smaller LPDs aso show substantial highland components. Three classes of very large deposits can be distinguished
from most LPDs and from each other on the basis of crystallinity and possible titanium content of their pyroclastic components. One class
has spectral properties that are dominated by high-titanium, crystallized “black beads’ (e.g., Taurus-Littrow), a second consists of a mixture
of high-titanium glasses and beads with a higher glass/bead ratio (Sulpicius Gallus) than that of Taurus-Littrow, and athird has a significant
component of quenched iron-bearing volcanic glasses (Aristarchus) with possible moderate titanium contents. Although areally extensive,
these three classes of very large pyroclastic deposits compose only 20 of the 75 deposits studied (~27%), and eruption of such materias
was thus likely to have been less frequent on the Moon.
© 2003 Elsevier Science (USA). All rights reserved.

Keywords: Moon; Moon surface; Volcanism; Spectroscopy

I. Introduction glasses had a greater depth of origin and lesser fractional
. ) . crystallization than lunar mare basalts (Delano, 1986;
Lunar pyroclastic deposits are low-albedo units that Shearer and Papike, 1993; Papike et al., 1998). These

are thought to mark the source regions of ancient volca- data indicate that volcanic glasses are the best examples
nic eruptions on the Moon (Head, 1974). Quenched iron- of primitive materials on the Moon, and they are of

bearing glass and crystallized beads with volatile-ele- critical importance both in characterizing the lunar inte-

In;regnércgstrigg;tairf cr?eaggé t(;orpep;neg[iztg:ss;ve;lal 01f9t7r:13e rior and as a starting place for understanding the origin
i Lo e and evolution of lunar basaltic magmatism. Several
1974; Adams et ., 1974, Heiken et al., 1974; Gaddis et smaller LPDs are known to have spectral properties sim-

ga;r’nlfgsaf'rlc;r?]bz;?/tgrz a;als;}s::eog p'ggi?sc :ﬁg&varl'ﬁaflfﬁz ilar to those of lunar highland and mare deposits and both
P P volcanic glass and olivine have been cited as additional
juvenile components (e.g., Hawke et al., 1989a, 1989b),
c g author. Fax -+ 1.078.556.7014 but the compositions of the majority of LPDs have not
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E-mail address: |gaddis@usgs.gov (LR, Gaddis). been studied in detail. Characterization of the nature of
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University, Providence, RI 02912, USA. compositions of their most primitive juvenile compo-
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nents, is essential for models of the formation, segrega-
tion, and emplacement of lunar magmas.

Earth-based remote sensing analyses of several of the
larger LPDs have helped to identify their pyroclastic com-
ponents (e.g., Adams et al., 1974; Pieters et al., 1973, 1974,
Gaddis et ., 1985; Weitz et al., 1998; Gaddis et al., 2000)
and to characterize these iron-, titanium-, and volatile-ele-
ment-enriched materials as potential resource materials for
future exploitation (Hawke et a., 1990; Allen et a., 1996;
Coombs et a., 1998). These data also helped to constrain
the spatial distribution of early lunar volcanic deposits
(Head, 1974) and to understand the styles of eruption and
emplacement of basalts on the Moon (Wilson and Head,
1981). To fully appreciate the role of pyroclastic volcanism
in the context of basaltic volcanism on the Moon we must
understand the spatial and temporal distribution, relation-
ship to other volcanic deposits, range of compositions, and
modes of occurrence and formation of LPDs. Until addi-
tional samples are available, remote analyses of lunar py-
roclastic deposits are a primary means of characterizing
these deposits. This paper presents an analysis of the appli-
cation of the global 5-band Clementine ultraviolet-visible
(UVVIS) multispectral data (Eliason et al., 1999) to char-
acterization of the compositions of lunar pyroclastic depos-
its. To establish geologic context, this paper first briefly
reviews the current state of knowledge of the morphology,
spatial extent, distribution, age, physical nature, and com-
positions for several LPDs as derived from both laboratory
analyses of samples and Earth-based spectral data.

Il. Characteristics of lunar pyroclastic deposits

More than 100 lunar pyroclastic deposits have been
mapped (Wilhelms and McCauley, 1971; Scott et a., 1977,
Wilhelms and El-Baz, 1977; Lucchitta, 1978; Wilhelms et
a., 1979) and described (e.g., Gaddis et ., 1985; Coombs
and Hawke, 1992; Coombs et al., 1990a, 1990b; Hawke et
al., 1979, 1989, 1991; Gaddis et al., 1997, 19983, 1998b,
1999, 2000; Rosanova et a., 1998). Ongoing Clementine-
based geologic analyses of the Moon will no doubt continue
to identify new deposits (e.g., Heather et al., 2001). This
paper addresses remote characterization of the compositions
of 75 deposits that have been most frequently identified as
pyroclastic in the literature and on published maps (Tables
1 and 2). The sections below summarize the characteristics
of these deposits.

[1.A. Morphology

LPDs are generaly observed as dark deposits in the
highlands on the floors of craters and/or near mare deposits,
and they are often associated with fractures, irregular de-
pressions, non-circular craters, and other likely volcanic
vents (Fig. 1). LPDs often appear to drape over or mantle
the underlying surface, which may be flat mare, smooth

plains, or hummocky highland deposits. LPDs may be rel-
atively thick, subduing subjacent terrain, or they may occur
as thin mantles with frequent exposures of substrate.

Both thickness and geologic context of a deposit, espe-
cially the relative brightness of the substrate or other local
material, can influence the apparent albedo of a LPD. For
example, the numerous knobs of subjacent highland mate-
rial that are observed within the Orientale LPD indicate that
this deposit is relatively thin (<2 m; Head et a., 2002). The
superposition of brighter materials, such as crater rays, can
also artificially brighten an LPD. An example of such a case
is seen in the eastern floor of the Nectarian crater Oppen-
heimer (Fig. 1, bottom), where several LPDs have been
brightened by the superposition of high-albedo rays from
the younger Copernican crater Jackson (71 km dia.) to the
north.

Although most LPDs are readily recognized on the basis
of their low albedo, mantling appearance, and/or association
with a volcanic vent, identification and characterization of
LPDs are problematic in some areas. For example, a a
single vent both explosively and fluidly emplaced volcanic
materials may be present, and these deposits may not be
distinguishable on the basis of differencesin albedo, surface
texture, or composition (e.g., in places on the Compton
crater floor and in the Moscoviense region). These difficul-
ties may result in an incorrect estimation of the number of
LPDs and/or mare ponds identified. Larger deposits may be
underrepresented in the population of recognized LPDs be-
cause of erroneous assessment of the areal extent or size due
to obscuration by a younger volcanic deposit. Although
mapped as pyroclastic in the past, as many as 8 of the 75
(~10.7%) LPDs studied here (e.g., Lubiniezky, Hell, Airy)
do not have very low albedos or identifiable vents and thus
they may be mare ponds or some other type of smooth-
surfaced lunar deposits (e.g., smooth plains, impact melts).

11.B. Distribution

LPDsarewidely distributed acrossthe Moon (Fig. 2) and
they are commonly observed in the highlands along the
margins of or within most major basins with mare fill.
Smaller pyroclastic deposits are observed both in proximity
to mare deposits (e.g., Moscoviense, Schrodinger) and in
relative isolation from other volcanic deposits (e.g., Oppen-
heimer). In the latter case, smaler LPDs are commonly
found in the floors of floor-fractured craters, where they are
often associated with endogenic craters aligned along one or
more fractures. Of more than 80 floor-fractured craters
mapped by Wilhelms (1987), 16 (20%) have associated
small pyroclastic deposits.

