
• 

• 

• 

• 

• 

• 

• 

• 

• 

., ,'· .. ., 

AC 
.HJ 
no.C89 

., ."":'" ... 
,; 

RETURN TO 
HAWAII INSTITUTE OF GEOPHYSIC~ 

LIBRARY ROOM 

UNIVERSITY OF HAWAII 

• f 

.Planetary Geosciences Division 

HAWAII INSTITUTE OF GEOPHYSICS 
2525 CORREA ROAD• HONOLULU , HAWAII 96822 

808-948-6488 



• 

• 

• 

• 

•• 

• 

• 

• 

• 

• 

• 

Explosive volcanism on the moon and the 
AC .H3 no.C89 15265 

1111111111111111111111111111111 llll 
Coombs, Cassandra Runyon 

SOEST Library 

564 
PGD Contribution No. ----

EXPLOSIVE VOLCANISM ON THE MOON 

AND 

THE DEVELOPMENT OF LUNAR SINUOUS RILLES 

AND THEm TERRESTRIAL ANALOGS 

C~dra Runyon Coombs 

~EP 1 1 1989 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

EXPLOSIVE VOLCANISM ON THE MOON 

AND 

THE DEVELOPMENT OF LUNAR SINUOUS RILLES 

AND THEIR TERRESTRIAL ANALOGS 

A DISSERTATION SUBMITTED TO THE GRADUATE DIVISION OF THE 
UNIVERSITY OF HAW All IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

IN GEOLOGY AND GEOPHYSICS 

MAY 1989 

By 

Cassandra Runyon Coombs 

Dissertation Committee 

Bernard Ray Hawke, Chairman 
George P.L. Walker 

Jeffrey F. Bell 
Thomas B. McCord 

David W. Swift, Outside Member 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

We certify that we have read this dissertation and that, in our opinion, it is satis

factory in scope and quality as a dissertation for the degree of Doctor of Philosophy 

in Geology and Geophysics . 

DISSERTATION COMMITTEE 

Chair an 

- 11 -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

ACKNOWLEDGEMENTS 

Since beginning my interim as a graduate student at U .H. a number of people 

have contributed to my research efforts in various ways. These folks have inspired 

and guided me through thick and thin, and I am greatful to all for their support, 

insightful discussions, and advice. In particular, I would like to thank my advisor, 

committee chair, mentor, chief financial supporter, and friend, Dr. B. Ray Hawke 

for all the time and effort he has devoted to making my stay at U .H. a success. 

Without his stem looks, favorite phrases ( .. "that dog won't hunt, Cass,. .. ), and the 

old Rebel Yell for encouragement, I fear I would not have made it through the pro

gram as readily as I did. To the other members of my committee, Dr. Jeffrey F. 

Bell, Dr. Tom McCord, Dr. George Walker, and Dr. Dave Swift, I also express my 

sincere thanks and appreciation for their guidance throughout my research pro

gram. 

Special thanks also go to Dr. Lionel Wilson for his support and guidance 

throughout the theoretical portion of this dissertation and for his help during the 

first excursion though the "jungles· on Kalaupapa. 

To the rangers (Neil Borgmeyer, Henry Law) and residents of Kalaupapa 

National Historical Park, a very special thanks for sponsoring our visits and allow

ing an integral part of this dissertation to become a reality . 

To Sam and Zeny and all the PGD staff, thanks for lightening the load at crit

ical times and for keeping my spirits high when all looked bleak and grey. To Pam 

Owensby, observer extraordinaire, thanks for keeping me awake during those many 

wee hours at 14,000 feet and for your unmatched expertise in reducing the data. To 

all the RIG and PGD grad students past and present whom I've had the pleasure 

of acquainting myself with, and in some cases working with, a BIG Mahalo for your 

curricular as well as extracurricular support. 

To my parents, John and Dorothy Runyon, and brother, Rex, I extend very 

deep and sincere thanks for all your love and support throughout my educational 

career, and for first inspiring me to study geology when you constructed our front 

- iii -



• 

•• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

yard of glacial erratics, stream-worn pebbles, and flagstone walls! And finally, a 

very warm and loving thanks to my husband, Greg, without whom the last four 

years would have been impossible, and without whose expertise with the machete 

on Kalaupapa we might still be lost in the Christmas Berry! 

Lastly, to all who read this: ola mau ke akaku {literally-keep always the 

vision) . 

- lV -



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

ABSTRACT 

This dissertation is the culmination of five research projects involving basal

tic volcanism on both the Earth and Moon. Geologic, remote sensing (reflectance 

spectroscopy, radar), photographic, topographic, and field data were used in 

these studies. The first project, summarized in Chapter II, is a study of the 

formation and morphology of Rima Mozart, a lunar sinuous rille on the lunar 

nearside. The important role of thermal erosion in the formation of lunar sinuous 

rilles is demonstrated in this chapter, and a model is presented for the thermal 

erosion rates of the lava flowing th.rough the rille: 1.55 µms- 1 with an eruption 

du.ration of 94 7 days. Pyroclastic material about the source vents indicates previ

ous explosive activity in association with the development of the rille . 

In Chapter ill, . a terrestrial lava cha.rinel/tube system on Kalaupapa Penin

sula, Molokai, is compared to Rima Mozart and other similar lunar sinuous rilles. 

Field work done in and around the lava channel/tube supported · the premise 

that thermal erosion was involved in the formation of the Kauhako channel sys

tem as it is suspected of occu.ring in other terrestrial basaltic lava channels and 

tubes. Thermal erosion modelling that was done in a manner similar to that for 

Rima Mozart in Chapter II yielded a downcutting rate of 10.5 µms- 1 over a 

period of 33.1 days. 

Chapter IV establishes that intact lava tubes exist on the lunar surface and 

evaluates their suitability for use in establishing an advanced lunar base. Nine 

tube segments are identified as top candidates for housing the lunar habitat from 

the available photographic data . 

The question of the existence of a lunar volcanic caldera is examined in 

Chapter V. Cruger Crater, near the western limb was analyzed in detail and 

related to terrestrial "type" calderas. Cruger is found not to be a lunar caldera . 
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Three previously unknown localized pyroclastic deposits were identified in the 

Cruger region . 

Geologic and remote-sensing studies of localized dark mantle deposits are 

summarized in Chapter VI. It was determined that these deposits were of pyroc

lastic origin. Near-infrared reflectance spectra of twenty five individual localized 

dark mantle deposits (LDMD) are analyzed in Chapter VI. The spectra, 

collected from the U .H. 2.24 m telescope on Mauna Kea, are ultimately grouped 

into three compositional classes: (a) highlands-rich, (b) mare-rich, ( c) olivine

rich, based on the characteristics of their 1 µm band. A vulcanian eruption style 

is interpreted for their origin. 

- Chapter VII discusses lunar localized dark mantle deposits (LDMD) in rela

tion to the larger regional dark mantling deposits (RDMD). Comparisons are 

made between the composition, eruption styles and deposit morphologies. And 

finally, the research conducted for this dissertation is summarized in Chapter 

VIII . 
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Notation 

The following are the symbols used in the equations to determine thermal 

erosion rates in chapters II and ill {after Hulme, 1973). 

A constant defined in equation (6) 

c 

d 

E 

specific heat of lava {cs of ground) 

depth of flow 

erosion rate 

f friction factor 

acceleration due to gravity g 

h 

k 

L 

N 

heat transfer coefficient at interlace 

thermal conductivity 

latent heat of fusion 

n 

constant defined in equation {8) 

constant defined in equation (6) 

Q volume rate of flow per unit width of channel 

Re Reynolds number 

T1 lava temperature 

Tio lava temperature at source 

T mg solidus temperature of ground 

T0 initial temperature of ground 

u mean flow velocity 

W width of flow 

Xm length of rille 

a slope of ground 

e emissivity of lava surface 

fJ viscosity of lava 

p density, Pt ~ of lava, Ps - of ground 

a Stefan-Boltzmann constant 
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CHAPTER I 

INTRODUCTION 

Exploration of the planets by spacecraft and Earth-based techniques has 

been going on for many years. Although the different missions and techniques 

have provided data of widely varying nature and resolution, we have learned a 

great deal about surface compositions and processes, as well as the interiors of 

many Solar System objects. Analyses of the various data sets have provided 

strong evidence of volcanism on many of the planetary bodies (e.g., Moon, Mars, 

· -Io, Venus, Mercury, and some asteroids). Volcanic processes have played a vital 

role in the origin and modification of many of the surface features we see today. 

The determination of the compositions and ages of these volcanic products has 

also provided important information about the evolution of planetary surfaces 

and interiors, and has aided in the on-going construction of the geologic history 

of the Solar System . 

Since early astronomers first began observing the Moon in the 17th century, 

a. great deal has been learned a.bout the nature of lunar volcanism. Basaltic vol

canism was the major volcanic process on the Moon, and was a. major influence in 

the formation and resurfacing of the lunar crust. The use of remote sensing 

(radar, spectral reflectance), photography, and lunar sample data. has been 

instrumental in the effort to understand the geologic and volcanic history of the 

Moon. With the return of vesicular basalts from lunar maria landing sites, the 

presence of lava. flows on the lunar surf ace was confirmed, and analyses of these 

samples has further constrained their ages and possible modes of formation . 

Remote sensing data. obtained for the lunar maria have also aided in unraveling 

- 1 -



the mystery of the lunar volcanic processes and features. A great deal is 

currently understood about the mare (flood) lavas however, until . this research 

was undertaken relatively little was known about the smaller regional and local

ized dark mantle deposits of pyroclastic origin, or about the history and nature of 

the morphologic features associated with these smaller deposits (i.e., endogenic 

craters, sinuous rilles). 

This dissertation was designed to take a closer look at these dark mantle 

deposits and related features in an effort to understand more fully the nature of 

lunar explosive volcanism as well as the commonly related lunar sinuous rilles. In 

order to accomplish this task, I investigated a large number of pyroclastic depo

sits and sinuous rilles on the lunar nearside. Areas were studied on the Moon 

where remote sensing data was available, or attainable using the telescopes on 

Mauna Kea, to complement the sparse geologic data available for these areas. 

Because of the present inaccessibility of the Moon for field work, several terres

trial analogs on Oahu, Molokai and Hawaii were studied in detail. 

Chapter II examines the formational history and morphology of Rima 

Mozart, a lunar sinuous rille. Rima Mozart, located on the southeastern edge of 

Mare Imbrium, is 40 km long, 127 m deep and 830 m wide. Analysis of this rille 

provided information concerning the mode of origin of other lunar sinuous rilles. 

From this study, it was determined that thermal erosion played a major role in 

the development and formation of the lunar sinuous rilles, and that they are not 

the sole result of structural adjustment in the region or overspilling of lava flow

ing through a channel (construction). Pyroclastic material located about the two 

source vents along the rille indicates that some explosive activity was also 

involved in the formation of Rima Mozart. 

- 2 -
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In a similar study, Chapter ill, a terrestrial analog to Rima Mozart, 

Kauhako Channel/Tube, was investigated. This study presents the results of 

the first in-depth geologic analysis of the Kalaupapa volcanic shield. Located on 

the Kalaupapa Peninsula of Molokai, access to the lava channel has been severely 

restricted. Since 1866, · Kalaupapa Peninsula has been the home of the Kalau

papa Settlement for those with Hansen's Disease. Prior to the construction of 

the Kalawao Leprosarium, the peninsula was home to nearly 3000 ancient 

Polynesians. Consequently, a great deal of the peninsula has been reworked by 

human activity. Many of the geological sites (lava channel, lava tubes) are now 

archeological sites and access is restricted. None the less, field work done in addi

tion to photo and map reconnaissance indicates that thermal erosion was also an 

important process in the formation of the main Kauhako Conduit. Several other 

lava channel/tube systems on Oahu and the Big Island of Hawaii were also stu

died in the field and found to be good analogs to both Kauhako Channel/Tube 

and Rima Mozart. Several of these other lava tubes also exhibit excellent evi- · 

dence for thermal erosion having aided in their formation. 

Chapter IV deals with a practical aspect of the study of lunar volcanic 

features. That is, what to do with a lava tube once it is identified? In doing the 

work for Chapter IV, I analyzed over ninety sinuous rille segments in an effort to 

locate possible intact lava tubes that could be used to house an advanced 

manned lunar base. This study shows that lava tube formation is as possible on 

.the Moon as it is on the Earth and that it is possible that some tubes may have 

remained void and intact since their formation more than one billion years ago. 

The identification of these intact, void lava tubes is important in that the use of 

a lava tube to house the manned lunar base would facilitate the design and con

struction of a lunar base as well as greatly decrease the amount of materials and 

- 3 -



construction needed to safely protect the inhabitants from solar and cosrmc 

radiation, and would provide a natural means of storage. Lunar resources such 

as sulfur, titanium, iron, and oxygen may be obtained from the high-titanium 

mare basalts or pyroclastic deposits located in the viscinity of many of these 

lunar rilles. Out of the ninety tube segments identified, sixty seven were 

analyzed in detail, nine of which can be considered prime candidates for housing 

the manned lunar base. 

Chapter V examines an interesting and somewhat controversial topic - the 

presence of volcanic calderas on the Moon. One suspected caldera, Cruger 

Crater, was studied in detail and determined not to be a lunar caldera. In the 

process of studying Cruger and its surrounding region, three new pyroclastic 

deposits were identified. Near-infrared spectra collected of the deposits indicates 

that they are indeed basaltic in composition and fall into the spectral categories 

established and described in Chapter VI. 

Chapter VI examines the geologic and eruptive history of twenty five identi

fied localized pyroclastic deposits on the lunar nearside. Near-infrared (0.6 - 2.5 

µm) spectral reflectance data collected using the University of Hawaii 2.2 m tele

scope facility on Mauna Kea were instrumental in this effort. Analysis of these 

spectra demonstrated that localized dark mantling deposits (LDMD) are compo-

• 

• 

• 

• 

• 

• 

• 

sitionally different than regional pyroclastic deposits and that localized deposits • 

may be categorized into three compositional groups: (1) highlands-rich, (2) 

mare-rich, and {3) olivine-rich, despite having a similar vulcanian eruptive his-

t~. • 

Chapter VII summarizes the origin and composition of lunar explosive dark 

mantling deposits. In this chapter, the composition and origin of the larger 

regional pyroclastic mantling deposits is compared to those of the localized . • 
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pyroclastic deposits and are shown to be genetically different from those of the 

LDMD. The regional dark mantling deposits are the result of strombolian type 

eruptions while the smaller localized pyroclastic deposits are vulcanian in origin. 

Further, the regional pyroclastic deposits are categorized in two compositional 

groups based on the amount of Fe2+ -bearing glass or mixtures of orange and 

black spheres present in the deposits, unlike the LDMD which may be broken 

into three groups. 