The spatial association of volcanic eruption sites and
impact craters and basins on the Moon iswell known and is
believed to be related to crustal thinning beneath impact
sites (e.g., Head and Wilson 1979). Like the lunar maria,
LPDs are observed over awide range of crustal thickness as
derived from the Clementine lidar data (e.g., Zuber et al.,
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Table 1
Lunar pyroclastic deposits: location, size classification, and geologic setting
No. Site Latitude Longitude Area Size Geologic setting
©) ) (km?) class
1 Aristarchus 26.7 —52.3 49013 vlarge Mantled highlands plateau near mare/highland boundary
2 Aestuum 6.6 -5.9 10357 vlarge Mantled highlands near mare/highland boundary
3 Rima Bode 119 -34 6620 vlarge Mantled highlands near mare/highland boundary
4 Smythii NW 11 84.8 5851 vlarge Mantled highlands on basin floor
5 Orientale —30.3 —-975 5321 vlarge Mantled highlands, aureole form on basin rim
6 Cruger -16.7 —66.5 4828 vlarge Mantled highlands
7 Sulpicius Gallus 21.7 9.4 4322 vlarge Mantled highlands near mare/highland boundary on basin rim
8 Vaporum 10.0 79 4129 vlarge Mantled highlands near mare/highland boundary
9 Taurus-Littrow 20.2 30.7 2940 vlarge Mantled mare near mare/highland boundary on basin rim
10 Nectaris SE —224 40.5 2905 vlarge Mantled highlands near basin
11 Harbinger 26.6 —434 2877 vlarge Mantled highlands near mare/highland boundary
12 Dopplemayer —-28.1 —-40.5 2628 vlarge Mantled highlands on basin floor near mare/highland boundary
13 Smythii SW -6.0 85.0 2539 vlarge Mantled highlands on basin floor
14 Titius —26.7 103.9 2159 vlarge Mantled highlands
15 Petavius —-235 61.0 1645 vlarge Mantled highlands on crater floor, poss, assoc. mare pond
16 Oppenheimer NW —34.8 —168.2 1500 vlarge Mantled highlands on crater floor
17 Humorum SW —26.6 —44.4 1472 vlarge Mantled highlands on basin floor near mare/highland boundary
18 Riccioli —-24 —75.5 1089 vlarge Mantled highlands
19 Cleomedes 26.6 54.7 1084 vlarge Mantled highlands on crater floor, poss. assoc. mare pond
20 Moscoviense SE 24.7 151.2 1022 vlarge Mantled highlands on basin floor near mare/highland boundary
21 Hadley Cleft 252 2.6 898 large Mantled mare on basin floor near mare/highland boundary
22 Schrodinger —75.4 138.6 819 large Mantled smooth plains on basin floor
23 Taruntius NW 9.4 43.6 819 large Mantled highlands near mare/highland boundary
24 Oppenheimer S -37.9 —166.9 674 large Mantled highlands on crater floor
25 J. Herschel 61.7 —36.6 666 large Mantled highlands on crater floor
26 Beer 27.2 —8.0 623 large Mantled highlands on basin floor near mare/highland boundary
27 Mozart 238 13 589 large Mantled highlands on basin floor near mare/highland boundary
28 Lavoisier 38.2 —80.8 568 large Mantled highlands on crater floor near mare/highland boundary
29 Lavoisier F 36.9 —80.6 553 large Mantled highlands on crater floor near mare/highland boundary
30 Schluter -10.3 —83.0 489 large Mantled highlands
31 Barnard —-31.3 89.0 444 large Mantled highlands on crater floor
32 Frigoris SE'W 49.6 275 444 large Mantled highlands near mare/highland boundary
33 Cavalerius 6.4 —66.4 428 large Mantled highlands near mare/highland boundary
34 Briggs A 28.6 —74.2 415 large Mantled highlands near mare/highland boundary
35 Gaudibert -12.3 38.6 400 large Mantled highlands on basin floor near mare/highland boundary
36 Carpatus 14.6 —25.4 354 medium Mantled highlands on basin rim near mare/highland boundary
37 Daguerre -11.3 341 323 medium Mantled highlands on basin floor near mare/highland boundary
38 Fresnel 28.2 4.4 307 medium Mantled highlands on basin floor near mare/highland boundary
39 Humboldt SW —-285 78.8 277 medium Mantled highlands on crater floor, poss, assoc. mare pond
40 Gauss S 34.2 78.7 263 medium Mantled highlands on crater floor
41 Taruntius 51 46.2 250 medium Mantled highlands on crater floor
42 Frigoris SE/E 50.2 34.4 244 medium Mantled highlands near mare/highland boundary
43 Abel B —36.6 824 236 medium Mantled highlands on crater floor
44 Oppenheimer SW -37.0 —168.3 227 medium Mantled highlands on crater floor
45 Franklin 38.3 47.9 198 small Mantled highlands on crater floor
46 Oppenheimer SE -37.0 -163.4 194 small Mantled highlands on crater floor
a7 Lassell —154 —-7.9 192 small Mantled highlands on crater floor
48 Abel C -36.1 81.0 191 small Mantled highlands on crater floor
49 Compton 54.1 105.1 182 small Mantled highlands on crater floor, poss, assoc. mare pond
50 Gauss W 35.7 76.0 179 small Mantled highlands on crater floor
51 Lagrange C —29.5 —64.4 174 small Mantled highlands on crater floor
52 L ubinieszky -17.1 —24.6 170 small Mantled highlands near mare/highland boundary
53 Humboldt NE —25.8 82.9 169 small Mantled highlands on crater floor, poss. assoc. mare pond
54 Atlas S 45.7 44.6 147 small Mantled highlands on crater floor
55 Atlas N 47.3 448 132 small Mantled highlands on crater floor
56 Mersenius —20.9 —49.9 129 small Mantled highlands
57 Grimaldi -0.8 —64.8 127 small Mantled highlands near mare/highland boundary
58 Vitruvius 17.7 312 120 small Mantled highlands on crater floor, near mare/highlands boundary
59 Messda S 40.1 59.3 116 small Mantled highlands on crater floor
60 Daniell 354 311 100 small Mantled plains on crater floor
61 Lavoisier H 37.9 —783 100 small Mantled highlands on crater floor near mare/highland boundary
62 Alphonsus NNE —12.8 -17 98 vsmall Mantled highlands in floor-fractured crater
63 Alphonsus W -13.6 -4.1 95 vsmall Mantled highlands in floor-fractured crater
64 Humboldt W —26.6 78.2 94 vsmall Mantled highlands on crater floor
65 Gambart 19 —15.1 88 vsmall Mantled highlands in maria
66 Alphonsus E -14.3 -20 82 vsmall Mantled highlands on crater floor
67 Gauss E 36.0 81.2 70 vsmall Mantled highlands on crater floor
68 Humboldt NW —-251 78.9 69 vsmall Mantled highlands on crater floor
69 Gaudibert NW -11.1 37.7 62 vsmall Mantled highlands on crater floor near mare/highlands boundary
70 Hell —-325 -7.7 57 vsmall Mantled highlands on crater floor
71 Messala N 40.5 59.3 49 vsmall Mantled highlands on crater floor
72 Apollo -30.0 —-153.1 42 vsmall Mantled highlands on crater floor
73 Airy —18.0 5.7 22 vsmall Mantled highlands
74 Alphonsus Exo —14.8 —23 10 vsmall Mantled highlands on crater floor

75 Alphonsus C -137 -34 3 vsmall Mantled highlands on crater floor
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Table 2
Lunar pyroclastic deposits: Clementine UV VIS color and color-ratio data
No. Site 415/750  950/750 415 415nm 750 750 nm 900 900 nm 950 950 nm 1000 1000 nm
nm nm nm error nm error nm error nm error nm error
1 Aristarchus 0.546 1.043 0.052  0.002 0.095 0.004 0.098 0.004 0.099 0.004 0.102  0.004
2 Aestuum 0.630 1101 0.054  0.003 0.086  0.009 0.092  0.008 0.095 0.007 0.099 0.007
3 Rima Bode 0.610 1.090 0.050 0.002 0.082  0.004 0.087 0.004 0.090 0.004 0.094 0.004
4 Smythii NW 0.582 1.074 0.065 0.003 0.112  0.005 0.118 0.006 0.120  0.006 0.124  0.006
5 Orientale 0.582 1.087 0.084  0.007 0.145 0.011 0.154 0.011 0.157 0.011 0.163 0.011
6 Cruger 0.576 1.087 0.084  0.005 0.146  0.010 0155 0.011 0.158 0.011 0164 0.011
7 Sulpicius Gallus 0.588 1.089 0.051 0.004 0.086  0.007 0.092 0.007 0.094  0.007 0.098 0.007
8 Vaporum 0.620 1.094 0.049  0.002 0.079  0.003 0.084  0.003 0.086  0.003 0.089  0.003
9 Taurus—Littrow 0.637 1.100 0.055  0.001 0.086  0.002 0.093  0.002 0.095  0.002 0.099 0.003
10 Nectaris SE 0.595 1.080 0.083  0.005 0.140 0.006 0.148  0.006 0.151  0.007 0.155  0.007
11 Harbinger 0.545 1.017 0.058  0.003 0.106  0.004 0.108  0.005 0.108  0.005 0.111  0.005
12 Dopplemayer 0.581 1.052 0.056  0.002 0.097 0.002 0101  0.002 0.102  0.003 0.105 0.003
13 Smythii SW 0.575 1.087 0.067  0.009 0.117 0.014 0.124 0.013 0.127 0.013 0.131 0.013
14 Titius 0.588 1.060 0.067  0.004 0.115 0.006 0.120  0.006 0.121  0.006 0.126  0.006
15 Petavius 0.623 1.039 0.094  0.005 0.151  0.005 0.155  0.005 0.156  0.005 0.160  0.006
16 Oppenheimer NW  0.578 1.059 0.054  0.002 0.093 0.004 0.097 0.004 0.098 0.004 0.103  0.004
17 Humorum SW 0.565 1.051 0.057  0.001 0.101  0.002 0.104  0.002 0.106  0.002 0.110 0.002
18 Riccioli 0.587 1.057 0.077 0.004 0.132  0.007 0.138 0.008 0.139  0.008 0.144  0.008
19 Cleomedes 0.581 1.022 0.090 0.006 0154 0.011 0.156 0.012 0.157 0.011 0.163 0.013
20 Moscoviense SE 0.559 1.082 0.067  0.007 0120 0.011 0.127 0.013 0.130 0.013 0.135 0.013
21 Hadley Cleft 0.567 1.054 0.070 0.007 0.124  0.010 0.128 0.010 0.130 0.010 0.135 0.010
22 Schrodinger 0.569 1.015 0.098  0.006 0.173 0.010 0174 0.011 0.175 0.011 0.182 0.012
23 Taruntius NW 0.591 1.072 0.072  0.002 0.121  0.003 0.127  0.004 0.130  0.004 0.134  0.003
24 Oppenheimer S 0.574 1.063 0.058  0.004 0.101  0.007 0.106  0.007 0.108  0.007 0112  0.007
25 J. Herschel 0.545 1.028 0.086  0.007 0.157 0.010 0.159 0.010 0.161  0.010 0.168  0.010
26 Beer 0.596 1.045 0.067  0.002 0.112  0.003 0.116  0.003 0.118 0.003 0.121  0.003
27 Mozart 0.581 1.049 0.073  0.003 0.125 0.004 0129 0.004 0.132 0.004 0.137  0.004
28 Lavoisier 0.596 1.064 0.072  0.003 0.121  0.004 0.126  0.004 0.128 0.004 0.133  0.004
29 Lavoisier F 0.578 1.070 0.064  0.005 0.111  0.005 0.116  0.005 0.119  0.005 0.123  0.005
30 Schiuter 0.588 1.061 0.083  0.002 0.142  0.003 0.149  0.003 0.150 0.003 0.155 0.003
31 Barnard 0.588 1.061 0.075 0.004 0.127  0.006 0.133  0.006 0.135 0.006 0.140 0.006
32 Frigoris SE/W 0.545 1.063 0.070  0.004 0.129  0.007 0.135  0.007 0.137  0.007 0.144  0.007
33 Cavalerius 0.587 1.059 0.068  0.001 0.117 0.001 0122 0.001 0.123  0.001 0.128 0.001
34 Briggs A 0.589 1.022 0.080 0.002 0.135 0.005 0.138  0.005 0.138  0.005 0.142  0.006
35 Gaudibert 0.583 1.064 0.071  0.003 0.121  0.004 0.127  0.004 0.129  0.005 0.133  0.004
36 Carpatus 0.586 1.048 0.072  0.003 0.122  0.004 0.126  0.005 0.128  0.005 0.132  0.005
37 Daguerre 0.583 1.074 0.066  0.004 0.113  0.006 0.118 0.007 0.121  0.008 0.125 0.008
38 Fresnel 0.570 1.049 0.068  0.002 0.119  0.004 0.123  0.004 0.125 0.003 0.129  0.004
39 Humboldt SW 0.582 1.054 0.083  0.006 0.142  0.009 0152 0013 0.149 0.010 0.154 0.010
40 Gauss S 0.561 1.059 0.090 0.006 0.161  0.006 0.167  0.008 0.171  0.007 0.178  0.007
41 Taruntius 0.607 1.031 0.077  0.006 0.128  0.009 0.131  0.008 0.132  0.008 0.135  0.009
42 Frigoris SE/E 0.552 1.064 0.074  0.002 0.134 0.003 0.140 0.004 0.142  0.004 0.148  0.004
44 Abel B 0.564 1.100 0.080 0.002 0.141  0.003 0.151 0.003 0.156  0.003 0.161  0.003
44 Oppenheimer SW  0.569 1.049 0.055 0.001 0.096  0.002 0.099 0.002 0.101  0.002 0.105 0.002
45 Franklin 0.561 1.089 0.084  0.009 0.150 0.014 0159 0.014 0.164  0.015 0.170 0.015
46 Oppenheimer SE 0.589 1.024 0.077  0.002 0.131  0.003 0.133  0.003 0.134  0.003 0.139 0.003
47 Lassell 0.619 1.017 0.071  0.002 0.115  0.002 0.117  0.001 0.117  0.001 0.120  0.002
48 Abel C 0.563 1.084 0.077  0.002 0.137  0.002 0.144  0.002 0.148  0.002 0.154  0.002
49 Compton 0.579 1.039 0.129  0.005 0.223  0.008 0229  0.009 0.232  0.010 0.240 0.010
50 Gauss W 0.561 1.059 0.089  0.001 0.158  0.003 0.164  0.003 0.167  0.003 0.174  0.003
51 Lagrange C 0.582 1.034 0.090 0.003 0.155  0.005 0.159 0.006 0.160  0.007 0.166  0.007
52 L ubinieszky 0.595 1.012 0.077  0.002 0.129  0.003 0.131  0.003 0.131  0.004 0.134 0.004
53 Humboldt NE 0.598 1.058 0.085  0.005 0.141  0.009 0.147  0.009 0.150  0.009 0.152  0.007
54 Atlas S 0.572 1.077 0.080 0.003 0.140  0.007 0.146  0.009 0.150 0.010 0.157 0.010
55 Atlas N 0.560 1.056 0.090 0.009 0.160 0.014 0.166  0.015 0.169 0.016 0.176  0.017
56 Mersenius 0.577 1.070 0.079  0.002 0.137  0.004 0.144  0.004 0.147  0.004 0.152  0.004
57 Grimaldi 0.576 1.087 0.084  0.005 0.146  0.010 0155 0.011 0.158 0.011 0164 0.011
58 Vitruvius 0.632 1.033 0.067 0.001 0.105 0.003 0.108  0.003 0.109 0.003 0.112 0.003
59 Messala S 0.554 1.093 0.086  0.001 0.156  0.003 0.165 0.003 0.170  0.003 0.177  0.003
60 Daniell 0.555 1.051 0.071  0.002 0.128 0.003 0.132  0.003 0.134 0.004 0.140 0.004
61 Lavoisier H 0.585 1.079 0.062 0.001 0.107  0.003 0.113  0.003 0.115 0.004 0.121  0.003
62 Alphonsus NNE 0.568 1.050 0.079  0.005 0.139  0.008 0.144  0.008 0.146  0.008 0.151  0.009
63 Alphonsus W 0.562 1.039 0.069  0.002 0.122  0.003 0.126  0.004 0.127  0.004 0.132  0.004
64 Humboldt W 0.580 1.074 0.084  0.006 0.145 0.009 0.152 0.010 0.156  0.010 0.161 0.010
65 Gambart 0.592 1.052 0.060  0.003 0.102  0.003 0.106  0.003 0.107  0.003 0.110 0.003
66 Alphonsus E 0.562 1.041 0.071 0.001 0.126  0.001 0.130 0.001 0.131  0.002 0.136 0.001
67 Gauss E 0.567 1.068 0.101 0.004 0.179  0.006 0.186  0.007 0.191  0.007 0.198 0.008
68 Humboldt NW 0.579 1.082 0.079  0.001 0.136  0.001 0.144 0.001 0.147  0.001 0152 0.001
69 Gaudibert NW 0.581 1.073 0.083  0.002 0.142  0.004 0.150 0.004 0.153  0.004 0.156  0.005
70 Hell 0.598 1.019 0.122  0.016 0.204 0.023 0.207 0.026 0.208  0.027 0214 0.027
71 Messala N 0.557 1.092 0.087  0.007 0.157 0.011 0.166 0.011 0171 0.011 0.178 0.011
72 Apollo 0.606 1.008 0.080  0.005 0.133  0.007 0.133  0.008 0.134  0.008 0.138  0.009
73 Airy 0.579 1.057 0.097  0.005 0.167  0.007 0.174  0.008 0.177  0.008 0.183  0.008
74 Alphonsus Exo 0.568 1.051 0.081  0.002 0.142  0.003 0.148  0.004 0.150 0.004 0.155 0.004
75 Alphonsus C 0.572 1.042 0.076  0.002 0.134 0.003 0.138 0.004 0.139 0.004 0.145 0.004
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Fig. 1. Clementine 750-nm images of dark pyroclastic deposits at Rima Bode (top) and in the floor of Oppenheimer crater (bottom). See Fig. 2 and Table
1 for locations and more information. Note that Rima Bode is #3 and Oppenheimer deposits are #16, #24, #44, and #46 in Fig. 2 and Table 1.

1994). Most large LPDs are observed in regions with crustal ranging from 25 to 65 km (Gaddis et a., 1998a, 1998b). On
thicknesses from ~50 to 75 km, and small pyroclastic the lunar near side, these crustal thicknesses are typical of
deposits are observed in regions with crustal thicknesses the margins of the major maria. On the far side pyroclastic
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-?80 Site: Size range (km?): Total:
O 1001 - 49000 (vlarge) 20
O 401 - 1000 (large) 15
O 201 -400 (medium) 9
o 101 -200 (small) 17
o 1-100 (vsmall) 14

75

Distribution of Lunar Pyroclastic Deposits

Fig. 2. Schematic map showing the spatial distribution of the 75 lunar pyroclastic deposits included in this analysis. The deposit locations are marked with
white circles and sorted according to size: Very Large deposits (largest circles; 20 in number) are 1001 to 49,000 km? in size; Large deposits (second largest
circles; 15 in number) are 401 to 1000 km? in size; Medium deposits (middle-sized circles; 9 in number) range from 201 to 400 km? in size; Small deposits
(second smallest circles; 17 in number) are 101 to 200 km? in size; and Very Small deposits (smallest circles; 14 in number) are 1 to 100 km? in size. Numbers
correspond to site entries in Table 1. Base image is the global 750-nm Clementine mosaic.

deposits are also observed in regions of thinned crust (~45
km), mostly in the South Pole/Aitken and Moscoviense
basins. Formation of LPDs may have been favored near
crater and basin margins by concentric extensional stresses
occurring in some basins during relaxation following impact
(e.g., Solomon et al., 1982).

I1.C. Age

During the Apollo program, the extreme darkness of
deposits at Taurus-Littrow along the southeastern margin of
Mare Serenitatis was interpreted to mean that volcanism
may have occurred recently at that site (e.g., Wilhelms and
McCauley, 1971). Dark deposits such as those at Taurus—
Littrow were al so thought to be young because they had few
superposed impact craters, but this was later realized to be
due to abnormally rapid degradation of small cratersin the
unconsolidated pyroclastic material (L ucchittaand Sanchez,
1975). Later analyses of Apollo 17 samples from the Lit-
trow valley revealed the presence of a small component of
pyroclastic material (Howard et a., 1973) which is thought
to dominate the Taurus-Littrow pyroclastic deposit that
occurs ~30 km west of the Apollo 17 landing site (Adams

et a., 1974). Age data reveded that this pyroclastic debris
was emplaced at ~3.48 Ga (Tera and Wasserburg, 1976).

The experience of Apollo 17 at Taurus-Littrow indicated
that low abedo could not be unequivocally associated with
youth on the Moon, and it was soon realized that pyroclastic
deposits probably mark the locations of source vents for
earlier, presumably ancient volcanic eruptions (Head,
1974). This observation and the association of many LPDs
with Imbrian-aged floor-fractured craters (e.g., Head and
Wilson, 1979; Gaddis et al., 19983, 1998b) or volcanic
deposits (e.g., Whitford-Stark, 1990; Whitford-Stark and
Head, 1980; Hiesinger et al., 2000) suggest that most of
these deposits are of late Imbrian age, generally 3.2 to 3.7
Ga, corresponding to the age of the peak period of ancient
lunar volcanism (e.g., Hiesinger et a., 2001). The existence
of younger LPDs associated with episodes of more recent
volcanism (extending to ~2.0 Ga; e.g., Hiesinger et a.,
2001) cannot be ruled out, and at least one LPD near
Taruntius crater has been suggested to be relatively young
(possibly Eratosthenian in age; Spudis, 1989). Even if py-
roclastic volcanism spanned the entire ~2-byr period of
lunar volcanism, spectral observations of LPDs are ex-
pected to show that the surfaces of these deposits are spec-
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trally mature (see Section I11.A below), except where they
have been disturbed by recent impacts.