In smnmary, the research projects undertaken for this dissertation have 

helped us understand much more fully, the processes responsible for, and the 

association between, lunar explosive volcanism and the formation of lunar sinuous 

rilles. These projects also offer insight into other similar basaltic processes that 

have occurred (i.e., Venus, Earth, Moon, Mars, Io, and some asteroids), or are 

currently occurring (i.e., Earth, Io), in our Solar System . 
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CHAPTER II • 

• 
GEOLOGIC AND REMOTE SENSING STUDIES OF RIMA MOZART 

• 
ABSTRACT 

Many questions concerning the nature and origin of lunar sinuous rilles 

remain unanswered. In order to understand better the processes responsible for • 

the formation of lunar sinuous rilles, we have conducted a detailed study of Rima 

Mozart using a variety of geologic, photographic, and remote sensing data. Rima 

Mozart is a 40 km-long lunar sinuous rille located near the southeast rim of the 

Imbrium basin, approximately 100 km southwest of the Apollo 15 landing site 

(25 ° 21 "N, 359 ° 03"W). Several lines of evidence suggest that sinuous rilles in 

• 

general, and Rima Mozart in particular, are lava channels, or collapsed lava • 

tubes. Geologically, the Rima Mozart region is very diverse (mountains, benches, 

graben, sinuous rill es, and collapse features), and tends to be dominated by a 

strong NW /SE trend in many of the features. The stratigraphy of the area is e 
very similar to that of the Apollo 15 landing site with mare basalts and pyroclas-

tics superposed on units of the Apennine Bench Formation, Imbrium ejecta, and 

Serenitatis ejecta (respectfvely). Construction of Rima Mozart began with an 

explosive eruption at Kathleen, an elongate crater (3 x 5 km) located at the head 

of the rille. Some pyroclastic material was deposited around the vent while tur

bulent erupting lava began carving the rille to the southeast. Lava from this and 

later eruptions thermally eroded two channels to form the . present bifurcated 

rille. Explosive eruption(s) at Ann, the second elongate (1 x 3 km) source vent, 

also deposited pyroclastsic material, and resulted in the formation of a shallow, 
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secondary rille that is joined to the main channel at a point 10 km NW of 

Michael, a sink crater. Michael, also, is elongate (1.5 x 3 km), and may be con

nected to Patricia, a large elongate depression (1.5 x 10 km) to the southeast 

through an underground plumbing system or network of fractures. The distal 

end of Rima Mozart is embayed by "Lacus Mozart .. , a mare pond. Photographic 

and topographic data also indicate the presence of numerous smaller pyroclastic 

vents and several smaller rilles aligned with Ann along a NW /SE trending fissure 

zone. It was once speculated that Rima Mozart initially formed as a lava tube, 

however, our calculations indicate that it is unlikely that a complete lava tube 

could have existed along the rille. Such a tube would have had dimensions on 

· - the order of lOOm deep x 500m wide, implying an eruption rate of 6 x le>5 m3/s. 

More reasonably, we calculated a total eruptive volume of 6372 km3 for an open 

channel or tube, with an eruption rate of about 8 x 10'' m3 /s and duration of 947 

days. Radar (3.8- and 70-cm) and near-infrared spectral reflectance data for 

Rima Mozart also indicate that volcanic activity was responsible for the forma

tion of the rille. There is a strong indication in both the radar and spectral data 

that pyroclastic deposits are present around Kathleen and Ann as well as at the 

base of the Apennines . 
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• 
INTRODUCTION 

Since 1684, when Christian Huygens first discovered Hyginus Rille, linear • 

negative relief features have been known to exist on the lunar surface 

{Cruikshank and Wood, 1972). Since then, numerous other rilles have been 

discovered on the Moon and classified according to their morphology. Schultz • 

(1976) developed two main classes based on a rille's plan; curvilinear and 

rectilinear. More specifically, these can be broken down into linear, arcuate, rec-

tilinear and sinuous. While the nature and origin of lunar sinuous remains the 

subject of major controversy, the linear, arcuate and rectilinear rilles have been 

interpreted to be of structural origin (e.g., Golombek, 1979; McGill, 1971). 

Lunar sin~ous rilles typically occur on plains forming units including mare 

deposits, "pooled" regions within the highlands and the floors of large flooded 

craters {Schultz, 1976). Proposed origins for lunar sinuous rilles have varied 

widely from erosion by nuees ardentes {Cameron, 1964), to tectonic features 

(Quaide, 1965), to a fluvial origin (Urey, 1967; Gilvarr11, 1968). More recently, 

the idea that lunar sinuous rilles were formed as a result of, or in conjunction 

with, volcanic eruptions has become the most popular (Kuiper et al., 1966; Ober

beck et al., 1969; Greeley, 1971; Howard et al., 1972; Carr, 1974; Hulme, 1973, 

1982; Head and Wilson, 1981; Coombs and Hawke, 1986, 1987; Spudis et al., 

1987). Of major concern today is whether the rill es are constructional features 

formed during an eruption (Kuiper et al., 1966; Greeley, 1971), constructional 

features formed along pre-existing structural weaknesses {Spudis et al., 1987), or 

erosional features formed as a result of the incision of the channels by thermal 

erosion and/or turbulent flow through the channels {Hulme, 1973, 1982; Head 

and Wilson, 1981; and Coombs and Hawke, 1986, 1987). 
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Thus, in order to understand better the processes responsible for the 

formation of lunar sinuous rilles, we have conducted a detailed study of Rima 

Mozart using a variety of geologic, photographic, and remote sensing data. In 

this paper we present the results of our analyses of these data and propose a geo

logic history for Rima Mozart and its immediate vicinity . 

GEOLOGIC SETTING AND REGIONAL STRATIGRAPHY 

Rima Mozart is located near the southeast rim of the Imbrium basin, 

approximately 100 km southwest of the Apollo 15 landing site (25 • 21 "N, 

359 • 03.,W; Fig. II-1). It lies between the second and third (Apennine} rings of 

the Imbrium basin, just south of Palus Putredinus. Rima Mozart is partly sur

rounded by and incised into the Apennine Bench Formation {Hackman, 1966). 

The age of Rima Mozart is estimated to lie in the range of 3;3 - 3.8 Ga, 

younger than the Apennine Bench Formation, the oldest plains forming unit in 

the area (3.8 Ga; Spudis and Hawke, 1986} and older than the nearby Hadley 

Rille (,..., 3.3 Ga}. This age estimate for Rima Mozart is based on a comparison of 

the crater densities, geologic sequence, and the relative amount of degradation 

along Rimae Hadley and Mozart. 

Geologically, the Rima Mozart region is very diverse. Features present 

include: mountains (Apennine Mountains), benches (Apennine Bench Forma

tion), volcanic plains (Lacus Mozart, Palus Putredinus), volcanic channels (Rima 

Hadley, Rima Mozart), graben (Rima Bradley), numerou8 secondary craters, 

mare wrinkle ridges, and collapse features. A NW /SE structural trend (radial to 

the Imbrium basin) is dominant in the region with a minor secondary trend 

running NE/SW (Figs. Il-1 & Il-2; Swann, 1986a, 1986b; Spudis et al., 1987) . 
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Figure Il-1: Photograph showing the location of Rima Mozart (RM) in relation to 
the Apolto 15 landing site (A15) and the Apennine Bench Formation. Outline 
designates the_ area shown in Figure II-2 . 
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Figure 11-2: Geologic map of the Rima Mozart region. The area shown is out
lined in the photograph shown in Figure Il-1. The star (*) indicates the head of 
Rima Mozart. 
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Stratigraphically, the Rima Mozart area is very similar to that of the Apollo 

15 site. Underlying the mare basalt and pyroclastic units associated with the rille 

is the Apennine Bench Formation. Wilhelms (1980) and McCauley et al. (1981) 

suggested an impact melt origin for the Apennine Bench Formation based upon 

the surface morphology and comparisons with similar impact melt deposits in the 

Orientale basin. Others {Hackman, 1966; Hawke and Head, 1978; Spudis, 1978a; 

Spudis and Hawke, 1986; and Ryder, 1987), have suggested that this unit is of 

volcanic origin. Recently refined orbital geochemical data have shown a close 

resemblence between the composition of the Apennine Bench Formation and the 

Apollo 15 KREEP basalts. This suggests that a very strong KREEP component 

exists in the Apennine Bench Formation {Spudis, 1978b; Hawke and Head, 1978; 

Metzger et al. 1979; Davis, 1980; Clark and Hawke, 1981; Spudis and Hawke, 

1986). This KREEP component is thought to be represented in the lunar sample 

collection by the Apollo 15 KREEP basalts. Irving (1977), Dowty et al. (1976), 

and Ryder (1987), have presented strong evidence in support of a volcanic origin 

for the Apennine Bench Formation by showing that the Apollo 15 KREEP 

basalt samples are pristine, endogenically-generated volcanic rocks. Hence, it is 

highly likely that this unit consists of post-Imbrium volcanic KREEP basalt lava 

flows {Spudis and Hawke, 1986). These flows of variable thickness are now 

thought to be present beneath the Apollo 15 landing site and the Hadley Rille 

area {Spudis, 1978b; Swann, 1986a, Spudis et al., 1987, this volume). 

On the surface the Apennine Bench Formation is an undulatory or rolling 

smooth plains deposit marred by numerous secondary craters and crater chains 

as well as a variety of collapsed linear structural features (i.e., graben, grooves, 

scarps and irregular depressions) that trend predominately NW /SE. This 
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Figure Il-3: A reference sketch map indicating the location and orientation of the 
rille cross-sections (A - A',B - B',C - C',D - D',E - E',F - F') shown in Figures Il-
4 and Il-5. 
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irregular surf ace was most likeiy the result of regional deformation caused by 

basin adjustment {Swann; 1986b). 

Underlying the undulatory plains-forming Apennine Bench Formation is an 

unknown thickness of Imbrium ejecta {Hawke and Head, 1978; Figs. Il-3, Il-4 & 

Il-5). Material slumped from the Apennine scarp (Carr and El-Baz, 1971) is also 

included in this unit for the purposes of this study. This unit of broken-up ejecta 

and slump blocks is thought to have been riddled by an enormous fracture sys

tem that resulted in a very porous deposit. Adjustment and resettling of this 

unit may have caused the collapse features seen on the surface, as well as having 

filled in some of the fractures and reduced the overall porosity of this unit. How

ever, it is not thought that the unit ~ould have been completely restructured 

and the cracks and fissures completely filled in by basin settling and seismic 

shaking related to nearby impacts. These cracks and fissures as well as the 

related high porosity play an important role in our model for the formation of 

Rima Mozart. 

Beneath the fractured Imbrium ejecta is another unit of impact-generated 

ejecta material from the Serenitatis basin (Figs. Il-4 & Il-5). This unit too is of 

undetermined depth in our study area. 

Just north of the rille, but not stratigraphically related to it, is Palus 

Putredinus, a mare flood basalt {Wilhelms, 1980, 1985) that may well have been 

emplaced, at least in part, by the eruptions that formed Hadley Rille. This basalt 

unit may reach a thickness as great as 50 min some areas {Spudis et al., 1987) . 

RESULTS OF GEOLOGIC AND REMOTE SENSING STUDIES 

A variety of data sets were used to help investigate the geologic history and 

composition of Rima Mozart and its immediate area. Photographic 
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Figure 11-4: A geologic cross-section of Rima Mozart (A-A'), showing the relative 
thickness of the underlying units. Vertical exaggeration = L69. Location and 
orientation of A-A' is shown in Figure Il-3. 
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Figure 11-5: A geologic panel diagram of Rima Mozart and the area immediately 
adjacent to it. Locations and orientations of sections B-B', C-C', D-D', E-E', and 
F-F' are shown in Figure II-3. Units shown are of relative thickness. Vertical 
exaggeration = 1.69 . 
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and topographic data were utilized to determine the morphology, :rp.orphometry, 

and overall character of the rille (i.e., its size, direction of flow, and whether or 

not it was a channel or tube). Remote sensing data such as eart~-based radar 

images and telescopic spectra further helped to determine the composition of 

units associated with the rille and surrounding areas, as well as to investigate the 

presence of pyroclastic deposits in the vicinity of the rille. 

Geology of Rima Mozart 

Rima Mozart extends for 40 km between the craters Kathleen and Michael. 

Topographically, the rille floor is very flat, though several 'humps' occur along 

the floor. The gradient of the rille is only 0.1 degree (W to E) with an overall 

regional slope of 0.3 degrees (W to E). Rima Mozart's main course generally fol

lows the dominant structural trend in the region: NW /SE, with some deviations 

along the minor NE/SW trend {Swann, 1986a, 1986b). Beginning at Kathleen, 

an elongate, irregularly shaped depression interpreted to be a source vent, Rima 

Mozart extends northeast for 3 km before bifurcating, with one channel going 

southeast (A) and the second, smaller, shallower one (B), going northeast (Figs. 

II-6 & II-7). The two channels, A and B, remain separated and outline a rough 

diamond shape for 10.5 km where they rejoin to form a single channel for the 

next 20 km. 

A careful examination of the Lunar Orbiter IV, Apollo 15 Metric, 

Panoramic, and Hasselblad photographs has revealed that two hanging valleys 

mark the proximal and distal junctions of segment B to segment A. At these 

points the hanging valley floors (of segment B) are roughly 20 m above the bot

tom of segment A. Several possibilities are suggested by the presence of these 

hanging valleys: (1) two (or more) distinctly different eruption episodes may have 
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formed this rille. That is, the first eruption formed either one or both of the 

channel segments before its supply of lava was cut off. The second eruptive 

phase may have produced a more voluminous and/ or turbulent flow which would 

then have undercut the previously formed segment B; (2), a blockage at the 

mouth of segment B may have simply prevented the lava from the second 

eruption from entering the channel, in which case all the lava from the second 

eruption would have flowed down segment A; (3) regional tectonic activity or 

resettling may have shifted the crustal block containing rille B upwards about 20 

m creating the hanging valleys at both ends. Much tectonic activity has 

occurred in this region (as is noted by the numerous graben in the area) . 

Depending upon the timing of the tectonic reshuffling in relation to the forma

tion of the lava channels, segment B could have been formed before future 

eruptive episodes at Kathleen created segment A; (4) some thermal erosion 

occurred in channel A to undercut channel B. Throughout our arguments in 

this paper we allude to the role of thermal erosion in the formation of Rima 

Mozart. H the volume flux was high enough in the flow in channel A, the flow 

could easily have undercut segment B; or, (5) some combination of the above 

occurred. 

Though all of the above are viable solutions, the available evidence suggests 

that the 'hanging rille' was formed by two or more different eruptive episodes 

emanating from Kathleen, the second of which was much hotter and more 

voluminous. Hence, this second flow was able to thermally erode a deeper chan

nel as it flowed along its path. It is unlikely that the hanging valleys along Rima 

Mozart are due to structural readjustment in the area. Had the structural 

reshuffling occurred it would have displaced more than just a small stretch of 

land between the proximal and distal ends of segment B. No other such features 
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• 
can be discerned in the Apollo or Orbiter N photographs for this area. 

Photographic data indicate the presence of two major source vents for Rima • 

Mozart, Kathleen and Ann (Fig. II-6). Now girdled by dark material, these vents 

appear to have originally formed in the Apennine Bench Formation. Several 

dark (pyroclastic, spatter) deposits can be seen around these vents, though it 

appears that much of these deposits has been altered by local impact gardening. 

Most prominent is the dark spatter around the western limb of Ann (Fig. II-8). 

• 

The existence of these spatter deposits is strong evidence for a volcanic origin for a 
this crater and its associated rille segment. 

Kathleen, the largest and primary source vent, is an elongate crater (3 x 5 

km) located at the head of the rille (Figs. II-6 & II-7). From this crater the rille • 

follows a southeasterly, down-slope (0.1 degree from W to E) course until reach-

ing its terminus at Michael. Pyroclastic deposits and some minor spatter present 

around Kathleen and at the mouth of the rille support a volcanic origin for this 

feature (Figure Il-8). Topographic data indicate that this vent crater has a 

depth of 550 m and is the deepest crater associated with the rille. 

Ann, the second source vent, connects to the main channel of Rima Mozart 

via a shallow, secondary rille at a point 10 km northwest of Michael, the sink 

crater (Figs. Il-6 and II-7). This secondary rille is 2 km long and has an average 

depth of 30 m. It is parallel to several other NW /SE trending segments of Rima 

Mozart suggesting some influence by pre-existing structures. This segment too is 

left hanging, as is the bifurcated segment up-channel, indicating that Ann and its 

associated secondary channel formed prior to the postulated late stage eruptions 

of Rima Mozart. 