[1.D. Areal extent

For convenience, in previous studies (e.g., Gaddis et al.,
1985), LPDs were divided into two major size-based
classes. large or “regional” pyroclastic deposits (~20 in
number) are of substantial spatial extent (>1000 km?),
whereas smaller, or “localized,” deposits (~55 in number)
are typicaly only several hundred km? in size. Often, the
larger deposits do not have obvious vents; they may repre-
sent multiple deposits or their vents may have been covered
by younger volcanic deposits. Many smaller deposits occur
as dark haloes around semicircular or irregular depressions;
these appear most likely to have been formed by single
eruptive episodes. Examples include the endogenic “dark-
halo craters’ in the floor of the Nectarian crater Alphonsus
(108 km dia.). Such deposits may occur on a crater floor at
multiple sites (as in Alphonsus) or they may be relatively
isolated (as in Schrodinger). Although these size classifica
tions are somewhat subjective, LPD size is generally be-
lieved to be related to their mode of eruption and emplace-
ment (see Section I11.C. below). A detailed examination of
the relationships between composition and size will thus
permit refinement of our understanding of the influence of
eruptive style on LPD composition.

For this analysis, the 75 pyroclastic deposits were arbi-
trarily grouped into five size classes, ranging from 3 to
nearly 50,000 km? in areal extent (Table 1). Spatial extent
or area in km? was estimated by identifying a low-albedo
deposit in the Clementine 750-nm data and counting
100100 m (or 0.01 km?) pixels within the darkest albedo
class. In some cases deposit boundaries are indistinct, and
areal extents may include more than one deposit within a
cluster. Twenty deposits, including those of Sinus Aestuum,
Aristarchus plateau, and Oppenheimer NW, have been clas-
sified as Very Large, with areal extents from 1000 to nearly
50,000 km?. Fifteen deposits (e.g., Oppenheimer S, J. Her-
schel) are described as Large, extending from 400 to less
than 1000 km?. Nine deposits (e.g., Fresnel, Oppenheimer
SW) are classified as Medium and are 200 to less than 400
km? in size. Seventeen deposits, including those of Franklin
and Oppenheimer SE, are Small, extending from 100 to less
than 200 km?. Finally, 14 deposits, such as those in Alphon-
sus and Apollo craters, are Very Small, or ~3 to less than
100 km?.

I1.E. Inferred eruption mechanisms

Dramatic variations in morphology, areal extent, and
vent size and type have led scientists to infer fundamentally
different eruption mechanisms for the large and small LPDs
(e.g., Head and Wilson, 1979, 1992; Wilson and Head,
1981). Large pyroclastic deposits are thought to have been
emplaced via more continuous, Hawaiian-style, fire-foun-

tain eruptions (e.g., Wilson and Head, 1981), whereas
smaller pyroclastic deposits were probably formed via in-
termittent, Vulcanian-style explosive eruptions (Head and
Wilson, 1979).

More continuous lunar eruptions are likely to produce
glass beads and crystalline or partialy crystalline droplets
(e.g., Helken et al., 1974). With relatively low gravity and in
the very dry, cold, near-vacuum environment at the lunar
surface, an ascending magmatic column contains submilli-
meter-sized gas bubbles that explode upon reaching the
surface (e.g., Head and Wilson, 1992). The resulting pyro-
clagtic eruption plume contains submillimeter droplets of
liquid magma propelled by and enveloped in a transient,
volatile-enriched gas cloud (probably consisting of CO with
S, Ag, Cd, Zn, and Br; Baedeker et a., 1974). More rapid
cooling rates (on the order of 10 to 60°C/sec for the Apollo
17 orange glasses; Uhimann et al., 1974) within such an
erupting plume produce smaller quenched glass beads,
whereas longer residence times (10 to 1000 times longer)
within the cloud are likely to result in larger, compound
droplets containing crystallites (Arndt et al., 1979, 1984).

These laboratory data raised the possibility that the rel-
ative amount of glass versus crystallized beads in a large
pyroclastic deposit could be used to infer the eruption mech-
anism of that deposit. Glass-rich pyroclastic deposits are
likely to have had relatively rapid cooling times within
optically thin eruption plumes; deposits with abundant crys-
tallized beads would have longer cooling times because of
either their greater size and thickness or their eruption
within a denser plume where temperatures remained higher
for longer periods of time (e.g., Weitz et a., 1998). This
possibility is explored further in Section 111.B.3 below.

Eruption of small pyroclastic deposits has been modeled
by Head and Wilson (1979). These authors suggested that
substantial amounts of nonmagmatic materials (possibly
basaltic caprock and wallrock of basaltic and/or highlands
composition) were mixed with primary magmatic materias
of basaltic composition during eruption of smaller pyroclas-
tic deposits. Volumetric estimates of small pyroclastic de-
posits at Alphonsus crater indicated that some may consist
of 50% to 100% of such nonmagmatic or nonjuvenile ma-
terials. Nonjuvenile materials are thought to have a larger
average particle sizethan the relatively fine-grained juvenile
pyroclastic materials produced by fragmentation of the
magma (Head and Wilson, 1979).

I1.F. Composition: previous work

Previous laboratory analyses and spectral characteriza-
tion of samples from large LPDs and remote spectral ob-
servations of both large and small LPDs have contributed to
our understanding of the origin of these deposits.

I1.F.1. Sample data
Primary magmatic or juvenile components of the larger
LPDs are thought to be the quenched glass and crystal-
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Fig. 3. Laboratory spectra of lunar pyroclastic spheres (after Pieters et al.,
2000). Green glass from sample 15401 (square), orange glass from sample
74220 (diamonds), and black beads from sample 74001 (triangles) are
shown.

lized volcanic beads resulting from gas-driven eruptions.
Twenty-five varieties of volcanic glasses have been identi-
fied in lunar samples (Delano, 1986). Volcanic glass beads
are recognized in lunar samples largely because they are
uniform in texture and individually homogeneous in com-
position and have volatile-element-enriched surface coat-
ings. Such coatings and the primitive compositions of
glasses indicate that they come from deep within the Maoon.
Volcanic glasses have relatively high FeO (16.5 to 24.7
wt.%) and highly variable TiO, (0.26 to 16.4 wt.%) con-
tents. Depending on composition, a variety of glass colors
have been observed, including clear, yellow, orange, red,
green, and brown glasses.

Laboratory spectral characteristics of the volcanic
glasses at visible and near-infrared wavelengths (400 to
2500 nm, or 0.4 to 2.5 wm) show distinct differences from
those of crystalline mare basalts (e.g., Pieters, 1993). Mare
basalts may have absorption bands corresponding to the
mafic minerals clinopyroxene (band center between 0.95
and 1.03 wm) and sometimes olivine (broad, multiple band
centered at ~1.1 uwm), and lunar highlands units with mafic
components can show spectral signatures of orthopyroxenes
(or low-Ca pyroxenes; band center between 0.9 and 0.94
wm). By contrast, the amorphous, poorly ordered molecular
structure of volcanic glasses of basaltic composition pro-
duces broad, less well-defined absorption bands centered
near 1.0 and 2.0 um (Fig. 3). Both the green glass from
Apollo 15 and the orange glass from Apollo 17 have weak,
broad, shallow bands centered near 1.0 and 1.8 um that are
due to Fe™? in the glasses. However, the relatively high
TiO, content (~9 wt.%) of the orange glass produces an
absorption band with a “shoulder” that extends from the

ultraviolet into the visible and near-infrared wavelengths;
this UV/VIS dlope causes the orange glasses to appear
spectrally “red.” This shoulder is absent in the green glass
spectrum because it is low in TiO,, but it is present in the
spectrum for the Apollo 17 black volcanic beads (Fig. 3;
Adams et al., 1974). Although the orange glasses and black
beads have equally high FeO and TiO, contents, the black
beads have distinctively flatter or low-contrast spectra, with
a strong absorption band near 0.6 um and weak or nonex-
istent bands at 1.0 and 2.0 um. This low spectral contrast
and the observed high UV/VISratio (or spectra “blueness’)
of the black bead deposits are due to the presence of sheaths
of ilmenite crystals in a glass matrix (Pieters et al., 1974).
Although olivine crystals are al so present in the black beads,
black bead spectra closely resemble those of the opaque
mineral ilmenite (e.g., Adams et a., 1974; Pieters et a.,
2000).

I1.F.2. Remote observations

Earth-based telescopic observations and sample data
suggest that many of the large lunar pyroclastic deposits,
such as those at Taurus-Littrow, Rima Bode, Aristarchus,
Sulpicius Gallus, and Sinus Aestuum have a major compo-
nent of Fe*?-bearing volcanic glass beads and/or chemi-
caly equivalent, black crystallized spheres (Pieters et al.,
1973; Adamset a., 1974; Heiken et al., 1974; Lucchittaand
Schmitt, 1974; Zisk et ., 1977; Gaddis et al., 1985; Lucey
et a., 1986; Weitz et al., 1998). Remote observations indi-
cate that several of these “black spot” deposits (notably
those at Taurus-Littrow, Rima Bode, Sinus Aestuum, and
Vaporum) contain significant amounts of black crystalline
beads that result in their very low albedo and dominate their
spectral response (Adams et a., 1974; Gaddis et al., 1985).
Deposits such as those at Aristarchus plateau are thought to
consist largely of quenched, iron-bearing volcanic glasses
(Zisk et ., 1977; Lucey et al., 1986), and those at Sulpicius
Gallus and elsewhere may consist of mixtures of black,
crystallized beads and orange volcanic glasses (Lucchitta
and Schmitt, 1974).

Earth-based spectral data for several smaller pyroclastic
deposits indicate that a continuum of compositions exists
for these deposits, extending from those with spectral prop-
erties that are comparable to mature highlands to those that
are very similar to mature maria (e.g., Hawke et a., 19893,
1989b; Gaddis et a., 2000). Only afew small LPDs, such as
those at Alphonsus (Hawke et al., 1989b) and J. Herschel
(McCord et al., 1981) craters, show spectral evidence of
other components (such as olivine or glass) that might have
been juvenile or derived from the primary magma. Re-
motely characterized compositions of the small pyroclastic
deposits thus are related to the compositions of both the
primary magma and the substrate through which the magma
rose. Presumably the compositions of such low-volume
eruptions are more likely to be influenced by mixing with
local materials. While the influence of mixing with local
highlands materials can be characterized remotely, it is not
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possible to distinguish between intimately mixed juvenile
and nonjuvenile mare basatic components with remote
spectral data alone. However, the presence of components
such as olivine and glass in small pyroclastic deposits may
be characterized with the 5-band Clementine UVVIS data.

Even with the help of sample data, it has typically been
difficult to identify a clear genetic association between a
particular pyroclastic deposit and a mare deposit. Although
the formation ages of Apollo 17 orange glass (3.48 Ga) and
Apollo 15 green glass (~3.3 Ga) are approximately consis-
tent with the ages of nearby mare basdlts, crystalline mare
basalts with compositions comparable to the volcanic
glasses have not been identified at any of the landing sites
(eg., Tera and Wasserburg, 1976; Delano, 1986; Lunar
Sourcebook, 1991, Table A6.3, p. 205). Only the volcanic
glasses at Apollo 17 were collected from a stratigraphic
layer suggestive of a local volcanic origin. Green glasses
were found in samples from the Apollo 15 site near Hadley
Rille, but volcanic deposits with substantial green volcanic
glass components have not been identified remotely. The
spectral characteristics of LPDs in this region were thought
to be more consistent with the presence of abundant yellow
or brown glass components (Hawke et al., 1979), which
were also sampled during Apollo 15.

I11. Compositional analyses of lunar pyroclastic
deposits

The 5-band Clementine UVVIS data at ~100 m/pixel
(Eliason et al., 1999) were used to characterize the compo-
sitions of 75 large and small lunar pyroclastic deposits, and
these were compared to compositions of major lunar maria
and highland deposits (Gaddis et a., 2000; Gaddis et al.,
2001; Petro et a., 2001; Staid, 2000; Staid and Pieters,
2000, 2001). Clementine UVVIS data were obtained at
wavelengths of 415, 750, 900, 950, and 1000 nm. These
data are used to (1) determine the compositiona diversity of
lunar pyroclastic deposits, (2) identify and characterize ju-
venile components where possible, (3) compare the compo-
sitions of large and small pyroclastic deposits to evaluate
the influence of size on the inferred eruption mechanisms,
and (4) evauate the compositiona relationships, if any,
between lunar pyroclastic and mare deposits.

As observed in the Clementine UVVIS spectra (Gaddis
et a., 2000, and this analysis), most LPDs exhibit the
subdued mafic absorption bands typical of those of mature
mare or highlands soils (Fig. 4). The presence of a broad
absorption band centered longward of 1.0 um that might be
due to ferrous iron in volcanic glass or olivine in some of
these mature LPDs (e.g., Aristarchus, J. Herschel) is not
strongly evident in the Clementine UVVIS spectra (Fig. 4).
Typical mature LPDs do not have strong mafic absorption
bands such as that of the fresh materias in the wall of the
mare crater Jansen (13.5°N, 28.7°E; 23 km dia.), where a
clinopyroxene band is observed at ~0.95 um. Most of the
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Fig. 4. Clementine UV VIS spectra for pyroclastic deposits at Aristarchus
plateau, J. Herschel, Oppenheimer crater, Orientale, Sulpicius Gallus, and
Taurus-Littrow. For comparison, spectra from Menelaus (a highlands
crater; 16.3°N, 16.0°E), Mare Tranquillitatis (“Mtrang”, a high-titanium
mare deposit), Mare Serenitatis (“MS2”, alow-titanium mare deposit), and
Jansen (a mare crater; 13.5°N, 28.7°E) are also shown.

LPDs have reflectances at 750 nm (or “albedos’) that are
much lower than that of fresh highlands (Menelaus crater)
and are bracketed by typica high-titanium (Mare Tranquil-
litatis or Mtrang, Fig. 4) and low-titanium (Mare Serenita-
tis-2 or MS2) mature maria. However, the LPDs at J. Her-
schel and Orientale have higher average albedos that are
more typical of mature highlands. Although the relatively
high albedo of the Orientale deposit may be due to its
thinness (Head et al., 2002), therelatively flat slope between
0.75 and 0.90 um in the spectrum of J. Herschel may
indicate the presence of a brighter mafic component (pos-
sibly olivine or iron-bearing glass) that has broadened the
absorption band and increased the albedo of the pyroclastic
deposits of J. Herschel (McCord et a., 1981). To examine
the compositions of LPDs in more detail, Clementine al-
bedo and color ratio data are addressed below.

I11.A. Parameterization of LPD composition and
comparison to maria and highlands

To characterize the compositions of LPDs and to com-
pare them to those of lunar maria and highlands, data on
reflectance at 750 nm (or “abedo”) and two color ratios
were examined (Figs. 7, 8, 9 below). Albedo at 750 nmisa
first-order indicator of differencesin brightness due to vari-



L.R Gaddis et al. / Icarus 161 (2003) 262-280 271

ations in soil mineralogy and chemistry, maturity, particle
size, and viewing geometry effects. As is the case for
mature mare soils, primary compositional differences
among the LPDs include relative titanium content (e.g.,
Johnson et al., 1991) and relative mafic content and com-
position (e.g., Pieters et a., 1993; Pieters, 1993). The rela
tive titanium content of mature basaltic soils is commonly
estimated by the slope of the line between reflectances at
415 and 750 nm (or the “visible slope”), or equivalently by
the 415/750-nm (or UV/VIS) ratio (e.g., Charette et a.,
1974; Johnson et al., 1991). 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 related to the 1.0-um or mafic band
strength, or the ratio of 950/750 nm reflectances. Deposits
with low 950/750 values generally have deeper 1.0-um
bands and stronger mafic spectral signatures, and those with
high 950/750 values have shalower 1.0-um bands and
weaker mafic signatures. In addition to providing effective
compositional discrimination among L PDs and mare depos-
its, these two spectral ratio parameters (as measures of
relative reflectance) serve to minimize small residual pho-
tometric variations due to viewing geometry effects.
Before using Clementine albedo and color ratio data for
characterizing LPD compositions (e.g., Gaddis et al., 2000),
at least one major caveat to their usage for this purpose must
be presented. These tools do not completely characterize the
composition of high-titanium LPDs with either substantial
crystalline (particularly opaque mineral) components or or-
ange glasses. The best example of such a deposit is that of
Taurus-Littrow, but several other deposits, including Rima
Bode, Sinus Aestuum, Vaporum, and Sulpicius Gallus, are
also believed to have substantial crystallized bead compo-
nents (e.g., Pieters et a., 1974; Gaddis et a., 1985). Al-
though at the Apollo 17 site the ilmenite-rich “black beads’
are compositionally equivalent to the high-FeO and high-
TiO, orange glasses, the spectral behaviors of these two
components are markedly different. As noted earlier, the
TiO, in the Apollo 17 orange glasses produces an absorp-
tion shoulder extending from shorter (UV) wavelengthsinto
the visible, while the FeO produces absorption bands near
~1.0 and 2.0 um. The orange glasses thus have a low
415/750 nm or “red” UV/VIS ratios. For the black beads,
crystallinity has decreased the albedo, reduced the spectral
contrast, and weakened the mafic band for these deposits.
The prominent ilmenite absorption band at 0.6 wm in the
black-bead LPDs produces a high 415/750 nm or a “blue”
UV/VISratio; as aresult, deposits rich in these black beads
exhibit different (higher) UV/VIS values despite having
similar TiO, contents to the orange glasses. Although com-
parisons among these LPDs and between these and other
LPDs are valid, the Clementine compositiona data are not
strict indicators of either iron or titanium content for these
Very Large, crystaline bead or orange-glass-enriched
LPDs. As shown below, these deposits are unique among

lunar deposits and are not representative of the majority of
LPDs.

I11.A.1. Mafic band strength (950/750 nm) versus albedo
(750 nm)

In Fig. 5, mafic band strength (950/750 nm) versus al-
bedo are compared for 75 LPDs and for a selection of
representative mare and highland terrains. Datafor the lunar
maria (open crosses, italic labels, darker gray polygonal
region) are average values for uncontaminated, mature mare
soils from Staid (2000). Mgjor mare units are labeled after
the compositional classification of Pieters (1978) in which
the first letter refers to the slope of the UV/VIS ratio, the
second to abedo, and the third and fourth letters to the
depths of the 1- and 2-um bands, respectively. Highlands
data (“X” symbols, lighter gray polygonal region) are gen-
erally for mature soils (weaker mafic bands), but two fresher
deposits (with stronger mafic bands, lower right) are in-
cluded for comparison. The polygonal outlinesfor the maria
and highlands spectral regions are approximate; both re-
gions could overlap in the middle and could extend further
up toward weaker band strengths if less typical soils were
included. Less mature soils of all types are found toward the
lower right in Fig. 5. Within the mare region, more iron and
titanium-rich soils have lower albedos and a range of mafic
band strengths. However, most high-titanium, high-iron
maria are observed on the left side of the mare region, and
lower titanium soils are found on the right side largely due
to differences in their 750 nm abedos.

The LPD vaues in Fig. 5 (filled symbols, five size
classes) are generally broadly distributed across the mare
region and are observed on the lower albedo (left) side of
the highland region. Only one cluster of LPD compositions
is observed (at upper left) and it includes the five unusual
and apparently distinctive Very Large “black bead” deposits
(Sinus Aestuum, Taurus-Littrow, Vaporum, Rima Bode,
and Sulpicius Gallus) noted above.