Michael, the sink structure, is also an elongate, irregularly shaped crater (3 x 

1.5 km; Figs. II-6 and II-7) with a depth of,..., 400 m. The main segment of Rima 
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Figure 11-6: Photograph of Rima Mozart showing the two source vents, Kathleen 
(K) and Ann (A), the sink vent, Michael (M), Patricia (P), Lacus Mozart (LM), 
Rima Bradley (RB), and segments A (a) and B (b). Arrows indicate the location 
of the third rille, fissure vents, and smaller volcanic vents associated with Ann . 
Rille length is 40 km. 
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Figure 11-7: A geologic sketch map of Rima Mozart and viscinity showing the 
location of Kathleen (K), Ann (A), Michael (M), Patricia (P), Lacus Mozart 
(LM), and Rima Bradley (RB) . Segments A and Bare indicated by (a) and (b) . 
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Figure 11-8: An Apollo 15 Hasselblad photograph (ASlS-97 13238) of Rima 
Mozart showing Kathleen and Ann and the spatter and pyroclastic material 
present around their rims . 
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Mozart joins Michael on the north side of the crater. The junction position and 

the nature of the structure suggest that Michael may have initially begun as a • 

small collapse feature and was later eroded to its present state by the hot tur-

bulent lava that flowed through it. 

Michael also may be connected to Patricia, a large elongate depression to 

the southeast, through an underground plumbing system or network of fractures 

(Figs. II-6 and II-9). Patricia is 10 km in length, about 2 km wide, and has an 

average depth of 90 m. The long axis of this feature is parallel to the dominant 

NW /SE regional trend. Based on the calculations of Wilson and Head (1981), 

these fractures would need only to be of the order of 0.5 m wide to allow free pas

sage of the molten lava for distances of tens of km into the lunar lithosphere 

without excessive cooling. 

Embaying the lower portion of Rima Mozart, including Ann and Michael, 

and continuing off to the southeast, is 'Lacus Mozart' (unofficial name, Figs. II-6 

& II-7). This mare 'lake' has a very low albedo, is smooth textured, covers an 

area of 330 km:i, and appears to drape over a segment of Rima Bradley. There 

are numerous indications that Lacus Mozart was once flooded to a higher level 

and that drainage occurred. Presently, the lava in Lacus Mozart is estimated to 

be about 50 m thick, making the total volume of lava present in Lacus Mozart 

16,500 km3 • Several different origins for this lake have been postulated: (1) Rima 

Mozart flooded the entire lower-lying area. Some magma may have drained into 

the subsurface through Michael and other possible sinks including the fractures 

associated with Patricia and Rima Bradley; (2) The area was flooded by mare 

basalt from Palus Putredinus to the north. This could have covered up any evi

dence of previous episodes of lava flooding and/or draining from the area; (3) A 

now-buried vent (or vents) somewhere underneath Lacus 
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Figure Il-9: Diagram of Rima Mozart showing the relationship of the rille to the 
surrounding and underlying terrain - fractures. This figure illustrates one possi
ble escape route for the large volume of lava erupted . 
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Mozart erupted to flood the entire region after the formation of Rima Mozart; (4) 

some combination of the above may have happened. 

Although all are viable solutions as to why Lacus Mozart exists, the second 

and/or third best explains the absence of drainage fractures along the drapes and 

the present shallow depth of Patricia and Lacus Mozart. However, it is entirely 

possible that eruptions from Rima Mozart formed Lacus Mozart without the aid 

of outside sources. 

Photographic and topographic data also indicate the presence of numerous 

smaller eruptive vents aligned with Ann, along the NW /SE trend (Figs. II-6 and 

II-7). At least five vent-like craters can be seen immediately east of Ann, and at 

least three extend westward from the western rim. These vents may be evidence 

of late stage minor eruptive activity associated with Ann. Each is thought to 

have been a separate event as they all form individual craters with distinc~ irreg

ular rims which appear to have been formed by spatter. 

Also aligned along this NW /SE trend is what may be a small fissure zone 

with at least three vents visible on the Apollo 15 and Orbiter IV photographs 

(arrows Fig. II-6). Emanating from one of these fissure vents are two small rille

like features, one of which joins the main rille of Rima Mozart. The other 

channel runs S/SE and terminates in the volcanic unit mapped in this area (Fig. 

II-7). These channels are less than 20 m deep and approximately 200 m wide. 

Several other small dark-rimmed craters are also present along the fissure vent, 

but no rilles are associated with them. These features appear to have been pro

duced by a fissure eruption associated with the formation of Rima Mozart. 

Further, in constructing the cross-section and 3-D model for Rima Mozart 

we discovered irregularities on an otherwise relatively smooth rille floor. Several 

humps, noticeably higher than adjacent spots, rise from the rille floor (Figs. II-4 
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& II-5). This discovery lead us to question their origin. Possible explanations 

are: 1) rille-wall subsidence/collapse occurring since the rille formed, 2) crater 

ejecta from nearby impacts partially infilled the rille, and, 3) remains of partially 

collapsed tube roof with the possibility of some uncollapsed sections still remain

ing . 

To address these issues, we have constructed thirteen cross-sections normal 

to segment A, the longest of Rima Mozart's channels. From these we found that 

the average slope for the rille walls is 21 • , with the greatest slope along the wall 

being 26 •. This wall material is clearly fragmental debris which has spread com

pletely or almost completely across the floor of the rille in all places, making it 

unlikely that we are seeing the true rille floor. Thus, we are unable to determine 

·unambiguously the original width and depth of the channel (though we can, of 

course, estimate its cross-sectional area) . 

Secondly, we noticed that some nearby impacts have emplaced ejecta along 

the rille floor and/or caused the subsidence and collapse of the rille walls in these 

areas. At two particular areas on segment B (Fig. II-6) crater impacts on the 

rille wall have obliterated the channel walls and filled in adjacent sections close to 

the impact. At two other locations however, one on segment A and one on 

segment B, the rille floor is obscured by what may be an intact lava tube roof. 

No impact craters are present in these two areas . 

Though the presence of a lava tube is possible, some questions remain: 1) 

How can a tube roof sustain itself over a distance of 830m (the present average 

width of channel) if the area underneath has been drained of all support material 

- particularly over billions of years of resettling and bombardment of the lunar 

surface? 2) If the tube did exist how large would it have had to be in order to 

accommodate the large volume flux of lava through the channel? 3) If the tube 
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did/does exist, are the higher areas {humps} the remains of an excessively thick 

part of the tube-roof that did not collapse, or simply a very large talus slope that 

formed when the adjacent walls collapsed? 

So, we are left with the question; did a tube once exist below the channel? 

And, if so, what would its aspect ratio have been? To determine this we looked 

at the thirteen cross-sections normal to the rille where spot elevations are known 

on the rille floor. Analysis of these sections revealed that if a lava tube were to 

have existed in the rille it would have been enormous: on the order of 100 m deep 

x 500 m wide; a very large tube, even under lunar conditions. Problems exist 

with a tube this large, namely the support neccesary to keep the roof of a lava 

tube of ~his size intact. But, if a tube were to have formed, would it have to 

have been just one tube? There is also the possibility that more than one tube 

may have existed at one time, as happened recently in the 1987 flows from 

Kilauea's Kupaianaha vent on Hawaii. If more than one tube existed to accomo

date the large volume flux of lava, each tube would have been fairly large too, 

but not as unreasonable in size as the single tube would have been. 

However, after careful examination of the slopes of the rille walls and the 

width variations along segment A (largest channel} we feel that it is unlikely that 

(a) tube(s) existed (at least along the entire length of the present channel). 

Rima Mozart apparently was formed for the most part as an open channel. The 

raised portions of the rille floor that we now see are most likely the result of sub

sidence along the rille walls or crater ejecta. However, the possibility that a tube 

formed along a portion of this channel cannot be ruled out. 
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Thermal Erosion 

Although many features of lunar flows are similar to terrestrial flows, there 

are differences (i.e. size, shape). These may be the ~esult of several differences 

between these two bodies: (1) the lunar gravity field is 1/6 that of the earth, 

causing the lava to travel more slowly on similar slopes and to form flows almost 

twice as deep for similar eruption rates {Hulme, 1973; Hulme and Fielder, 1977; 

Wilson and Head, 1983); (2) lunar flows occur in a vacuum making the lava out-

gas much more rapidly and completely than on the Earth {Hulme, 1973); (3) 

lunar basaltic compositions are quite different from those of terrestrial basalts, 

the lunar lavas being generally less viscous {Hulme, 1973), and; (4) lunar lava 

effusion rates are generally higher than ·terrestrial rates {Wilson and Head, 1983), 

resulting in longer flows (i.e.: Walker, 1973). 

A number of studies {Hulme, 1973; Carr, 1974; Head and Wilson, 1980, 1981; 

Wilson and Head, 1980; Hulme, 1982) have shown that thermal erosion may have 

occurred in conjuction with the formation of lunar sinuous rilles. Carr (1974) 

demonstrated that such erosion could occur if the lava moved in a laminar 

manner provided the eruption lasted long enough. Hulme (1973; 1982) however, 

has shown that turbulent erosion would lead to more efficient thermal erosion. 

In a laminar lava flow each part of the lava flows along a path roughly paral

lel to the ground. Heat is lost from the lava by radiation from the surf ace and by 

conduction into the underlying rock. Within the flow, heat is transferred by con

duction perpendicular to the flow direction since there is no movement of lava in 

that direction to allow the convection of heat; The surface temperature need 

only be slightly higher than the temperature of the surroundings for the heat 

radiated from the surface to equal the heat conducted upwards from the center 

of the flow. ff both the lava and underlying substrate are of similar conductivity, 
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the downward heat flow is equal in the lava and the ground, the temperature 

gradient in each is about the same, and the interface temperature would be 

about halfway between the central lava temperature and the original ground 

temperature {Jaeger, 1959; Hulme, 1973). Thus, the two surfaces of the flow 

come to be at temperatures well below the solidus of the lava and a layer of solid 

lava forms at each one. A solid skin then forms over the flow while lava is depo

sited beneath it {Hulme, 1973). 

In a turbulent lava flow, material from different depths is constantly being 

mixed, so that heat is transferred by convection. The surface loses heat much 

quicker in a turbulent lava flow since the surf ace temperature is maintained at a 

higher temperature than in a laminar flow. The solid skin that forms on the 

surface is very thin and easily disrupted by the turbulence. At the base of tur

bulent flows is a boundary layer within which the flow velocity falls to zero at the 

ground. The laminar flow zone at the base of this boundary layer is termed the 

laminar sub-layer. Here, heat is transferred by conduction alone. Since the 

thickness of this layer is small compared with the distance over which the 

temperature falls to the original temperature of the ground, the interface tem

perature is only a few degrees less than the mean temperature of the lava. 

Therefore, the lava at the base of the flow is likely to be above its solidus 

temperature and may also be above the solidus temperature of the underlying 

rock {Hulme, 1973) . . 

In order for thermal erosion to form a rille, an initial lava flow is required in 

which a high flow velocity causes turbulence. This maximizes the efficiency of 

heat transfer to the basal layer and leads to the heating of the substrate rocks 

above their solidus temperature (Head and Wilson, 1981). The flow sinks pro

gressively into a deepening channel as partial melting and mechanical erosion 
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excavate the underlying terrain. The vertical erosion rate is always greatest near 

the vent where lava is hottest and is always zero at some finite distance down-

stream {Hulme, 1973). Beyond this point, the rille ceases to deepen by thermal 

erosion and the lava continues to flow over the surface between levees as normal. 

In this study, we have used available topographic data to apply Hulme's {1973) 

model to Rima Mozart. Hulm.e's complete model for the formation of lunar sinu-

ous rilles is not given here; rather, a synopsis of the steps used in our analysis is 

given. {See Table 1 and the Notation for the definition of variables.) 

The volume rate of flow per unit width of channel, Q, can be determined by 

Q= (1) 

where Pl is the density of the lava, c the specific heat, E the emissivity {for the 

lava surface), (Tio) the temperature of the lava at the source, (Tmg) the solidus 

temperature of the ground, Xm' the length of the rille, and, u the Stefan

Boltzman constant . 

The depth, d, of the flowing lava (which in general does not fill the rille once suf

ficient erosion has taken place) is given by 

[ l 
1/3 

d = Q2/3 _f_ 
2ga 

(2) 

where a is the slope of the ground, r the friction factor, and . g, the acceleration 

due to gravity. d then can be used to calculate the mean flow velocity in the 

channel, u 
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[ r u= 2gtd (3a) 

or, more simply, 

u = _g_ 
d 

(3b) 

If the lava density and viscosity are p and ,,, respectively, the Reynolds mun.her 

based on depth for the flow will be 

(4) 

If Red is of the order of la3 or greater, the flow will be turbulent, a necessary con-

dition for efficient thermal erosion to occur. 

Using the standard engineering treatment of heat transfer from a fluid in a 

pipe, and converting to an open channel geometry 

[ l 1/s [ T ] 2D/" 
ho = 0.017 ko.6 co." p~s Q2/lli 2 ~ a ; {5) 

where h0 is the heat transfer coefficient at the head of the stream, k the thermal 

conductivity, and A a constant equal to 1635 K (Table 1) which determines the 

temperature variation of lava viscosity via 

(6) 

The actual thermal erosion rate, E, is given by 

(T1o-Tmg) N 
E = ho Pg L . ( 1 + N) (7) 

where L is the latent heat of fusion of the ground and N is defined by 
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• TABLE 11-1: Thermal Erosion Values* 

Symbol Quantity Value 

• k thermal conductivity of lava 1 Wm-1K-1 

c specific heat of lava and of ground 730 Jkg-1K-1 

p density of lava and of ground 3 x 103 kgm-3 

• A constant in viscosity relationship 1635 K 

n constant in viscosity relationship 15 

Tmc melting temperature of ground 1360 K 

• L latent heat of fusion of ground 5 x 105 Jkg-1 

q Stefan-Boltzmann constant 5.6703 x 10-s Wm-2K-4 

*from Hulme (1973) 

• 

• 

• 
- 32 -
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(8) 

Assuming values of Tmg and T1o of 1360 K and 1400 K, respectively, flow 

parameters for Rima Mozart were calculated as follows. Rima Mozart is 40 km in 

length so Q is about 93.8 m2/s according to equation (1). With an average width 

of 830 m the total eruption rate is then 7. 78 x 104 m3 / s. The viscosity of the lava 

is 10 kgm-1s-1) at the head of the rille from equation (6). With a lava density of 3 

x la3 kg/m3
, Red from equation (4) would be 2.74 x 104 (fully turbulent). To cal

culate f, the friction factor, it was assumed that the floor was relatively smooth. f 

was found to be 0.005 for Red = 2.74 x lo" {McAdams, 1954). The overall gra

dient of the channel, measured from the Lunar Topophotomap 41A3Sl, is only 

0.1 degree. 

Using equation (2) the mean depth of the flowing lava was estimated at 18.9 

m. The mean velocity of the flow, determined by equation 3( a or b), is then 4.96 

m/s. Before calculating the total amount of material erupted it is necessary to 

know how long the eruption laated. If the rate at which the rill~ floor was 

lowered is known, as well as the depth of the rille floor, then an estimate of how 

long the eruption lasted may be made. 

Equations (5) and (7) can be combined to calculate the erosion rate at the 

head of the rille. L, the latent heat of fusion of the ground, was taken from 

Hulme (1973) as 5 x la5 J/kg; following Hulme (1973), the fraction of the ground 

material that would have melted before the remaining material became mechani

cally unstable and was swept away in the flow is assumed to be approximately 40 

%, reducing L to 2 x 105 J /kg. 

ho was then calculated to be about 113.4 Wm-2K-1 and E to be about 1.55 x 

10-e m/s. The period of eruption is then taken to be the time required to erode 
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127 m (mean depth to flat floor) at a rate of 1.55 x lo--6 m/s, or 8.18 x 107 s 

(946.9 days). The total amount of material erupted is then estimated at 6372 

km3
, which is comparable to values obtained by Head 8 Wilson (1981) in their 

study of thermal erosion in lunar sinuous rilles. A discussion as to the possible 

whereabouts of this large volume of erupted material is given in the next section. 