The vaues of other Very Large LPDs in Fig. 5 are
distributed across the maria region and some (e.g., Orien-
tale, Smythii) extend toward higher abedos and have
weaker mafic bands than typical maria. Large LPDs are
equally broadly distributed within the maria region; most
have moderate mafic bands and a range of abedos. Two
Large LPDs, J. Herschel and Schrodinger, have unusually
strong mafic bands and relatively high albedos. Medium
LPDs are commonly observed in the upper portion of the
maria region, with moderate to weak mafic bands and a
range of albedos. Two Medium LPDs (Abel B and Gauss S,
both unlabeled on Fig. 5) have abedos sufficiently high to
fal well within the highlands region. Small LPDs are
widely distributed within the maria region, with a broad
range of mafic band strengths and albedos. Several Small
LPDs fall within the highlands region, with relatively high
albedos and moderate to weak mafic bands. Finaly, the
Very Small LPDs aso are observed within both the maria
and highlands regions; most have moderate to high albedos
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Fig. 5. Clementine color ratio data at 950/750 nm versus albedo at 750 nm for 75 pyroclastic deposits grouped into 5 size classes. For comparison, data are
also presented for 14 lunar mare soils (gray region, after Staid, 2000) and for 10 highland soils of varying maturity (yellow region).

Fig. 6. Clementine color ratio data at 415/750 nm versus albedo at 750 nm for 75 pyroclastic deposits grouped into 5 size classes. For comparison, data are
also presented for 14 lunar mare soils (gray region, after Staid, 2000) and for 10 highland soils of varying maturity (yellow region).

Fig. 7. Clementine color ratio data at 415/750 nm versus 950/750 nm for 75 pyroclastic deposits grouped into 5 size classes. For comparison, data are also
presented for 14 lunar mare soils (gray region; after Staid, 2000) and for 10 highland soils of varying maturity (yellow region).

Fig. 9. Scatterplot of pixel brightness variation for the 950/750 color ratio versus albedo at 750 nm. Data for pyroclastic deposits at Taurus-Littrow, Sulpicius
Gallus, and Aristarchus plateau are overlaid onto data for mare deposits at Tranquillitatis and Serenitatis. For each region, more mature materials are found
at the top end of the scatterplot. Contours mark “freshness’ densities at 1%, 10%, 50%, and 80% of surface materials.
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and show a wide range of mafic band strengths. Several
Small and Very Small LPDs (e.g., Gauss E and W, Atlas N,
Hell, Compton) have albedos comparable to typical high-
lands and thus lie well within the highlands region. The
Small LPD at Compton shows an unusually high albedo that
exceeds the brightness of typical highlands.

The majority of LPDsfall within the mariaregionin Fig.
5. The larger LPDs (most members of the Very Large,
Large, and Medium classes) generally match the range of
mafic band strengths and abedos observed for typical
maria. The smaller LPDs (Small and Very Small) have the
widest range of abedos and mafic band strengths, with
many observed in an overlap zone between maria and high-
lands. LPDs have a wide range of albedos and many are not
especialy dark. Two mare deposits (WProc HDSA, Trang
HDWA) are darker than most of the LPDs. With the excep-
tion of the five Very Large “black bead” LPDs, strong
clusters are not observed among the LPDs on the basis of
albedo, mafic band strength, or size. There is no obvious
correlation between albedo and mafic band strength for
either the mare soils or the majority of the LPDs.

These data indicate that the compositions of most LPDs
are comparable to those of lunar mare soils. This relation-
ship is true for LPDs regardless of inferred eruption mech-
anism, including both several Very Large deposits presum-
ably emplaced by fire-fountaining (Aristarchus, Humorum)
and many LPDs which are clearly endogenic or “dark halo”
pyroclastic deposits (e.g., Alphonsus, Apollo). LPDs which
are thought to be glass-rich, such as Aristarchus, Harbinger,
and Apollo 15, fall well within the maria region in average
composition. The J. Herschel LPD, thought to have a sub-
stantial olivine or possibly iron-bearing glass component
(McCord et al., 1981; Hawke et a., 1989a, 1989b), plots
near the Frigoris low-titanium mare deposit. LPD com-
positions enriched in iron-bearing glass and/or olivine
(J. Herschel, Aristarchus) cannot be distinguished from
high-calcium pyroxene compositions typical of lunar maria
when viewed in terms of albedo and mafic band depths.

The effects of mixing with highland compositions are
clear for many of the smaller LPDs. Approximately 20% of
the LPDs, mostly smaller deposits, overlap with mature
highlands in albedo and mafic band strength. This similarity
to highlands compositions may be due to primary compo-
sitional effects (incorporation of highlands substrate mate-
rial during eruption; Hawke et al., 1989a, 1989b) or to
secondary contamination effects (e.g., superposition of
younger crater rays or vertical mixing). Clear examples of
the latter effects are observed for Compton, Gauss, Oppen-
heimer SE, and perhaps Schrodinger.

I11.A.2. Visible lope (415/750 nm) versus albedo
(750 nm)

The maria and highlands regions overlap at moderate
albedos and low 415/750 nm or UV/VIS (Fig. 6). Typical
highlands have relatively high albedos and low 415/750
values (i.e., are relatively “red”), whereas the maria have

lower average albedos and a much broader range of 415/750
values. Two of the maria, Tranquillitatis HDWA and West-
ern Procellarum HDSA, are very “blue’” and have been
inferred to have high titanium contents (>8 wt. %; Johnson
et a., 1991; Giguere et al., 2000). Recent work on the
Western Procellarum basalts has suggested that the esti-
mated TiO, content of that deposit should be revised to the
moderately high range (~6 to 8 wt. %; Gillis and Jolliff,
2001a, 2001b, 2001c; Gillis et a., 2001). Note, however,
that both Tranquillitatis HDWA and Western Procellarum
HDSA have higher inferred TiO, contents than all other
lunar basalts. The low-titanium mare deposit of Frigoris
(LBSP), with higher average albedo and low or “red”
415/750 values, marks the opposite extreme in composition
among the mariain Fig. 6.

One apparent trend in Fig. 6 isworthy of note. Severa of
the Very Large LPDs, including the “black bead” deposits
of Taurus-Littrow, Sinus Aestuum, Vaporum, Rima Bode,
and perhaps Sulpicius Gallus, are lower in abedo than
typical maria. These very dark LPDs are the “blue” mem-
bers of a nearly linear trend of decreasing 415/750 values
that includes several Very Large LPDs that are dlightly
brighter and spectrally “red.” The Taurus-Littrow, Sinus
Aestuum, Vaporum, and Rima Bode LPDs are al very
“blue” and are known or inferred to have a significant
component of high-titanium materials (in the form of il-
menite-rich black beads). Deposits such as those at Sulpi-
cius Gallus have intermediate UV/VIS ratio values perhaps
due to fewer opaque minerals. Oppenheimer NA, Humo-
rum, Aristarchus, and Harbinger LPDs have low 415/750
values and may have lower titanium contents. Although itis
intriguing to speculate that this trend is related directly to
variations in titanium content among these Very Large
LPDs, it more likely represents a complex combination of
the degree of crystalinity (i.e., ilmenite content) of the
high-iron, high-titanium LPDs (Taurus-Littrow, Sinus Aes-
tuum, VVaporum, Rima Bode, and possibly Sulpicius Gallus)
and possibly variations in titanium content of the iron-rich
glassy deposits (Oppenheimer NW, Humorum, Aristarchus,
Harbinger).

Most of the other LPDs, regardless of size, overlap with
the moderate- to low-titanium mare basalts. A few LPDs
(~10) fall outside the mariafield toward lower abedos and
redder colors, and an equal number have higher abedos
comparable to typical highlands. For these “mare like”
LPDS, there is a weak trend of decreasing abedo and
increasing titanium content, similar to but weaker than that
observed for the mare basalts. A few LPDs, such as the
Large deposits at J. Herschel and SE of Frigoris W, have
relatively red UV/VIS properties (and inferred low titanium
contents), whereas Small deposits such as Vitruvius, Las
sell, and Apollo are bluer and have apparently higher tita-
nium contents. A dight correlation exists between size and
albedo, with many of the largest L PDs having lower albedos
than most of the smaller deposits.
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[11.A.3. Visible slope (415/750 nm) versus mafic band
strength (950/750 nm)

Albedo is not afactor in this parameterization, so thereis
greater overlap between the maria and highlands fields (Fig.
7). Most of the LPDs, regardless of size, fall within the
lower 415/750 (“redder”) portion of the mature maria field
where there is substantial overlap with the highlands field,
and several LPDs extend into the highlands-only region.
Whereas most LPDs have lower 415/750 values and may
have relatively low TiO, contents, they have a range of
mafic band strengths spanning that of both typical mature
maria and highlands. For example, several LPDs
(Aristarchus, Harbinger, and J. Herschel) have lower 415/
750 vaues than typical maria and may have substantial
low-titanium glass and/or olivine components.

For most LPDs, no strong correlation exists between
mafic band strength and UV/VIS ratio (Fig. 7). The “black
bead” deposits at upper right (Taurus-Littrow, Sinus Aes-
tuum, Vaporum, and Rima Bode) again form a distinctive
cluster, with high or blue 415/750 values and very weak
mafic bands. If the “black bead” deposits are compared to
many other Very Large LPDs, a cross-cutting, upper-right
to lower-left trend suggests that deposits with higher TiO,
contents have weaker mafic bands and those with possibly
lower TiO, contents have stronger mafic bands. This isin
contrast to the nearly vertical trend for the mature maria, in
which mafic band strength is relatively independent of TiO,
content. However, it has been suggested that some mare
units have relatively low “1-um” band strengths because of
areduction in spectral contrast due to presence of abundant
dark TiO,-rich material (McCord et al., 1981). Indeed, if the
Western Procellarum HDSA deposit is removed from con-
sideration, then the maria may actually show two parallel
cross-cutting trends extending from higher 415/750 and
weaker mafic bands to lower 415/750 values and stronger
mafic band strengths.