We would like to note again that it is very unlikely that a tube existed along 

Rima Mozart. Not only are there problems in creating and supporting a roof this 

size, there are problems in sustaining it. As mentioned previously, had the tube 

existed it would have had minimum dimensions on the order of 100 m x 500 m. 

For the tube roof to have remained stable, the lava flowing through the tube 

must have remained at a constant depth of nearly 100 m. As such, the volume 

flux of material erupted would have been phenomenal. To illustrate this we cal

culated the eruption rate for a lava tube with the dimension: 100 m x 500 m. 

With a depth of lava in the tube of 100 m, the mean velocity of the flow would 

be just over 11 m/s (nearly 3 times that of our previous calculation), and the 

volume flux nearly 6 x la5 m/s. These conditions would produce a thermal ero

sion rate of 2.8 x lo--6 m/s. As such, the support for the tube roof would be with

drawn, due to subsidence of the flowing material, at a rate of about a quarter of a 

meter per day (during which time about 50 km3 of magma would have been 

erupted). 

Remote Sensing 

Radar. The 3.8-cm and 70-cm radar data collected by Zisk et al. (1974) and 

Thompson (1987) respectively, were used in this study of the Rima Mozart 

region. In particular, we were interested in the distribution of any pyroclastic 

material in the region. Of the two radar data sets, the 3.8-cm wavelength radar, 
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with its 2-km resolution, is most sensitive to small-scale roughness ( -1 - 50 cm; 

Zisk et al., 1974). Local slope and the relative amount of diffuse components 

have been interpreted as the two major factors controlling lunar radar back

scatter {Thompson 8 Zisk, 1972). Thus, topographic features facing away or 

toward the radar beam will produce shadows or highlights on the radar map. 

For areas where topography is not responsible for echo strength differences, dif

fuse scattering (controlled in part by the presence of surf ace scatterers 1 - 50 cm 

in size [i.e., rocks and boulders] and bulk electromagnetic properties) is 

considered to be dominant {Thompson, 1979). 

All currently recognized regional pyroclastic mantling deposits on the lunar 

surface are distinguished by very weak to non-existent echoes on the depolarized 

3.8-cm radar maps of Zisk et al. (1974). These low depolarized returns are 

thought to be due to the lack of scatterers on the smooth surfaces of pyroclastic 

mantling deposits {Gaddis et al., 1985; Zisk et al., 1977; Pieters et al., 1973). 

Depolarized returns on 3.8 cm radar maps have been used by a number of work

ers to map the areal extent of pyroclastic units {Gaddis et al., 1984, 1985; Hawke 

et al., 1979; Zisk et al., 1977; Pieters et al., 1975), and may be used to map 

localized pyroclastic deposits. 

Figs. Il-10 a and Il-lOb show the polarized and depolarized 3.8-cm radar 

images for that portion of the lunar surface which includes Rima Mozart {Zisk et 

al., 1974). The source vent, Kathleen, is clearly visible as a radar enhancement 

in both of these images. In the depolarized radar image, Kathleen appears to be 

surrounded by material with a much lower radar return. This material may be 

pyroclastic in origin. The rille itself is visible as a weak enhancement surrounded 

by material with lower radar returns (darker in Fig. Il-lOb). This darker 

material is part of a much more extensive zone of relatively radar-dark material 
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which trends W-NW from the Apollo 15/Hadley rille area to the vicinity of Ban

croft crater on the southwest rim of Archimedes. The nature and origin of this 

radar unit remains uncertain. It crosses a variety of geologic units of diverse ag~s 

and origins {Hackman, 1966; Carr and El-Baz, 1971). The darkest portions of 

this zone correlate well with the low-albedo pyroclastic deposits mapped by Carr 

and El-Baz (1971) and Hawke et al. (1979). The westernmost portion of this 

zone includes an area on the south rim of Archimedes which Lucey et al. (1984) 

determined to have a major component of pyroclastic glass. Also included in this 

zone is a major pyroclastic vent in the Apennine Bench Formation and the asso

ciated dark mantling deposits mapped by Swann (1986a). While the existence of 

local dark mantling deposits of pyroclastic origin appear to play a major role in 

the formation of this zone, they cannot account for all of it. 

The new high-resolution 70-cm radar data obtained by Thompson (1981-

1984) were also investigated (Fig. II-11). Kathleen and Rim.a Mozart are visible 

as areas of relatively high 70-cm radar return. Abundant meter-sized blocks are 

indicated. Kathleen is largely surrounded by areas of relatively low 70-cm radar 

returns, whereas, the rille is only partly surrounded by these dark areas. A 

rather complex pattern is seen in Lacus Mozart. As with the 3.8-cm data, there 

is a zone which exhibits relatively low 70-cm radar values that extends from the 

Apollo 15/Hadley rille area to the south rim of Archimedes crater. Although the 

nature and origin of this zone is unclear, we suspect that pyroclastic activity has 

played some role in its formation . 

Spectral data. In order to investigate the composition of the units associated 

with Rim.a Mozart, six near-infrared spectra (0.6 - 2.5 µm) were collected by me 

in October, 1986 of features associated with this rille. Unfortunately, adverse 
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Figure II-10: 3.8 cm radar photographs of Rima Mozart; (a) polarized (b) depo
larized. Arrows point to the primary source vent for Rima Mozart, Kathleen. 

- 37 -

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

atmospheric conditions during data collection resulted in poor quality spectra . 

Still, some general, qualitative observations can be made: 

(1) The steep continuum slopes exhibited by spectra obtained for the dark 

deposits immediately adjacent to Kathleen and at the foot of the Apennines 

are consistent with a. pyroclastic composition. 

(2) The relatively shallow continuum slope of the Kathleen spectrum suggests 

that relatively immature material is exposed on the walls of this feature . 

(3) Though "noisy, .. several of the Rima Mozart spectra appear to exhibit a 

very broad .. one micron.. band. A large Fe-bearing glass or olivine com

ponent may be present . 

I will attempt to obtain high quality spectra during future observing runs in 

order to more fully investigate the composition of the Rima Mozart region . 

ORIGIN OF RIMA MOZART 

Based upon our analysis of the available topographic, photographic, geologic 

and remote sensing data it is clear that the Rima Mozart region is the product of 

a complex series of geologic processes. After the formation of Imbrium basin, the 

Apennine Bench Formation was emplaced as a series of volcanic flows of 

KREEP composition (Ryder, 1987; Spudis and Hawke, 1986; Spudis, 1978b; 

Hawke and Head, 1978). This unit overlies an extremely fractured Imbrium 

ejecta unit. This area underwent tectonic settling and readjustment in conjunc

tion with or just after the flooding of the region by the Apennine Bench material 

{Swann, 1986b). Structures resulting from this adjustment and resettling can be 

seen in the area. These include the graben and other irregular collapse features . 
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Figure 11-11: 70-cm radar image of the Rima Mozart region. Arrow points to the 
primary source vent for Rima Mozart, Kathleen. 
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Construction of Rima Mozart began with an explosive eruption at Kathleen 

crater. A limited amount of pyroclastic debris was emplaced around this source 

vent. Lava erupted at Kathleen, carved a channel to the southeast, and spread 

out in the low-lying region now occupied by Lacus Mozart. Photographic evi

dence indicates that this first channel trended to the northeast before turning 

southeast to form segment B of the rille. Lava from this first eruption may have 

· formed a tube along the channel. H so, almost all of this tube is now collapsed . 

The volume of lava erupted during this first eruption is hard to determine 

because of the uncertainty as to how much lava from the second eruption flowed 

into this channel. The lava from this first eruption was most likely deposited in 

the Lacus Mozart area. 

Kathleen erupted at least one more time to form the second channel, or seg

ment A. This eruption may have also had an explosive phase which contributed 

to the blanket of pyroclastic material surrounding the crater. Lava from this 

eruption appears to have been more turbulent. Photographic and topographic 

evidence shows the amount of downcutting along this path is much greater than 

that accomplished during the first eruption. The high temperature, and low

viscosity, as well as the turbulent nature of this flow were all conditions which 

promoted thermal erosion along this channel. Some tube formation may have 

also occurred along this segment allowing the lava to flow at the higher tempera

tures and with greater turbulence over a longer distance. Eruption(s) at Ann 

also appear to have been pyroclastic in origin and voluminous enough to have 

formed a connecting channel to the main rille. Spatter and some limited 

pyroclastic debris around the fringes of the vent support its explosive origin. 

According to our calculations, a large volume of material was erupted ( 6372 

km3) and flowed through Rima Mozart. This led us to question where such an 
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enormous quantitiy of lava. could ha.ve gone. A number of possibilities exist for 

its dispersal: 

1) The molten lava. reached and flowed into Michael, the sink crater, and 

was absorbed by the numerous fissures underneath in the fractured 

Imbrium and Serenitatis ejecta.. 

2) The flowing, turbulent lava. overflowed the confines of the channel and 

flooded the surrounding area to form Lacus Mozart. 

3) (A) linear, elongate feeder dike(s) underneath the rille and Patricia. 

drained, allowing Patricia and Michael to collapse. The magma 

emanating from Kathleen and Ann was then able to drain into this 

newly opened plumbing system. Similar conditions were seen in the 

1959 eruption of Kilauea lki (McDonald et al, 1983), where magma 

erupted explosively, ponded on the floor of the pit crater and, then 

flowed back into the ground a short distance later. This lava reen

tered the vent from which it erupted and presumably entered a. fissure 

system known to exist under the Kilauea volcanic complex. 

4) Patricia is tectonic in origin, related to the other structures present in 

the region. When Patricia subsided the lava. flow drained into the 

fractures created a.long its margins and continued down into the 

underlying fracture system in the Imbrium and Serenitatis ejecta (Fig. 

II-9). 

As we have suggested previously, much of the lava probably re-entered the 

ground through pre-existing fissures (Fig. II-9), some of it also helped to flood the 

Lacus Mozart region and ma.y have draped the rims of both Patricia. and Rima 

Bradley as lava drainage occurred. However, it is unlikely that these three means 

of dispersal were enough to account for 6372 km3 of molten lava. It is possible 
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that some of the lava may have flowed downslope (N /NE) through the channel 

which the pre-existing Rima Bradley provided through the Imbrium highlands to 

Palus Putredinus. The albedoes of the Rima Mozart basalts and the basalts at 

the mouth of Rima Bradley are very similar, as is the texture of their surf aces 

and their crater densities. There is one obstacle in this idea however, and that is 

the presence of a small area of hummocky ground just past the mouth of Rima 

Bradley where it opens up into Palus Putredinus. This area of hummocky 

ground stands just over 100 m above the surrounding terrain and is aligned along 

the NW trend of other wrinkle ridges and collapse features present within Palus 

Putredinus. Thus, we may explain the presence of this high ground as being due 

to a later upheaval and/or resettling of the area, in which case the path to Palus 

Putredinus from Rima Bradley would have been unobstructed during the period 

of Rima Mozart's eruptive history and subsequent flooding of Palus Putredinus . 

CONCLUSIONS 

The major conclusions of our study of the Rima Mozart region are as fol-

lows: 

1) Rima Mozart is largely of volcanic origin . 

2) The Rima Mozart region was an active volcanic zone at one time as evi

denced by the presence of: a) two major source vents, Kathleen and Ann, b) 

a small volcanic fissure zone 5 km sout~ of the main rille, with at least three 

vents, c) numerous small volcanic vents adjacent to Ann, d) pyroclastic and 

spatter deposits flanking Kathleen and Ann. 

3) Rima Mozart was constructed through a complex series of events. Begin

ning with the pyroclastic eruption at Kathleen, two channels were formed. 
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Segment B was the first channel formed, and is shallower and narrower than 

the later formed Segment A. Segment A also truncates Segment B to form 

two hanging valleys. Later eruptions at Ann formed a smaller, secondary 

rille to connect Ann to the main channel. Earlier downfaulting along pre

existing weaknesses or faults may have set the initial pattern for the rille 

shape, however, it was not responsible for the total formation of the rille. 

4) One or more buried source vents may be present under Lacus Mozart. If so, 

these vents may have been responsible for some of the flooding of the Lacus 

Mozart area. Few fractures, cracks or fissures are evident along Patricia and 

Rima Bradley, suggesting that something occurred at a later time to flood 

them or to mask any original features; i.e. once flooded to a higher level, the 

mare material draped the sides of Patricia and Rima Bradley as it drained 

from Lacus Mozart. 

5) Lava tubes may have been present along some sections of the rille, although 

calculations suggest that this is unlikely. 

6) Rounded comers, wider outside curves, the depression at the mouth of 

Kathleen, the presence of the hanging valleys at the distal and proximal 

ends of segment B, ther parallelism of the channel walls, as well as the 

overall rille shape suggest that some thermal erosion occurred along this 

rille. Our calculations indicate that the duration of the eruption was about 

950 days (though if the channel were at least partly roofed over into a tube, 

heat losses would have been less, thermal erosion would have been more 

efficient, and the duration would have been shorter by a factor of 2). 
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TABLE ll-2: NOTATION 

The following are the variables used in the equations to determine thermal ero

sion (after Hulme, 1973). 

A 

c 

d 

constant defined in equation (6) 

specific heat of lava (cg of ground) 

depth of flow 

E erosion rate 

f friction factor 

g 

h 

k 

L 

N 

acceleration due to gravity 

heat transfer coefficient at interface 

thermal conductivity - defined in Table 1 

latent heat of fusion - defined in Table 1 

constant defined in equation (8) 

n constant defined in equation (6) 

Q 

Re 

volume rate of flow per unit width of channel 

Reynolds number 

· T1 lava temperature 

T1o lava temperature at source 

Tmg solidus temperature of ground 

u 

w 

initial temperature of ground 

mean flow velocity 

width of flow 

length of rille 

a slope of ground 

e emissivity of lava surface - defined in Table 1 

TJ viscosity of lava 

p 

q 

density, Pt - of lava, Ps - of ground 

Stefan constant - defined in Table 1 
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CHAPTER ill 

KAUHAKO CRATER AND CHANNEL, KALAUP AP A, MOLOKAI: 

A TERRESTRIAL ANALOG TO LUNAR SINUOUS RILLES 

ABSTRACT 

As part of a larger study of the nature and origin of lunar sinuous rilles, I 

have studied the Kauhako Channel/Tube system on Kalaupapa Peninsula, 

Molokai, Hawaii. This study examines the formation of Kauhako Crater and 

channel and compares it to the formation of lunar sinuous rilles. Two source 

vents, one explosive (Pu'u 'Ula), and one effusive (Kauhako Crater) erupted to 

form a cinder cone and low lava shield {Pu 'u U ao) that together comprise the 

Kalaupapa Peninsula. A 150 m wide channel/tube system extends 2.3 km north

ward from Kauhako Crater in the center of the shield. A volume of 2.2 km3 of 

lava erupted at a rate of 7 .8 x l<>2m:zs-1 to flow through the Kauhako conduit sys

tem. Channel downcutting by thermal erosion occurred at a rate of 10.5 µrru-1 

to form the 30 m deep conduit. Two smaller, secondary tube systems formed east 

of the main lava. channel/tube. Field work and theoretical calculations show that 

morphologically, the two systems are very similar with deep head craters, sinuous 

channels and gentle slopes. Analogies can also made between the role of thermal 

erosion in the formation of both the lunar sinuous rilles and Kauhako 

Channel/Tube. Several other lava conduit systems on the Big Island of Hawaii 

. were also compared to the Kauhako and lunar sinuous rille systems. These other 

lava conduits include: Whittington, Kupaianaha and Mauna Ulu lava tubes, all 

of which may also be considered a viable analog to the Kauhako conduit and 
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lunar sinuous rilles. Thermal erosion is postulated to be an important factor in 

the formation of these terrestrial channel systems and by analogy is inf erred to be 

an important process involved in the formation of lunar sinuous rilles. 

- 53 -

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

INTRODUCTION 

Despite recent advances, the origin of lunar sinuous rilles remains 

controversial {Coombs et al., 1987; Spudis et al., 1987). Mechanisms still believed 

feasible for their origin include: (1) thermal erosion by lava {Hulme, 1973, Head 

and Wilson, 1980, 1981; Coombs et al., 1987), (2) structural control of the lava 

flows {Spudis et al., 1987), (3) formation as constructional features (Kuiper et al., 

1966; Greeley, 1971), (4) the result of lava lake drainage {Howard et al., 1972), or 

(5) some combination of the above. Due to the current inaccessibility of the 

Moon for field work, I am studying possible terrestrial analogs as part of a larger 

study of the nature and origin of lunar sinuous rilles. The lava tubes and chan

nels associated with both recent and historic Hawaiian basalt flows have been 

shown to be very similar to the rilles found on the lunar surface (e.g.: Greeley, 

1971; Cruikshank and Wood, 1972). These previous studies have outlined the 

basic similarities between the lunar rilles and terrestrial lava channels and their 

associated tubes. In this current study, I am investigating the basic processes 

responsile for the formation of lunar rilles as well as the factors which control 

their development. During this investigation, I have identified a volcanic 

complex on the peninsula of Kalaupapa, Molokai, that has many of the charac

teristics of lunar sinuous rilles and appears to be a viable analog . 

This study looks at the formation of Kauhako Crater and Channel in detail 

and compares it to the formation of lunar sinuous rilles. Recent photo- and map 

reconnaissance of the crater and channel has shown that morphologically, 

Kauhako Crater/ Channel is very similar to many lunar sinuous rilles. (Coombs 

and Hawke, 1988). Both the Kauhako and lunar channels studied were formed as 

a result of basaltic volcanism, have deep source craters, exhibit some degree of 

tube formation and follow sinuous paths. Also, according to the models 
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presented by Hulme (1973) and Wilson and Head (1980, 1981) thermal erosion 

may have played a role in the formation of many lunar sinuous rilles and some e 
terrestrial channels. This paper describes the geology, morphology, and volcanic 

history of Kauhako Crater and Channel and offers a thermal erosion model for its 

formation. Data sets used in this study include topographic and geologic maps, e 
aerial photographs, and measurements taken in the field. 

GEOLOGIC SETTING e 
The Kalaupapa {the flat plain} peninsula is located along the northern cliff

line of Molokai, the fifth largest island in the Hawaiian Archipelago (Fig. ill-1). 

The pali (cliffs) that bound the southern end of Kalaupapa locally reach 1100 m, • 

and are among the tallest sea cliffs in the world. 

Molokai is composed of two large shield volcanoes and two post-erosional 

stage volcan0es. West Molokai Volcano, the oldest, rises 421 m above sea level, • 

while the younger Wailau (East Molokai) Volcano stands 1515 m above sea level. 

Both volcanoes are capped by alkalic rocks from their post caldera eruptive 

phase, and have been highly eroded {Clague et al. 1982 Compton, 1985). 

Two smaller volcanoes, formed during the post-erosional, or rejuvenation 

stage include Pu'u Uao, or the Kalaupapa shield, along the northern cliffline, and 

the islets of Mokuhooniki and Kanaha 1.5 km E of the east end of the island 

where a series of hydromagmatic explosions built a cone of vitric tuff containing 

many fragments of older basaltic rocks and reef limestone. Wave erosion then cut 

the tuff cone into the two islets {Macdonald et al., 1986). 

Access to the lava channel in the center of the Kalaupapa penins.ula is 

severely restricted due to the presence of the Kalaupapa Settlement for those 

with Hansen's Disease. In consequence, very little is known about the geology 
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and eruptive history of the Kalaupapa shield. Petrologic work done at the turn 

of the century by MOhle (1902) determined the Molokai lavas to have typical • 

basalt composition in that they consist of plagioclase, augite, olivine, and mag-

netite. Mohle separated the Molokai basalts into three categories based on their 

olivine content. Later analysis of these groups by Stearns and Macdonald (1947) • 

revealed that some of the rocks studied by Mohle were mislabeled and that there 

are really only two rock groups on Molokai: ( 1) olivine bearing basalts typically 

having a low percentage of olivine, and (2) rocks in which olivine is almost • 

entirely lacking. 

Lindgren (1903) evaluated the water resources of Molokai, but paid little 

heed to the petrology, except to identify a coarse grained intrusive dike that he • 

classified as a very coarse grained diabase. In studying the stream valleys near 

Kalaupapa, Lindgren speculated that Kalaupapa formed as a sunken part of the 

larger Wailau (East Molokai) Volcano. Powers (1920) was the first to recognize • 

that Kalaupapa was a young olivine basalt cone, whereas the W ailau Volcano 

consisted largely of feldspar basalt with rare alkali trachyte. 

A much more comprehensive petrologic analysis of the Kalaupapa basalts • 

was made by Stearns and Macdonald (1947) who also constructed the only 

geologic map of Molokai to date. More recently, a detailed investigation of the 

petrology, mineralogy, and geochemistry of the East Molokai Volcanic Series was • 

completed by Beeson (1976). 

Naughton et al. (1980) published a K-Ar age of 1.24 ± 0.57 million years for 

a single sample of basalt collected from Kauhako Crater in the center of the pen

insula. Clague et al. (1982) determined an two K-Ar ages of 0.34 to 0.57 million 

years. If Clague 's {1982) age range is correct, and when compared with the 
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1.5-1.53 million year age determined for the Wailau (East Molokai) Volcano, his 

age indicates an erosional period of nearly 1 Ma years for the pali to form. 

Kauhako Lake, located at the bottom, of Kauhako Crater (Figs. III-2 and 

III-3) was studied by Maciolek (1982) who compared its salinity, temperature, 

and oxygen contents to those of other Hawaiian lakes and lake-like waters. 

Maciolek (1975) also discovered the extreme depth (248 m) of this relatively 

small lake. This depth has since been confirmed by the U.S. Navy by sending 

divers and a robotic submersible down with depth sounders (pers. comm., Petty 

Officer Tano, 1988). 

Most recently, Walker and Coombs (1988) completed a volcanological recon

naissance of the Kalaupapa peninsula. Their study indicates that if Kalaupapa is 

a monogenetic volcano, as evidence suggests, then it was the largest documented 

single eruptive unit in the Hawaiian chain. They calculated a total erupted 

volume of 3 km3 for the entire peninsula, only 22 % of which is visible above sea 

level. They further identified a second, explosive, source vent 1.4 km southwest 

of the main crater . 

FIELD STUDIES OF KAUHAKO CRATER AND CHANNEL 

A total of eight days field work was done on Kalaupapa in February and 

August, 1988. Mapping, measurements of the channel stratigraphy and morphol

ogy, and sample collecting were completed during this time . 

Progress in the field was often hampered by: (1) the extremely dense 

foliage, (2) restricted access due to the presence of archeological/historical sites, 

(3) abundant wild game, and (4) adverse weather. Leeward and low-lying expo

sures of trails and outcrops are all covered in dense Christmas Berry trees that 
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Figure fil-2. Air photograph of the Kalaupapa peninsula. Kp - Kalaupapa, Kw 
- Kalawao, Lh - Lighthouse, KC - Kauhako Crater/Channel, T - Tumuli, PU -
Pu'u 'Ula, W - Waihanau Stream, OLC - Old Lady Cave. North is at the top. 
(Photograph courtesy of the R.M. To will Corporation, Honolulu, HI). 
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Figure ill-3. Sketch map of the Kalaupapa peninsula. Topographic contours 
from Kaunakakai Quadrangle. Letters refer to locations described in Figure III-2 
text. Double dotted line indicates the trend of the Kauhako channel/tube, single 
dotted line indicates the trend of the secondary tube system and the location of 

skylights #4 and #8 described in text . 
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grow very close to the ground. Cutting a path through the bushes is often a very 

taxing and unrewarded effort, although it led to the discovery of several interest

ing outcrops. In many instances the path blazed through the dense underbrush 

opened onto structures built by the ancient Hawaiians. At one time more than 

3000 Hawaiians lived in the caves and lower protected areas on Kalaupapa. 

Some of the remaining structures include walls, animal pens, housing platforms, 

he'eaus (ceremonial platforms), and burial sites. As these are all significant 

Polynesian archeological and historical sites, caution was needed when in their 

vicinity so as not to trample something important. Animal threats were also a 

possibility. Many wild boar live and roam through the crater and channel. 

Although their sense of sight is poor, their sense of smell is very keen, and once 

caused the necessity to look for climbable trees! Rain and the threat of a rapidly 

approaching hurricane cut the last field trip short. 

Kalaupapa is a 10 km2 lava shield volcano that rises to 135 m above sea level 

at Pu'u Uao (Peacemaker Hill, Figs. IIl-4 and III-5). It_ is relatively untouched 

by erosion, and the lava surfaces appear quite fresh {Macdonald et al., 1986). A 

terrace composed of stream-laid conglomerate located 30 m above sea level on the 

western edge of the peninsula, near the site of the old Kalawao Leprosarium, was 

interpreted by Macdonald et al. (1986) to indicate a higher stand of the sea at 

one time. The inferred age of this graded stream terrace is in agreement with the 

K-Ar ages by Clague et al. (1982) for a late Pleistocene formation of the penin

sula. 

Kauhako Crater 

The Kalaupapa shield is capped by Kauhako Crater, measuring 500 m by 

650 m in diameter with a rim elevation of 135 m. The crater forms a funnel-like 
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Kauhako Channel/Tube 

Figure ill-4. Two dimensional longitudinal-section of the Kauhako channel-tube 
system based on the topographic map of the Kaunakakai Quadrangle . 
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Figure ill-Sa. Reference sketch map for Figure ill-Sb. 
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Figure ill-Sb. Three dimensional cross-section of the Kalaupapa peninsula. 
Heavy line indicates the ground surf ace. Stippled line indicates approximate 
boundary for the underlying stratigraphic unit. K - indicates the location of 
Kauhako Channel, 8 - indicates the location of skylight #8 in the secondary tube 
system . 
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pit with one circum-crater terrace and a lake in the bottom. The terrace is at 

the 40 m elevation and is ,..,, 150 m wide. Many ancient Hawaiian housing plat

forms, animal pens, and burial sites are located around this terrace. Kauhako 

Lake, at the bottom of the crater, is 50 m wide and 248 m deep. Recent surveys 

(April, 1988) by the U.S. Navy have shown that no terraces are located under 

the water, but rather the conduit constricts to 20 m in diameter at a depth of 

100 m on the southern side of the lake. Studies by Maciolek (1975, 1982) 

revealed some tidal fluctuations within the lake in 1973. None have been 

recorded since however {Maciolek, 1982). 

A second, smaller pit about 22 m wide by 10 m deep is located on the 

northeastern part of the crater terrace, near the mouth of the lava channel. This 

pit intersects a N-S trending lava tube at the base of the pit that measures 7 m 

wide by 5 m high and continues for an unknown distance northward. An 

avalanche has covered the northern entrance to the tube and sufficiently blocked 

the southern exposure so as to prohibit safe entry, thus the tube was not exam

ined. 

A sinuous lava channel/tube extends northward from the northeast side of 

Kauhako crater. The discontinuous channel is 1.0 km long, up to 30 m deep, and 

varies in width from 100 m to 150 m. Tumuli, formed by the squeeze-up of 

magma from an underlying tube system, extend the line of the channel another 

1.3 km to the N-NW. These tumuli presumably mark the course of a lava tube 

that once fed them. This tube appears to be the extension of the channel. The 

largest of these tumuli is 25 m high and is now the location of the Kalaupapa 

lighthouse (Figs. ill-2 and ill-3). 
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Kauhako Channel System 

The walls of the crater and main channel/tube system are composed of two 

stratigraphic units; one a composite of relatively thick and massive flow units, 

and the other a composite of very thin flows units. The thick, massive unit is 

exposed at the very base of the channel wall near the crater and around the base 

of the crater walls. Individua.I layers in it are 1 - 3 m thick. This massive unit 

meets the water surface of Lake Kauhako and continues down into the depths . 

The crater rim and channel/tube walls are composed of multiple thin 

pahoehoe lava layers. A recent field study of an exposure of the west channel 

wall near the crater-channel junction revealed that these thin layers are not of 

pyroclastic o:r:igin, but rather that each thin layer is an individual lava flow 

{Walker and Coombs, 1988; Figs. III-6 and III-7). Over 200 lava flows were 

estimated to be present in the 25 m thick section. That these layers are not of 

pyroclastic origin was determined from the 5 - 6 m lateral extent of the indivi

dual layers (suggesting that the layers are thin lava flows rather than spatter 

balls that flattened upon impact) and also by the absence of recognizable lava 

droplets (Pele's tears) or scoria fragments between the layers (Fig. III-7). 

In the lower part of this upper section the flow units are thoroughly welded 

together and average 8 cm thick {Walker and Coombs, 1988). Very thin red oxi

dized zones mark the boundaries between many of these lower layers. The layer 

boundaries are further distinguishable by the presence of very small, mostly 

submillimeter-sized, vesicles in the basalt crusts on either side of each boundary . 

The small size of these vesicles indicates that these outer margins chilled quite 

rapidly in contrast to the inner section of each flow unit where vesicles are much 

larger (~ 1 cm). The porosity of these lower layers also increases toward the 

middle. 
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Figure ill-6. Photograph of Kauhako channel wall. Photo shows the upper part 
of the measured section described 41 the text. Photo was taken from the land
bridge closest to channel. 
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Figure ill-'1. Photograph of a single flow unit (vesiculation unit) comprising the 
channel wall. Vesicle size increases~ toward the top, and layers are separated by a 
gas blister in the center. This individual unit is 14 cm thick . 
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Walker and Coombs (1988) interpreted the submillimeter-sized vesicles in 

the crusts of the lower flow units to be a part of the initial vesicle population in 

the flowing lava. In the chilled margins, the vesicles were preserved more or less 

unchanged but the inward increase in size of vesicles is attributed to vesicle 

coalescence within the lava during a slightly longer period of cooling. By com

parison with the currently active Kupaianaha lava pond on Kilauea, where a 

solid crust 1 - 2 cm thick has been timed and observed forming, the welded 

nature of the Kauhako units and their similarity to Kilauea flows indicates that 

the time interval between the deposition of these flow units would be not less 

than 1 - 2 minutes {Walker and Coombs, 1988). 

The upper part of the section measured (e.g., Fig. III.-8) contains t_hicker, 10 

- 20 cm, flow units. These units are less firmly welded together, making their 

boundaries more visible. Also, some of these units have a somewhat different 

vesicle distribution than those in the lower part of the section. Walker and 

Coombs (1988) interpreted this difference to be due to differences in the initial 

vesicle population in the moving flow. While still fluid the units contained 

submillimeter-centimeter-sized vesicles, some of which moved considerably in the 

1 - 2 minutes prior to quenching, and others remained trapped in the basal layer. 

After crust formation, the still-fluid interior contained many small vesicles that 

may have coalesced prior to the flow acquiring a yield strength. 

Walker and Coombs (1988) classified these individual flow units as "vesicula

tion units" based on the distinctive vertical profile of the vesicle size and porosity 

that was generated prior to the acquisition of a yield strength. They further sug

gest that this time interval would have been within 10 - 20 minutes after 

eruption. The entire 25 meter section probably formed by repeated overflows of 
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Figure ill-8. Photograph of Old Lady Cave on the eastern coast of Kalaupapa. 
View is looking toward the west. Figure in photo is 1.8 m tall. 
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highly fluid lava from the Kauhako lava pond and can be regarded as a single 

cooling unit. 