The cross-cutting trend among the L PDs, extending from
Taurus-Littrow at the top right (very weak mafic band, very
blue, high titanium content) through Sulpicius Gallus, Ori-
entale, and Humorum to Aristarchus and Harbinger (red,
low UV/VIS, possibly lower titanium content, stronger
mafic band) at the lower |eft, has also been proposed as a
“mixing line” between the large pyroclastic deposits with
predominantly crystallized black beads at the top to those
with mostly iron-bearing glass beads at bottom (Weitz et al.,
1998). This hypothetical mixing relationship, a measure of
the “glassiness’ of a pyroclastic deposit with implications
for its mechanism and duration of eruption, assumes that
titanium contents for the LPDs aong this trend are equal.
Two aspects of this possibility warrant further discussion.
First, it is known that these 415/750 nhm or UV/VIS color
ratio and 950/750 nm or mafic band depth data cannot be
interpreted strictly in terms of iron and especially titanium
content for the “black bead” or orange glass deposits, mean-
ing that their placement with respect to other deposits on
Fig. 7 must be considered relative and not absolute. Second,

it is clear in Figs. 6 and 7 that the LPDs at Aristarchus,
Harbinger, and J. Herschel have lower UV/VIS ratios than
most other LPDs. J. Herschel is thought to have a substan-
tia olivine and possibly a glass component with low titanium
content (McCord et a., 1981, Hawke et al., 1989a, 1989b).
LPDs at Aristarchus and Harbinger were once thought to
consist largely of iron-bearing orange glass and possibly
black beads comparable to those found at the Apollo 17 site
(Zisk et a., 1977). More recently, Lucey et a. (1986)
suggested that the very strong, broad 1.0-um mafic band
observed in Earth-based spectrafor the LPDs at Aristarchus
was due to a substantial component of iron-bearing glass.

Data in this paper support the argument that LPDs such
as Aristarchus and Harbinger are very glass-rich, and it is
likely that these spectrally “red” LPDs have a substantial
component of an iron-bearing glass with a different com-
position from the LPD at Taurus-Littrow. Additional evi-
dence in support of this possibility comes from comparison
of spectrafor afresh Apollo 17 orange glass and the mature
LPD at Aristarchus (Fig. 8); it is apparent that the 1.0-um
mafic band depth for the Apollo 17 orange glassis less than
that of the Aristarchus LPD. Because band depths decrease
in strength with increasing maturity, a strong mafic band
such as that observed at Aristarchus cannot be produced by
weathering of a deposit strongly enriched in orange glass
with a weaker mafic band.

The Aristarchus LPD may consist of an iron-bearing
orange glass with a lower titanium content than the high-
titanium contents (10 to 16 wt. %; Delano, 1986) typically
cited for orange glasses at Apollo 17. For example,
Aristarchus iron-bearing glasses may resemble the lower-
titanium orange glasses from Apollo 17, with TiO, values of
~7 wt. %. If this is the case, then variations in glassiness
and crystallinity are probably not the sole source of the
cross-cutting trend for UV/VIS and mafic band depth for al
of the Very Large deposits. It may be that differences in
crystallinity for the mixtures of high-titanium orange
glasses and black beads at Taurus-Littrow produce the
observed variations in spectral ratio for deposits at this site
and at Sinus Aestuum, Rima Bode, Vaporum, and possibly
Sulpicius Gallus. If the LPDs at Aristarchus, Harbinger, and
possibly Humorum consist of iron-rich glasses unlike those
at Taurus-Littrow, then intrinsic variation in titanium con-
tent, perhaps along with degree of crystallinity, may pro-
duce the observed spectral ratios. Resolution of this possi-
bility awaits independent information on titanium contents
among the LPDs, such as might be derived from Lunar
Prospector data (e.g., Lawrence et al., 1998; Elphic et a.,
1998; Prettyman et al., 2002).

I11.B. Effects of maturity

Because Clementine spectral datafor many of the mature
LPDs show weak mafic absorption bands, the question
arises as to how well the Clementine data are representing
true pyroclastic deposit compositions, particularly the juve-
nile components such as volcanic glasses. This issue has
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Fig. 8. Spectra for orange glass (Apollo 17 sample 74220, from J. Adams
collection) and the mature LPD at Aristarchus plateau. The laboratory
spectrum for orange glass has been resampled to alower spectral resolution
and scaled in reflectance for comparison with the telescopic spectrum for
Aristarchus plateau (see Fig. 3 for true orange glass spectrum). Both
spectra are from the NASA RELAB collection a Brown University. (a)
Reflectance spectra. (b) Spectra from which a linear continuum has been
removed near 0.75 to 1.5 um to enhance and compare the mafic band depth
at 1.0 um. Note that the 2.0 wm bands are not correctly portrayed in this
figure because the continuum does not extend to those longer wavelengths.

been addressed for several lunar maria by comparing spec-
tral characteristics of relatively unaltered surfacesin ejected
materials of fresh craters small enough to have penetrated
into but not through the deposits with spectra of associated
mature soils (e.g., Staid, 2000). Maturity effects are not as
readily characterized among the L PDs because their deposit
sizes are small, they are relatively thin (e.g., much less than
10 m for Orientale (Head et a., 2002) and 50-100 m for
Aristarchus plateau (Zisk et a., 1977)), and they have in-
frequent small craters that might have impacted into them
but not penetrated through them. However, variations in
mafic band depth attributable to maturity can be observed

near small cratersin severa of the Very Large pyroclastic
deposits such as those at Taurus-Littrow, Vaporum, Sulpi-
cius Gallus, and Aristarchus.

Weathering or maturity trends for several LPDs are char-
acterized here by comparing variations in mafic band
strength (950/750 nm ratio) versus albedo (at 750 nm) for
materials with a full range of maturities from Mare Tran-
quillitatis (a high-titanium, high-iron basalt), central Mare
Serenitatis (a low-titanium, high-iron basalt), and pyroclas-
tic deposits at Taurus-Littrow, Sulpicius Gallus, and
Aristarchus (Fig. 9). Note that the presence of higher-albedo
highland materials in these isolated units is easily detected
as a right-trending bulge or “wing” in such scatterplots;
such pixels have been eliminated from this analysis. Within
each data cloud, the most mature materials are at the upper
left; with decreasing maturity there is an increase in both
albedo and mafic band strength.

Although all materias in Fig. 9 exhibit relatively low
albedos, they have widely varying mafic band strengths.
Mature pyroclastic materials at Taurus-Littrow have dis-
tinctively low albedos and the weakest mafic band, and
fresh mafic materials from Mare Serenitatis are brighter and
have the strongest mafic band. Less mature Taurus-Littrow
material and both mature and less mature materials from the
LPD at Sulpicius Galus are very dark and have dlightly
stronger (but till relatively weak) mafic bands that are
similar to those of the high-titanium Tranquilitatis mare
deposit. The Sulpicius Gallus LPD is generally intermediate
in band strength between Taurus-Littrow and Aristarchus
LPDs. The Aristarchus Plateau LPD is more comparable in
albedo and mafic band strength to mature Mare Serenitatis
low-titanium basalt.

The maturity trendsin Fig. 9 are consistent with previous
results indicating the presence of opague, high-titanium,
crystallized pyroclastic beads at both Taurus-Littrow and
Sulpicius Gallus, and with an iron-bearing glassy (but prob-
ably not high-titanium) mafic component at Aristarchus
Plateau. The spectral signature of the Taurus-Littrow LPD
is dominated by the black beads (e.g., Pieters et a., 1974),
regardless of maturity. The stronger mafic band strength of
less mature materials at Sulpicius Gallus may support pre-
vious interpretations of spectral data indicating that the
Sulpicius Gallus LPD consists of a mixture of both black
beads and orange glasses (e.g., Gaddis et al., 1985; Weitz et
al., 1998). Inflight astronaut observations of the visibly
reddish or brown LPD at Sulpicius Gallus suggested that it
has a higher abundance of orange glasses than the LPD at
Taurus-Littrow (Lucchitta and Schmitt, 1974). However,
the stronger mafic band and higher average abedo of the
Aristarchus Plateau LPD indicate that it has alarge compo-
nent of iron-bearing glass (e.g., Lucey et al., 1986); our data
suggest that the Aristarchus deposit has a relatively low to
moderate titanium content. Thus, compositional distinctions
among the LPDs can be recognized across maturity states.
Maturity variations are present within and between these
deposits, but they are secondary to compositional variations
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Fig. 10. Clementine UVVIS spectra for mature and fresh materias (the
least mature 0.5%) for pyroclastic deposits at Aristarchus plateau (trian-
gles), Taurus-Littrow (circles), and Sulpicius Gallus (squares).

because only small fractions of the deposit surfaces are
immature.

Clementine UVVIS spectra for the freshest and most ma-
ture fractions of LPDs a Aristarchus, Taurus-Littrow, and
Sulpicius Gallus (Fig. 10) show similar maturity trends. Spec-
tra for mature fractions of both Taurus-Littrow and Sulpicius
Gdllus LPDs have low abedos and very wesk mafic absorp-
tion bands. By contradt, the freshest materials have higher
albedos and stronger mafic absorption bands. The differencein
mafic band depth between the mature and fresh materias at
Sulpicius Gallus is greater than that of Taurus-Littrow; these
data are consistent with the presence of a higher abundance of
orange glassesin the mixture of orange glasses and black beads
at Sulpicius Gallus. For the higher albedo LPD at Aristarchus
(Fig. 10), the contrast is even grester between mature and fresh
fractions. Though the mafic band is evident in the mature
fraction, a clear, broad mafic absorption band is attributable to
iron-bearing volcanic glasses in the fresher materids at
Aristarchus.