The discontinuous nature of the channel and the presence of three land 

bridges along it (Figs. ill-2 and ill-5) suggest that the channel may be a partially 

collapsed lava tube. Efforts to inspect the two largest of the land bridges failed 

however, to reveal a tube. This failure was attributed to the collapse of the origi

nal tube roof in these areas and the extremely dense vegetation and extensive 

reworking on both sides of the land bridges. On the sides where one could crawl 

through the dense brush, the channel floor and land bridge wall were found to be 

extensively terraced and reworked, presumably by the ancient Polynesians, into 

walls, housing platforms, and burial sites. On the other sides, the vegetation was 

prohibitively dense. 

Many blocks of the thin layered ,. rim,. material were found on the channel 

floor however, suggesting that the lava once formed a shelf or crust that · once 

extended across the channel. This material may have subsided or collapsed when 

the magma supply diminished and the lava drained out. Much of the fallen 

material may have been incorporated in and/or carried away by the active flow. 

Several large blocks of material foun~ on the crater floor show evidence for some 

thermal erosion. Their otherwise uniformly layered surface is contorted into 

abstract forms and several small ,.tubes,. extend inward from the surface. The 

sheer size and morphology of this channel/tube suggest that it may have been 

thermally eroded, as is discussed and modelled below. 

A second prominent tube system extends N-NW from an elbow in Kauhako 

Channel to the eastern coast (Figs. ill-2, ill-3) . A series of tumuli 5 - 10 m high 

occur along the coastline and may have been associated with this tube. The tube 

itself is discontinuous along its trend, but eight skylights were found in the field. 
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Six of these skylights allowed entrance into the lava tube. Tube dimensions 

varied upslope from 420 cm wide by 205 cm high at skylight 4 (Fig. ill-3) to 590 

cm wide by 190 cm high at skylight 8. Skylight 8 opened into a large cavern in 

the tube. This section of the tube extends downslope for more than 150 m. The 

roof height reached a low of 90 cm at one point and a high of 190 cm in other 

sections. The roof thickness here is 4. 7 m. The original glassy surface and stalac

tites that developed during its formation are still intact along most of the tube . 

Several smaller tubes radiate outward from the main tube forming a small lava 

distributary system. Seven stairs leading down into the tube and a 1.5 m high 

stone wall at the entrance indicate that this portion of the tube was once used 

for living and/ or storage quarters. The flat floor is covered with a layer of dirt. 

This dirt was most likely laid down by the early settlers and/ or by runoff and 

drainage into the tube. It is unlikely that the original floor was observed which 

would make the roof height measurement a minimum value. 

A third tube, Old Lady Cave (Kaupikiawa?), is located on the eastern shore 

of the peninsula (Figs. ill-2 and ill-3). This tube can be entered from a ·skylight 

located 100 m inland from the edge of the sea cliff. Once inside, the 

southwestern route is blocked, but the northwestern path is open all the way to 

the sea cliff. The tube is 570 cm wide by 280 cm high at the edge of the cliff and 

stands 15 m above sea level (Fig. ill-8). The roof thickness here is 1.5 - 2.0 m. 

This tube exhibits some of its original glassy formation surf ace and stalactites, 

but a great deal of the roof has given way as a result of small collapses. No other 

skylights were found on this tube . 
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EXPLOSIVE ACTIVITY AT PU'U 'ULA 

A second, previously unknown, source vent was identified by Walker and • 

Coombs (1988). This second vent is located near the base of the pali bounding 

the S side of the peninsula, 1.4 km southwest of Kauhako Crater (Fig. ffi-3). 

The pyroclastic cone, for which the name Pu'u 'Ula (Red Hill) is proposed, is well • 

bedded and dips steeply toward the sea. Lithics, poorly consolidated scoria, 

bombs and Pele's tears are abundant. · The upper layers contain bombs and have 

weathered to a noticeable bright red. The cone is extremely eroded due to its fri- • 

able composition, the steep slope, and its location at the base of a water-eroded 

gully. 

That this cone is associated with the Kauhako eruption has not been firmly • 

established. However, the two vents are aligned along the same trend as the 

Koko fissure and other alignments associated with the rejuventation-stage volcan-

ism on Oahu {Walker and Coombs, 1988). Also, the presence of this pyroclastic • 

cone explains the absence of ~y pyroclastic material about the main crater rim 

and lava channel. Walker and Coombs (1988) suggested that this vent was where 

degassing occurrrd. An analogy may be drawn with Pu'u O'o and Kupaianaha ·• 

on the Big Island. Since July 1986, lavas erupted on Kilauea have issued quietly 

and almost continuously from the Kupaianaha lava pond, while degassing 

occurred from the Pu'u O'o cone 1.7 km away (Walker and Coombs, 1988). • 
LAVA CHANNEL/TUBE ANALOGS 

An analogy may be drawn between the Kauhako Crater/ Channel/Tube sys- • 

tem, lunar sinuous rilles (e.g., Rima Mozart) and other lava channel systems on 

the Big Island of Hawaii such as those leading from the currently active 

Kupaianaha vent on Kilauea, and the 1969-1974 Mauna Ulu crater. Both of the • 
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Big Island volcanoes were observed to form sinuous channel/tube systems in the 

course of their eruptions. All three of these terrestrial crater/channel/tube sys

tems as well as Rima Mozart are associated with deep source craters (lava lakes 

or pits) and wide sinuous channels . 

Mauna lnu/Kupaianaha 

During the course of the 1969 - 197 4 eruption of Mauna Ulu Cruikshank and 

Wood (1972) and Peterson and Swanson (1974) observed several channel/tube 

systems in formation. Cruikshank and Wood (1972) concluded that fluvial-like 

processes of meandering, bank cutting, channel capture, and channel deepening, 

occur · in active lava tubes, and that degradation takes place by melting and 

plucking of country rock (thermal erosion) instead of by abrasion or dissolution 

(mechanical erosion). These same processes have been observed in the formation 

of the Kupaianaha lava flows on Kilauea's SE rift zone. Here, a 10 - 30 m wide 

by> 100 m long extension has channeled lava since July 1986 from the southeast 

side of Kupaianaha lava pond into the master tube system that supplies lava to 

the Kalapana coast 3 km away. During its active periods, this tube has varied 

from an open channel to a crusted tube to a half channel-half tube feature. Col

lapse pits and skylights have also developed along its length allowing one to look 

in and observe the flow. Terraces and small ledges above the flow within the 

tube suggest that some thermal erosion may be occurring. That the active flow 

is below the ledges suggests that thermal erosion may be downcutting the base of 

the tube, and that the low level one observes is not necessarily due to a decrease 

in the volumetric lava flux . 
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Thurston Tube 

Other Hawaiian channel/tube systems that may also be analogs to lunar 

sinuous rilles, but were not observed during their formation, include Thurston 

Lava Tube on Kilauea, Makapu'u Lava Tube on Oahu's east shore, and a lava 

tube along the southern coastline of the Big Island in Whittington State Park. 

Ea.ch of these lava tubes cuts a.cross accreted layers of relatively thin lava flows, 

and exhibits evidence for varying degrees of downcutting by thermal erosion. 

Thurston Lava Tube is located along the Crater Rim Road in Hawaiian Vol

canoes National Park. It is prehistoric in age (,..., 500 bp). The tube averages 5 m 

wide by 3 m high and still retains some of its original stalactites and glassy sur

f ace. Terraces or benches along the tube walls indicate several lava levels that 

may reflect the passage of several pulses of lava or pauses in the drawdown of 

lava through the tube. An examination of the tube entrance revealed that it 

cuts a.cross multiple thin flows that make up the adjacent walls, much like the 

Kalaupapa lava tubes. Also, this lava tube is associated with a deep crater as are 

the Kalaupapa, Mauna Ulu, Kupaianaha, and such lunar sinuous rille systems as 

Rima Mozart and Rima Hadley. 

Makapu'u Tube 

Both the Whittington and Makapu'u lava tubes (Figs. ill-9a, ill-9b, ill-lOa, 

ill-lOb) show evidence of thermal erosive activity in their formational histories. 

The Makapu'u tube, now completely filled in (Figs. ill-9a, ill-9b), was formed in 

several stages as illustrated in Fig. ill-9b. The first stage cut the main channel, 

and is the conduit by which all the others flowed. A short period of thermal 

downcutting, or ablation, is thought to have been involved in this first stage. 

The erosion was then followed by a period of deposition when the lava flowing 
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Figure 9a. Photograph of Makapu'u Lava Tube. See sketch map in Fig. 9b for 
scale . 
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Figure 9b. Diagrammatic sketch map of Makapu'u Lava Tube illustrating the 4 
(?) episodes of eruption an~ tube-forming phases. (Sketch by GPL W) 
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through the tube began cooling and/or the supply rate began slowing down . 

Phase number two formed the jumbled section of the tube. Lavas flowing 

through this section of the tube cut through the pre-existing layers formed in the 

first phase. Later this lava cooled and deposited several thin layers of its own. A 

third tube later formed at the base of this second tube. The third tube-forming 

phase eroded down through approximately 6.5 - 7 m of host material to form a 

long cylindrical-shaped tube system. This phase too ended in deposition of lava 

to form semi-concentric rings about the active flow. The last section to cool was 

the smallest circle seen at the top of this tube segment. It is unclear whether or 

not there was a fourth tube-forming phase or not. The uppermost section of the 

outcrop may have been either a fourth tube-building phase or is an upper exten

sion of the second phase. In order for thermal · erosion to have occured, as is indi

cated by the evident cross-cutting relationships, the lava flowing through the 

tube must have been sufficiently hot for a relatively long period of time and 

flowed rapidly. A baked zone, or metamorphic aureole, around the margin of 

the tube also indicates that the material flowing through the tube was quite hot . 

Viscosity estimates (e.g., Walker and Coombs, 1988) are difficult to make at this 

outcrop since the lava lacks large mafic crystals. 

The tube can be observed at both its north and south ends on the 

Makapu'u peninsula of Oahu. The northern exposure is much larger than the 

southern outcrop. It is not clear where the actual source for this lava tube was, 

but it is presumed to have been some distance off the northern shore, in a part of 

the Oahu that is now eroded away {Walker, pers. comm., 1988). The southern 

exposure (Fig. III-9a) of the tube is narrower (4 m) but the large vertical. extent 

(13 m) is greater . 
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Figure lOa. Photograph of Whittinton Lava Tube, Whittington State Park, 
Hawaii. The tube is partially infilled: round section in bottom of tube. See 
sketch in Fig. lOb for scale. 
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• Figure lOb. Diagrammatic sketch of Whittington Lava Tube . 
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Whittington Tube 

The Whittington tube (Figs. III-lOa and III-lOb) measures 1.9 m wide by 1.9 

m high at its seaward exposure, and exp~ds to 3.4 m wide by 4.6 m high just 

inside. Several phases of flow are evident within this tube, the last of which left 

the round exposure in the lower-central portion of the tube. This tube cut 

through several layers (0.9 m - 1.2 m) of lava flows. Contorted layers adjacent 

to the open tube (Figs. III-lOa and ill-lOb) suggest that this tube had a more 

complex history of formation than several of the smaller lava tubes ( < 1 m diam

eter) located nearby. 

Evidence for thermal erosion in terrestrial lava tubes is difficult to find and 

prove. It can however, be demonstrated that thermal erosion played an impor

tant role in the formation of this tube. Several tree molds were identified at the 

base of two older, succesive lava flows adjacent to the tube, which are separated 

by a thin weathered paleosol. The presence of these features indicates that some 

time interval occurred between the eruption and deposition of the two flows, as 

the trees needed time to grow and the paleosol to form. Estimates for the differ

ence in age of these two flows . is several hundred years, based on the size of the 

tree molds and the thickness of the paleosol. As is illustrated in Figs. III-lOa and 

III-lOb, the tube cuts through these two layers, indicating that thermal erosion 

was involved in the formation of this tube. While it may be argued that the lava 

followed a pre-existing fault plane or stream channel, no evidence was found in 

the field for the pre-existence of either feature. The field evidence rather, indi

cates that the tube did not form contemporaneously with the lava flows adjacent 

to it and supports a thermal erosion model for the downcutting of the tube into 

the previously formed stratigraphic layers. This lava tube then, is an unequivocal 
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example of the involvement of thermal erosion in the formation of terrestrial lava 

tubes. 

As with the Makapu'u Tube, the actual whereabouts of the source vent for 

this tube is unknown so proper calculations as to volume flux and erosion rate 

can not be made. Since thermal erosion is evidenced to have occurred however, 

it may be assumed that the lava flowing through the tube was very hot, had a 

low viscosity, a high density, and was nioving quite rapidly . 

Similar downcutting processes are thought to have occurred during the for

mation of lunar sinuous rilles {Hulme, 1973, 1982; Wilson and Head, 1981; 

Coombs et al., 1987). For a detailed description of the role of thermal erosion in 

the formation of one lunar sinuous rille, Rima Mozart, the reader is referred to 

Chapter 2. As a terrestrial analog to lunar sinuous rilles, Kauhako 

Crater/Channel, is one of the better ones. Its dimensions (long, wide, deep chan

nel), though an order of magnitude smaller, are very similar to lunar values. The 

very wide, very deep channel associated with a very deep . source crater is very 

much like Rima Mozart and certain other lunar rilles. Also, the Kalaupapa erup

tion is associated with a pyroclastic phase as are some of the lunar sinuous rilles 

(Coombs et al., 1987) . 

THERMAL EROSION 

Several models have been developed for the formation of lunar sinuous rilles 

in conjuction with thermal erosion {Hulme, 1973; Carr, 1974; Wilson and Head, 

1980,1981; Coombs et al., 1987). Carr (1974) demonstrated that thermal erosion 

could occur if the eruption lasted long enough and if the lava moved in a laminar 

manner. Hulme {1973), on the other hand, has shown that turbulent flow would 

lead to faster and more efficient thermal erosion. These models ·may be also 
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utilized in modelling terrestrial eruptions despite the differences in the size of the 

flows. This variation in size is due to the physical differences between the Earth 

and Moon: (1) lunar eruptions occur in a vacuum making the lava outgas much 

more rapidly and completely than on Earth {Hulme, 1973), (2) lunar gravity field 

is one-sixth that of the Earth, allowing the lava to travel more slowly on similar 

slopes and to form flows almost twice as deep form similar eruption rates {Hulme, 

1973; Hulme and Fielder, 1977; Wilson and Head, 1983), and (3) lunar basaltic 

lavas are less viscous than terrestrial basaltic lavas {Hulme, 1973). These physical 

differences are accounted for in the calculations for therm.al erosion, allowing for 

comparison between the two bodies. 

To summarize briefly the differences between laminar and turbulent flow in 

a channel: in a laminar flow each portion of lava flows along a path roughly 

parallel to the ground, while in a turbulent flow, material from different depths is 

constantly being mixed. Heat is transferred by conduction perpendicular to the 

flow direction in a laminar flow and by convection in a turbulent flow. Heat loss 

is much more rapid in the turbulent flow since hot fresh lava is constantly 

brouhgt into contact with the flow boundaries and the surface temperature is 

somewhat higher than in a laminar flow, where heat is lost by radiation from the 

surface and conduction into the underlying rock. In a laminar flow, if both the 

lava and the underlying substrate are of similar conductivity, the downward heat 

flow is similar in the lava and the ground, the temperature gradient in each is 

about the same, and if therm.al equilibrium is attained, the interface temperature 

would be about halfway between the lava temperature in the center of the con

duit and the original ground temperature (Jaeger, 1959; Hulme, 1973). In this 

manner the two surfaces are at temperatures well below the solidus of the lava 
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and a layer of solid lava forms at each one. As the two surfaces continue to cool, 

lava is deposited between them, so protecting the wall rock from thermal erosion . 

On the other hand, the solid skin that forms on the surface of a turbulent 

flow is very thin and easily disrupted by the turbulence. A zero velocity layer at 

the base of the flow acts as a boundary layer. At the base of this boundary layer 

is a thin laminar flow zone. Within this laminar sublayer heat is transferred by 

conduction. Here, the interface temperature is only a few degrees less than the 

mean temperature of the lava as the thickness of this layer is small compared 

with the distance over which the temperature falls to the original temperature of 

the ground. Therefore, the lava at the base of the flow is likely to be above its 

solidus temperature and may also be above the solidus temperature of the under

lying rock {Hulme, 1973). These elevated temperatures along with the turbulent 

flow· from above allow the flowing lava to melt and pluck away the underlying 

substrate. Although there is a mechanical aspect to the process (i.e., plucking), 

it is minor, and the entire process is generally referred to as thermal erosion. 

Thus, in order to form a rille, or lava channel, where thermal erosion plays a 

significant role, an initial flow is required where a high flow velocity (favored by a 

high effusion rate) creates turbulent flow. This maximizes the efficiency of heat 

transfer to the basal layer and leads to the heating of the substrate rocks above 

their solidlis temperature {Head and Wilson, 1981). Then, as partial melting and 

mechanical erosion excavate the underlying terrain, the flow sinks progressively 

downward. The vertical erosion rate is always the greatest nearest the vent where 

the lava is the hottest, and is always zero at some finite distance downstream 

{Hulme, 1973). Beyond this zero point, the rille ceases to excavate by thermal 

erosion and a leveed lava flow may continue across the surface . 
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In the following analysis of Kauhako Crater and conduit, I have used the 

available topographic data in conjunction with Hulme 's (1973) model for thermal 

erosion of a lunar sinuous rille. Again, by changing the variables to terrestrial 

values, this model should provide an adequate picture of the thermal erosive his

tory of Kauhako Crater/conduit. Following the method utilized in Chapter 2, I 

present a synopsis of Hulme's model rather than the entire method. See Table 

ill-1 and the Notation for definition of the symbols used. 

The volume rate of flow per unit width of channel, Q, was determined by 

Q= (1) 

where <T is the Stefan-Boltzman constant, Pl is the density of the lava, c the 

specific heat, E the emissivity (for the lava surface), Xm' the length of the rille, 

and (T1o) the temperature of the lava at the source, (Tmc) the solidus tempera

ture of the ground. 

The depth, d, of the flowing lava, which in general does not fill the rille once suf-

ficient erosion has taken place, is given by 

[ l 
1/3 

d = Q2/3 _f_ 
2ga 

(2) 

where f is the friction factor, a is the slope of the ground, and g, the acceleration 

due to gravity. d then can be used to calculate the mean flow velocity in the 

channel, u 
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TABLE ill-1: Definition of Variables* • 
Symbol Quantity Value 

k thermal conductivity of lava 1 Wm-1K-1 

• c specific heat of lava and of ground 730 Jkg-1 K-1 

p density of lava and of ground 1x103 kgm-3 

A • constant in viscosity relationship 1635 K 

n constant in viscosity relationship 15 

Tmg melting temperature of ground 1360 K 

L latent heat of fusion of ground 5 x la5 Jkg-1 

• q Stefan-Boltzmann constant 5.6703 x 10-s Wm-2K-' 

E emissivity of the lava surface 1 

• *from Hulme (1973) 

• 

• 
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or, more simply, 

[ l 
1/2 

u= 2gc"'d 

u = _g_ 
d 

(3a) 

(3b) 

If the lava density and viscosity are p and ,,, respectively, the Reynolds number 

for the flow will be 

(4) 

If Re is of the order of la3 or greater, the flow will be turbulent, a necessary con-

dition for thermal erosion to occur. 

Using the standard engineering treatment of heat transfer from a fluid in a 

pipe {Hulme, 1973), and converting to an open channel geometry 

[ ]
1/s [ T l?zi./o ho = 0.017 k0.6 co.' p~a Q2/15 2 ~ a Al-0 (5) 

where h0 is the heat transfer coefficient at the head of the stream, k the thermal 

conductivity, and A a constant equal to 1635 K (Table II-1) which determines 

the temperature variation of lava viscosity via 

. ·=l:.r (6) 

The actual thermal erosion rate, E, is given by 

- 87 -

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

(7) 

where L is the latent heat of fusion of the ground and N is defined by 

(8) 

The flow parameters for Kauhako Channel/tube were calculated as follows: 

Assuming values of Tmg and T1o of 1343 Kand 1478 K respectively, Q was calcu-

lated to be 5.2 m2 /s for a channel/tube length (Xm) of 2.3 km. Inserting this 

value for Q in equation (2), d, the average depth of the flowing lava, was calcu

lated to be 0. 77 m. The mean velocity of the flow, u, determined by equation 

(3a) or (3b) is then 6.7 m/s. 

With a lava density of 1000 kgm-s, Red from equation (4) would be 173 . 

While this is not quite turbulent flow, it is sufficiently non-laminar to provide 

some turbulence to the flow. Likewise, if the flow was hot enough, the volume 

flux flowing through the tube was high enough, and the eruption duration was 

long enough, thermal erosion can occur despite having a Reynold's number less 

than 2000. A higher Reynold's number just makes the thermal erosion more effi-

cient in the flow, that is, it would take less time to erode the same amount of 

material with a higher Reynold's number as it would the same flow with a lower 

Reynold's number. Also, the formation of a tube would enable the lava to flow 

farther, at a higher temperature, and greater rate than if the lava were exposed 

in an open channel. Likewise, this would make the flow more capable of ther

mally eroding the underlying terrain. The viscosity value, calculated from field 

samples {Walker and Coombs, 1988) is 30 kgm-1s-1• To calculate f, the friction 

factor, it was· assumed that the channel/tube floor was smooth. f was found to be 

- 88 -



0.017 for a Red of 173 (from McAdams, 1954). The overall gradient of the 

channel, measured from the U.S.G.S. Kaunakakai topographic quadrangle is 3 °. 

Equations (5) and (7) can be combined to calculate the erosion rate at the 

head of the rille, E. The latent heat of fusion of the ground, L, was taken from 

Hulme (1973) to be 5 x 1<>6 J/kg. However, following Hulme (1973), the fraction 

of the ground material that would · have melted before the remaining material 

became mechanically unstable and was swept away in the flow is assumed to be 

approximately 40%, which reduces L to 2 x 1<>6 J /kg. Using this value, E was cal

culated to be 10.5 µma-1 with h0 being 73.8. The period of eruption is then taken 

to be the time required to erode 30 m (mean depth to flat floor) at a rate of 10.5 

• 

• 

• 

• 

µms-1 , or 2.9 x 106 s (33.1 days). The total volume flux through the channel, or • 

eruption rate is 7.8 x 1<>2 m3s-1• And, the maximum amount of material erupted 

that flowed through the channel is then estimated to be 2.2 km3
• The true 

erupted volume that flowed through the channel might be somewhat less, due to • 

the uncertainty of the amount of thermal erosion that actually occurred in the 

channel. Also, this high flow rate may be due to the assumption that the channel 

was filled to capacity for the duration of the eruption and does not take into • 

account the narrowness of the lava tubes along its length. A narrow lava tube 

diameter would tend to constrict the flow and thus decrease the amount of 

material flowing through it at one time. 

The volume of 2.2 km3 is lower than that estimated by Walker and Coombs 

(1988), who estimated a total erupted volume of 3 km3 for the Kalaupapa penin

sula by measuring subaerial and subaqueous exposures from existing topographic 

and bathymetric maps. While these two erupted volumes differ, they are not sig

nificantly different in view of all the assumptions made for both studies. For 

example, this study used assumed values for the density of the flowing lava, as 
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well as the temperature of the lava at both solidus and liquidus, whi!e the 

calculations done by Walker and Coombs (1988) used only the bathymetric data 

currently available for the coast of Kalaupapa. This data goes to a depth of 1500 

ft. ( 457 m), and may include some pre-existing sea-floor material in its value . 

Also, there is no way to accurately determine how much wave erosion has taken 

place since the peninsula formed in the late Pleistocene, or how much lava may 

have flowed into the deeper parts of the ocean floor. One last point, the total 

volume calculated in these thermal calculations assumes that thermal erosion was 

active during the entire eruption, which was probably not the case. More realist

ically, thermal erosion downcut 15 to 20 m of the channel. Also, the present lava 

channel floor occurs above the thick basal unit that stratigraphically underlies 

the channel and crater walls. The value determined by Walker and Coombs 

(1988) includes this massive 'underlying material, while the thermal erasion calcu

lations do not. 

HISTORY OF THE KAUHAKO SYSTEM 

Based upon field, topographic, and photographic data it is clear that Kalau

papa was formed by a series of geologic _processes. Approximately 1.53 million 

years ago the last major lava shield, W ailau (East Molokai) Volcano, erupted to 

form eastern Molokai. Erosion, faulting, and slope failure all helped to break 

down the northern side of the island to form a spectacular 610 m (2000 ft.) cliff

line. Following a one million year period of erosion {Clague et al., 1982), Pu'u 

'Uao, or the Kalaupapa shield, was formed by a monogenetic eruption (Walker 

and Coombs, 1988; at 0.37 - 0.54 Ma). 

It has not yet been established whether or not the pyroclastic cone, Pu'u 

'Ula, erupted simultaneously with the effusive Kauhako eruption. However, by 
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analogy, they may be related. Using the currently-active Pu'u O'o-Kupaianaha 

relationship on the southeast rift zone of Kilauea as an example, the Pu'u 'Ula 

pyroclastic cone may be related to the eruptions at Kauhako Crater. On the Big 

Island, pyroclastic fire-fountains erupted from the Pu'u O'o vent in the early 

stages of its eruption. Degassing of the magma continues to occur there while 2. 7 

km downrift, the magma collects in a lava lake, Kupaianaha. Lava overspilling 

from the Kupaianaha lava lake forms leveed channels and lava tubes, all of which 

continues to build up to form a small gently sloping shield. 

In the Kalaupapa case, the only evidence for pyroclastic fountaining was 

found at the Pu'u 'Ula cone at the base of the pali. Here, layers of pyroclastic 

materials were observed {Walker and Coombs, 1988). Pele's tears, small bombs, 

and spatter droplets were all identified in the steeply dipping layers that make 

up the pyroclastic cone. No pyroclastic products were observed in the vicinity of 

Kauhako Crater or Channel, suggesting that the fire-fountaining and degassing 

occurred at the Pu'u 'Ula vent while the magma collected and issued quietly 

from the Kauhako vent. 

Lavas erupted from the Kauhako vent filled the crater and eventually 

drained out through a channel system on the northeast edge of the crater. The 

draining lava formed many thin layers or '"vesiculation units'" {Walker and 

Coombs, 1988) to form a 30 m high channel wall. At some stage in the eruption, 

the lava evidently crusted over to form a lava tube along at least several seg

ments of the main lava conduit. Three tube segments still intact along the chan

nel and tumuli at its distal end mark the trend of the inferred lava tube. The 

high temperature and low viscosity of the lava flowing through the channel, as 

well as the turbulent nature of this flow, were all conditions that favored thermal 

erosion along this channel. Calculations indicate that this erosion occurred at a 
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rate of 10.5 µm s-1• Further, the construction of a lava tube allowed the lava to 

flow at higher temperatures and with greater turbulence over a longer distance 

than if the lava had been exposed in a subaerial channel. 

Channel wall terraces that slope inward and wall-rock found on the channel 

floor indicate that some roof collapse occurred at the end of the eruption. This 

roof failure may be due either to the loss of support when the lava drained out of 

the tube, to the weight of the overlying material, to the thin nature of the origi

nal tube roof, or to any combination of the above. Whatever the reason for the 

roof collapse, a large volume of material, 2.2 km3 , was erupted and flowed through 

this tube system at a rate of 7.8 x 102m2s-1, as indicated by the calculations . 

At a late stage in the eruption of Kalaupapa a ·secondary tube system 

formed to the northeast. This lava tube extends from an '"elbow'" in the main 

conduit to the eastern coastline and is much smaller. Its trend is marked along 

the surface by a line of skylights and at the coastline by tumuli and sea-arches. 

More than fifteen tumuli are located about the distal end of this tube system. 

Small tubes radiate outward from the main cavity inside the tube. Roof collapse 

and partial infilling by sediment is sufficient to conceal the original floor, 

although the original glassy tube-lining may be observed on the roof and sides at 

many locations . 

Another tube system, Old Lady Cave, located further south from the well

developed secondary tube is thought to have formed at the same time and also 

reaches the sea. No tumuli are associated with it and their absence may be ~he 

result of excessive wave erosion or an indication that this tube was not suffi

ciently active to construct a tumulus. No tube systems were observed to have 

formed toward the west coast, although what appear to be the beginnings of 

several small lava tubes were found along the base of the western channel wall. 
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Following the eruption of basaltic lava from the deep crater and the 

formation of the distributary channel/tube system the lava drained back into 

Kauhako Crater. Today, because of the lava drainback, one can see a flat terrace 

near the bottom of the crater. This terrace, at about the 40 m elevation, may 

mark a pause in the drainage of the lava pond. A small pit crater, located at the 

northeast edge of this terrace, near the channel mouth, may have also been 

active at the same time as the main crater. No distinctive lava flows or pyroclas

tic material was found in the vicinity of this pit crater to suggest that it was a 

separate phase in the Kalaupapa eruption. Rather, the rocks lining the pit crater 

are the same as those forming the base of the main source vent and crater walls. 

A N-S trending tube extending from the base of this pit crater may be associated 

with the main vent, however no corresponding tube opening was found on the 

crater walls above the lake. Further drainback occurred to form another, nar

rower, terrace that is now covered by a. brackish water lake. From this terrace, 

continued dra.inback of the lava. formed a. '"funnel-shaped .. conduit that is open to 

a depth of 248 m. Tidal surges observed in the early 1970's and the presence of 

salt water below a. depth of 7 m led Maciolek, (1975) to believe that the conduit 

is connected to the ocean at some depth. No further tidal surges have been 

observed, however. This lack of surges combined with recent failed attempts to 

discover marine carcasses at depth in the lake suggest that the saline lake water 

may have filtered in through cracks over the years, rather than flowing in 

through an open lava tube. 

At the turn of the century, many Polynesians lived in the safe confines of 

the deep crater, channel and tube. Consequently, much of the crater and chan

nel floor was reworked and littered with housing foundations, property walls, 

he'eaus, storage facilities, and burial sites. Kalaupapa is now a National 
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Historical Park dedicated to the preservation of these ancient Polynesian edifices, 

as well as the support and maintenance of the Kalaupapa Settlement for those 

with Hansen's Disease . 

KALAUPAPA AS A TERRESTRIAL ANALOG 

TO LUNAR SINUOUS RILLES 

Studies by Greeley (1971) and Cruikshank and Wood (1972) showed that 

terrestrial basaltic lava tubes and their associated features can be considered as 

valid analogs to lunar sinuous rilles. Greeley (1971) made an in depth comparison 

of the rilles in the Marius Hills region in the northwestern part of the lunar near

side to terrestrial basaltic lava tubes in Oregon, California, and Washington. 

Cruikshank and Wood (1972), watched the eruption activity of Mauna Ulu in 

Hawaii, and were able to observe several lava tubes in formation. A similar com

parison can be made between the structure of the Kauhako conduit system on 

Kalaupapa, Molokai to that of Rima Mozart, a lunar sinuous rille described in 

Chapter II . 