Although these spectral differences between fresh and
mature LPD materials provide data on the compositions of
juvenile pyroclastic materias, they do not change the over-
all compositional relationships observable in the Clemen-
tine data for mature LPDs. It is evident that the Clementine
UVVIS data for LPDs are most strongly influenced by
compositional and not maturity variations and thus they
provide meaningful information on LPD compositions.

V. Discussion

Analyses of Clementine UV VIS data indicate that over-
al compositions of most LPDs, particularly the Medium,

Small, and Very Small deposits, closely resemble those of
average mare soils with low to moderate TiO, contents.
These data suggest that the magjority of LPDs have juvenile
magmatic components that may consist of fragmented ba-
salts, with substantial components of iron-bearing mafic
minerals (pyroxenes, olivine, occasionally ilmenite) and
smaller amounts (if any) of iron-bearing volcanic glass
spheres in either quenched or crystallized form. These re-
sults confirm those of previous investigations (e.g., Hawke
et a., 1989b; Blewett and Hawke, 2001) in which a class of
small pyroclastic deposit with a large mare basalt compo-
nent was identified. For such deposits, Hawke et al. (1989b)
proposed an origin by vulcanian eruption in which the
proportion of entrained, gected basaltic plug rock is high
compared to that of wall rock and juvenile materials. Many
of the LPDs in this analysis may have had similar origins.

In general, results of this analysis support previous re-
search suggesting that size or areal extent of an LPD can be
related to an inferred eruption style, with larger deposits
formed by more continuous fire-fountaining from larger
vents and smaller deposits by intermittently explosive vul-
canian eruptions from smaller vents (e.g., Wilson and Head,
1981; Head and Wilson, 1979). For example, Very Large
LPDs at Taurus-Littrow, Rima Bode, and Aristarchus Pla-
teau include those typically recognized as having been pro-
duced by fire-fountain from larger vents or rilles. Most of
the Large, Medium, Small, and Very Small LPDs are ob-
served as relatively isolated deposits in the highlands or in
crater floors near younger mare deposits (e.g., Oppenheimer
SW, J. Herschel, Lavoisier H, Apollo), environments typi-
cal of deposits formed by vulcanian eruptions. However, the
Very Large LPD at Oppenheimer NW occurs in a farside
floor-fractured crater. Although it is ~1500 km? in size, the
Oppenheimer NW deposit has been described by Head et al.
(2001) as the product of avulcanian eruption comparable to
that inferred for endogenic deposits at Alphonsus. Clemen-
tine UVVIS spectral analyses of the Oppenheimer LPDs of
all sizes (thiswork, and Petro et al., 2001) indicate that they
have comparable abedos and mafic band strengths but
lower UV/VIS ratios (i.e, they are “redder”) than most
lunar maria, they show limited compositional diversity, and
they resemble several Very Large LPDs in overall color,
including Aristarchus, Humorum, and Dopplemayer. If, like
Aristarchus, the Oppenheimer NW LPD has a substantial
component of volcanic glass, then it would be unique
among LPDs formed by vulcanian eruption in having a
recognizable major glass component.

Several LPDs (notably Schrodinger, Compton, and Ori-
entale) closely resemble mature lunar highlands in overall
composition, but different mechanisms may have produced
these spectral signatures. For the relatively high-albedo de-
posits at Schrodinger, entrained feldspathic country rock
may be the volumetrically dominant component. At Comp-
ton, mixing with highlands material has an obvious influ-
ence on composition. Finaly, the LPD at Orientale may
resemble highlands because it is a very thin (estimated
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Fig. 11. Clementine color ratio data at 415/750 versus 950/750 for pyro-
clastic deposits at Taurus-Littrow, Sulpicius Gallus, and Aristarchus. Solid
symbols mark the color ratio values for mature soils, and open symbols are
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for 14 lunar mare soils (after Staid, 2000) and for 10 highlands soils of
varying maturity.

thickness much less than 10 m, Head et a., 2002) deposit
superimposed on highlands terrain.

The majority of LPDs can be considered separately from
the Very Large crystallized “black bead” deposits, which
remain compositionaly distinctive. The high FeO contents
of the “black bead” deposits are not accurately demon-
strated by their weak mafic absorption bands in the Clem-
entine UVVIS data. Other Very Large or Large deposits
(Aristarchus, Harbinger, Humorum) are thought to have
substantial iron-bearing volcanic glass components, and
these are distinctively “red” with likely lower titanium con-
tents, moderate to low abedos, and moderately strong 1-um
mafic absorption bands. The glass-rich LPD at Aristarchus
remains distinctive even in its immature or “fresh” state,
whereas fresh materials in the “black bead” deposit at Tau-
rus-Littrow and the possibly mixed glass/crystallized bead
deposit at Sulpicius Gallus resemble mature maria in the
color ratio plot shown in Fig. 11.

Future work may help to clarify further the composi-
tions of lunar pyroclastic deposits, especially the chem-
istry, physical characteristics, and relative volumetric
significance of the primary or juvenile magmatic compo-
nent. For example, the Clementine UVVIS data provide
information on the 1-um absorption feature of volcanic
glass, data for the long-wavelength portion of the 1-um

band and the entire 2-um band await release of calibrated
Clementine near-infrared (NIR) camera data. With com-
bined UVVIS and NIR data, we may be able to distin-
guish between the presence of olivine and iron-bearing
glass and to characterize the relative importance of these
possible magmatic components. Also, analyses of higher-
spatial-resolution data on TiO, contents from Lunar Pros-
pector data (e.g., Prettyman et al., 2002) may help to
constrain the titanium contents of some of the larger
LPDs, perhaps allowing comparison of one of the high-
titanium “black bead” deposits such as Rima Bode with
that of Aristarchus to assess the titanium content of the
iron-bearing glass in the latter region.

V. Conclusions

The following conclusions are supported by our compo-
sitional analyses of 75 lunar pyroclastic deposits (LPDs)
with Clementine UVVIS data:

1. LPDsarewidely distributed across the Moon (Fig. 2),
are generally observed in the highlands near mare
deposits and/or in the floors of craters, and are often
found in association with fractures, irregular depres-
sions, non-circular craters, and other likely volcanic
vents. LPDs have a wide range of albedos and many
are not as dark as previoudly thought. Most LPDs
have intermediate albedos similar to those of mature
low-titanium lunar maria.

2. Very Large or regional pyroclastic deposits, with spa-
tial extents of 1000 to 50,000 km?, are more numer-
ous than has previously been thought; 20 Very Large
deposits are identified in this analysis as compared to
10 in previous survey studies (Gaddis et al., 1985).
This apparent increase in the number of deposits
stems largely from improvements in data quality and
analysis techniques for recognizing and characteriz-
ing LPDs.

3. Our results generally support previous research sug-
gesting that size or area extent of an LPD can be
related to an inferred eruption style, with larger de-
posits formed by more continuous fire-fountaining
from larger vents and smaller deposits by intermit-
tently explosive vulcanian eruptions from smaller
vents. However, the Very Large LPD at Oppenheimer
NW, observed in a farside floor-fractured crater, ap-
pears to be an exception to this general case. Al-
though described by Head et al. (2001) as the product
of a vulcanian eruption, UVVIS spectral analyses of
the Oppenheimer LPDs indicate that they resemble
severa Very Large LPDs in overal color, including
possibly glass-rich deposits at Aristarchus, Humorum,
and Dopplemayer. If the LPD at Oppenheimer NW
has a substantial component of volcanic glass, then it
would be unique among LPDs formed by vulcanian
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eruption in having a recognizable major glass com-
ponent.

4. Very Large LPDs have diverse compositions, but can

generally be grouped into three classes.

a Oneclassisdistinctive and is dominated spectrally
by black beads; this classisiron- and titanium-rich
and includes deposits at Taurus-Littrow, Sinus
Aestuum, Vaporum, and Rima Bode. Although
many of these deposits are areally extensive, this
black bead composition islimited to afew deposits
in the central nearside of the Moon. These results
suggest that the pyroclastic deposits most com-
monly recognized as having commercial potential,
such as the black bead deposits at Taurus—Littrow
that have been suggested as sources of oxygen,
iron, and titanium (e.g., Hawke et al., 1990; Allen
et al., 1996) may be restricted to a few source
regions on the Moon.

b. A second class, exemplified by Sulpicius Gallus, is
similar to Apollo 17 deposits in overall composi-
tion and is likely to be titanium-rich, but may
consist of a mixture of Fe’"-bearing orange
glasses and black beads that has a higher glass/
bead ratio than that of Taurus-Littrow.

¢. A third class includes LPDs at Aristarchus, Har-
binger, and Humorum and has pyroclastic material
dominated by Fe*"-bearing glasses; this class may
have lower average titanium content and thus a
different composition from most orange glasses
observed at Taurus-Littrow. Because there are so
few of these deposits, eruption of such glass-rich
LPDs also appears to be a relatively rare event on
the Moon.

5. Previous studies of smaller or localized LPDs by

Hawke et a. (1989b) noted that one group (Group 1)
of such deposits had near-infrared spectra that were
interpreted as indicating the presence of significant
highlands debris as well as more mafic material. In
this analysis, many LPDs have spectral parameters
that suggest the presence of significant highlands ma-
terial. Such material may be entrained highlands wall-
rock or highlands contamination introduced into the
LPD by lateral transport or vertical mixing.

. Hawke et a. (1989b) also interpreted two groups

(Groups 2 and 3 of that study) of smaller LPDs as
containing a very large amount of mare basalt. Most
of the Large, Medium, Small and Very Small LPDs
investigated in this study have spectral parameters
consistent with the presence of large amounts of mare
basalt. These data suggest that the majority of LPDs
may have had magmatic components that consisted of
fragmented basalts, with substantial components of
iron-bearing mafic minerals (clinopyroxene, olivine)
and smaller amounts (if any) of iron-bearing volcanic
glass.
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