Both Kauhako and Rim.a Mozart originated at very deep source vents and · 

evolved into large sinuous channel/tube systems (Fig. IIl-11), were built up by 

overspilling of hot, low-viscosity, basaltic magma, and involved a significant 

amount of thermal erosion in their downcutting. Kauhako channel/tube system 

originates in a very deep, non-circular crater (Figs. IIl-4, III-11) located atop a 

very gently sloping (1.5 - 6 •) shield. The channel walls are composed of many 

thin lava flows that formed a tube roof along several segments, three of which are 

still intact. Similarly, the distal portion of the tube ends in a long lava tube 

segment, over which lie several large tumuli . 
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Rima Mozart originates at a very deep, elongate source crater on very gently 

sloping (0.1 •) terrain. A sinuous channel formed from the erupted basalt (Fig. 

ill-11). Conditions were not favorable for lava tube formation along Rima 

Mozart, because the conduit is 830 m wide and 127 m deep. A tube roof 

constructed across a span of 830 m could not support itself under lunar 

environmental conditions. The distal end of Rima Mozart disappears into a sink 

crater, presumably draining into an underground fissure system. The distal end 

of Kauhako Channel dissapears into a lava tube, whose trend is marked by 

several tumuli. 

Another feature common to both is the presence of a pyroclastic vent and 

the deposit of pyroclastic material associated with the channel/tube system. 

Pyroclastic activity at Pu'u 'Ula near Kalaupapa formed a cinder cone. Pyroclas

tic activity at Rima Mozart did not form a cinder cone, but rather formed 

non-circular deposits of what is interpretted to consist of spatter about the two 

source vents at Ann and Kathleen . 

CONCLUSION 

(1) Kalaupapa formed as a result of two types of volcanic activity, one pyroclas

tic at Pu 'u 'Ula, and one effusive at Kauhako. The monogenetic eruption 

lasted for a period of just over 33 days and erupted a maximum volume of 

2.2 km3 at a rate of 7.8 m2s-1 that flowed through the channel/tube system. 

(2) The morphology and eruptive history of this volcano make it a good analog 

to llinar sinuous rilles (i.e., Rima Mozart). Morphologically, the Rima 

Mozart and Kauhako lava channels are very similar. Their channel floors are 

hummocky, their paths are sinuous and they begin at deep source craters . 

V olcanologically, the two are very similar also. Both channel systems were 
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carved out of basaltic lava by basaltic magma and were associated with a 

pyroclastic eruption phase. 

(3) The morphology and apparent eruptive history of Kauhako Channel/Tube 

make it a good analog to the Mauna Ulu and Kupaianaha eruptions on 

Kilauea, as well as several pre-historic eruptions on the Big Island of Hawaii 

(i.e., the Thurston and Whittington lava tubes). 

(4) Thermal erosion was an important process in the formation of the Kauhako 

Channel/Tube system. The hot turbulent magma erupted from Kauhako 

crater helped to carve a sinuous, 30 m deep channel/tube system at a rate of 

10.5 µm s-1 across the center of the Kalaupapa peninsula. 

(5) Thermal erosion also played an important role in the formation of several 

other terrestrial basaltic lava channels on the Big Island of Hawaii: Whit

tington, Mauna Ulu, and Kupaianaha. 

(6) Thermal erosion is an important process involved in the formation of lunar 

sinuous rilles. 
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TABLE ill-2. NOTATION 

The following are the symbols used in the equations in Chapter III to determine 

the thermal erosion rate for Kauhako Channel/Tube (after Hulme, 1973). 

A constant defined in equation (6) 

c 

d 

specific heat of lava (cg of ground) 

depth of flow 

E erosion rate 

f friction factor 

g 

h 

k 

L 

N 

acceleration due to gravity 

heat transfer coefficient at interface 

thermal conductivity - defined in Table III-1 

latent heat of fusion - defined in Table III-1 

constant defined in equation (8) 

n constant defined in equation (6) 

Q 

Re 

volume rate of flow per unit width of channel 

Reynolds number 

T1 lava temperature 

T1o lava temperature at source 

Tmg solidus temperature of ground 

initial temperature of ground 

u mean flow velocity 

W width of flow 

length of rille 

o: slope of ground 

e emissivity of lava surface - defined in Table III-1 

,, 
p 

viscosity of lava 

density, Pl - of lava, Pg - of ground 

Stefan-Boltzmann constant - defined in Table III-1 
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CHAPTER IV 

A SEARCH FOR INTACT LAV A TUBES ON 

THE MOON: POSSIBLE LUNAR BASE HABITATS 

ABSTRACT 

I have surveyed lunar sinuous rilles and other volcanic features in an effort 

to locate intact lava tubes that could be used to house an advanced lunar base. 

Criteria were established for identifying intact tube segments. Sixty-seven tube 

candidates within twenty rilles were identified on the lunar near side. The 

rilles, located in four mare regions, vary in size and sinuosity. I identified four 

rilles that exhibit particularly strong evidence for the existence of intact lava tube 

segments. These are located in the following areas: (1) south of Gruithuisen K, 

(2) in the Marius Hills region, (3) in southeastern Mare Serenitatis, and (4) in 

eastern Mare Serenitatis. I rated each of the sixty seven probable tube segments 

for lunar base suitability based on its dimensions, stability, location, and access 

to lunar resources. Nine tube segments associated with three separate rilles are 

considered prime candidates for use as part of an, advanced lunar base. 
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INTRODUCTION 

Early observations identified many meandrous channels, or, sinuous rilles, on 

the lunar surface {Schroter, 1788). Since then, numerous studies have shown 

that these features formed as a result of the extrusion of hot, fluid, low-viscosity 

basaltic magma (e.g., Hulme, 1973; Carr, 1974; Wilson and Head, 1981; Coombs 

et al., 1987), some of which may have evolved into lava tubes when segments of 

the channels roofed over (e.g., Oberbeck et al., 1969; Greeley, 1971; Cruikshank 

and Wood; 1972, Hulme, 1973; Coombs et al., 1987). The prospect of using the 

natural cavity formed by a drained intact lunar lava tube for housing a manned 

lunar base has long been the subject of speculation (e.g., Brown and Finn, 1962; 

Henderson, 1962). 

In his discussion of lava tubes as potential shelters for lunar habitats, Horz 

(1985) noted that the lunar lava tubes would be ideal for locating the lunar base 

because they: ( 1) require little construction and enable a habitat to be placed 

inside with a minimal amount of building or burrowing; (2) provide natural 

environmental c:ontrol; {3) provide protection from natural hazards (i.e., cosmic 

rays, meteorite and micrometeorite impacts, impact crater ejecta); and (4) pro

vide an ideal natural storage facility for vehicles and machinery. 

Depending on the rate of flow and the rheology of the lava, a lava tube may 

form by one of several methods (e.g., Cruikshank and Wood, 1972; Greeley, 1987): 

( 1) An open channel may form a crust that extends from the sides to meet in the 

middle and eventually thickens and forms a roof. {2) In more vigorous flows, the 

crustal slabs may break apart and be rafted down the channel. As the pieces are 

transported down the channel they may refit themselves together to form a 

cohesive roof. (3) Periods of spattering, sloshing, and overflow may form levees 

which may eventually build upward and inward and merge into a roof. (4) 
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Continued lava flowage under a chilled crust may form a tube (see Wentworth 

and McDonald, 1953). Under the conditions of lunar basaltic eruptions (lower 

gravity field, no atmosphere), such processes would have produced lunar lava 

channels and associated tubes at least an order of magnitude greater in size than 

those found on Earth (e.g., Wilson and Head, 1981). Such lunar lava tubes could 

be tens to hundreds of meters wide and deep and tens of kilometers long. These 

dimensions make lunar lava tubes ideal sites in which to house a lunar base habi

tat. 

Swann (pers. commun., 1988) has raised the question of the existence of 

open, evacuated lunar lava tubes. He contends that the lunar lava tubes may 

have been filled in upon cessation of the eruption that formed them. Here, I 

present evidence to the contrary and show that it is entirely possible that open 

lava tubes were left on the Moon and that it is very likely that they still exist. 

Work done by Hulme (1973, 1982), Wilson and Head (1980, 1981) and others has 

shown that lunar sinuous rilles are the products of low-viscosity, high tempera

ture basaltic lava flows, and that these features are very similar to terrestrial 

basaltic lava. channels and tubes. With the la.ck of extensive field evidence from 

the Moon, terrestrial lava tubes have often been studied as examples of what the 

formation process would have been like for the lunar features (e.g., Greeley, 1971; 

Cruikshank and Wood, 1972). Although there is an order of magnitude size 

difference between lunar and terrestrial tubes, the formational processes appear 

very similar. 

Terrestrial evidence indicates that a tube may or may not become plugged 

with lava depending on the viscosity, temperature, supply rate and velocity of 

the lava flowing through it. Numerous terrestrial lava. tubes have been observed 

during their formation (e.g., Greeley, 1971; Cruikshank and Wood, 1972; Peterson 
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and Swanson, 1974). Of the tubes observed during the process of formation, 

most did not become congealed and solidify into hard tubular masses of rock at 

the time of their origin (e.g., Greeley, 1971; Cruikshank and Wo~d, 1972). It has 

been noted that as the supply rate of lava diminished during an eruption, the 

level of liquid in the tube dropped, leaving a void space between the top of the 

lava flow and the roof of the tube (e.g., Peterson and Swanson, 1974). At the 

end of an eruption most of the lava was observed to drain out of the main tube 

to leave an open tunnel of varying dimensions (Macdonald et al., 1983). How

ever, the tubes may later act as conduits for younger lava flows erupting from the 

common source vent. These later flows may partly or completely fill the older 

lava tube depending on their supply rate and amount of material flowing 

through. While I cannot discount that similar occurrences may have happened 

during the formation of the lunar lava tubes, it is unlikely that it happened to a 

high percentage of them. Field observations of several volcanic terrains in Hawaii 

indicate that the majority of lava tubes formed remain, at least partially, void, 

that is, less than 30 % of the tube has been (partially) infilled by later flows 

{pers. commun. J.P. Lockwood). Less than 1 % of the lava tubes observed in the 

field by Coombs et al. (1988) are completely filled in by later flows. Of the 

several hundred lava tubes known to exist on and around Kilauea, more than 90 

% are open or void: less than 30 % of the tube has been filled in by later flows. 

In those tubes that have been partially infilled, the lava toes extend inward from 

the tube walls. Very few lava tubes are completely filled and, in fact, only one, 

Makapu'u Tube, on Oahu, Hawaii, was observed by the authors to have been 

completely filled in by later flows (e.g., Coombs et al., 1988). 

Other evidence, derived from the study of lunar volcanic features, suggests 

that not all lunar tubes are plugged with congealed lava and that void lava tubes 
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exist on the Moon. Many lava channels have been identified on the lunar surface 

(e.g., Oberbeck et al., 1969; Cruikshank and Wood, 1972; Masursky et al., 1978; 

Schaber et al., 1976; Greeley and King, 1977). These channels do not appear to 

be filled with solidified lava along most of their lengths. The same is true for 

most lunar sinuous rilles. Greeley and King (1977) demonstrated that thin lunar 

flow units typically were emplaced by lava tubes. It appears that the low

viscosity lunar lavas drained from large segments of the identified channel-tube 

systems and sinuous rilles. Finally, it should be noted that there are numerous 

instances where several tube candidates are located along sinuous rilles and 

where these tube segments are bounded at each end by open, deep rille seg

ments. Since these open, deep rille segments are not filled with congealed lava, I 

suggest that the roofed portions of the rille (i.e., the tubes) are not filled and are 

likely to be void or partly void tubes. 

A great deal of discussion has centered around the strength and durability 

of existing lunar lava tubes {Oberbeck et al., 1972). Whether or not the tube roofs 

are structurally stable enough to withstand prolonged meteoroid impact and 

thick enough to provide protection from cosmic radiation has been a pressing 

question (e.g., Forz, 1985). The results of calculations by Oberbeck et al., (1969) 

as well as terrestrial field evidence support the concept that many of these 

features are evacuated and have remained intact during the billions of years of 

meteoritic bombardment and seismic shaking to which they have been subjected 

since their formation. Oberst and Nakamura (1988) have examined the seismic 

risk for a lunar base but have not dealt specifically with the effects of moon

quakes on lunar lava tubes. 

Many intact lava tubes exist along the East and Southwest rift zones of 

Kilauea Volcano on the Big Island of Hawaii. Two of the largest of these tubes 
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are Thurston Lava Tube (Keanakahina), which was formed 350 - 500 years b.p., 

and an unnamed tube on the floor of Kilauea Caldera that was formed during 

the 1919 eruption of Halemaumau. The respective average dimensions of these 

two lava tubes are: 4.90 m wide x 2.20 m high; 8.60 m wide x 3. 73 m high. Both 

of these lava tubes have maintained their structural integrity while constantly 

being shaken by local seismic tremors. On any given day the summit area of 

Kilauea may experience as many as 300 or more earthquakes of magnitude 4 or 

less {Klein et al., 1987). The frequency and magnitude of these earthquakes 

intensifies immediately prior to the onset of an eruption. Much greater magni

tude earthquakes are also common to the area as evidenced by two fairly major 

earthquakes that occurred in the recent past. The 1975 Kalapana and 1983 

Kaoki earthquakes, with magnitudes of 7 .5 and 6.6 respectively, appeared to have 

had little or no effect on these two lava tubes. It is possible then, that many of 

the lunar lava tubes have remained intact over the billions of years of the seismic 

shaking generated by meteorite impacts and tectonically originated moonquakes. 

Oberbeck et al. (1969) determined that the ratio of roof thickness to interior 

tube width in terrestrial lava tubes ranges from 0.25 - 0.125. When applied to 

lunar conditions, Oberbeck et al. (1969) calculated that a 385-meter-wide tube 

roof would remain stable providing the roof was 65 meters thick. They further 

noted that the effect of roof arching, common in terrestrial lava tubes, would 

allow even thinner 385-meter-wide roofs to remain intact, and, if the lunar rock is 

assumed to be more vesicular than that on Earth, the maximum stable width 

could reach 500 or more meters. Thus, stable tube roofs could exist on the Moon 

providing they span a width of no more than a few hundred meters and that the 

larger tubes have roofs that are at least 40 - 60 meters thick . 
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As Horz (1985) pointed out, these estimates are also in good agreement with 

other important observations. For example, Horz (1985) noted that impact 

craters a few tens of meters to 100 meters across are supported by uncollapsed 

roofs of identified lava tubes. With depth/ diameter ratios of small lunar craters 

,..., 1/4 - 1/5 (Pike, 1976), the excavation depths of these craters superposed on . 

the lava tubes could reach 25 meters {HOrz, 1985). HOrz (1985) estimated further 

that the roof thickness must be at least two times larger than any crater depth, 

otherwise a complete penetration of the tube roof would have occurred. 

In this chapter, I propose a set of criteria for the identification of intact 

lunar lava tubes. A survey of all known sinuous rilles and channels as well as 

other selected volcanic features was conducted in an effort to locate lava tube 

segments on the lunar surface. In addition, I have attempted to assess the poten

tial of the identified lava tubes as candidates for lunar base sites. This paper 

presents the results of my survey. 

METHOD 

I conducted a survey of all available Lunar Orbiter and Apollo photographs 

in order to locate possible intact lava tubes. The criteria used to identify tube 

candidates were: ( 1) the presence of an uncollapsed, or roofed, segment or, pref er

ably, a series of segments along a sinuous rille, (2) the presence of uncollapsed 

segments between two or more elongate depressions which lie along the trend of 

the rille, and (3) the presence of an uncollapsed section between an irregular

shaped depression, or source vent, and the rest of the channel. 

The above criteria were applied to all previously identified lunar sinuous 

rilles (e.g., Oberbeck et al., 1969; Schultz, 1976) and others identified from the 
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survey of all available Lunar Orbiter and Apollo photographs. Other volcanic 

features such as endogenic depressions, crater chains and other types of rilles 

were also examined as some may be associated with a lava tube. Exogenic crater 

chains were distinguished from the partially collapsed tube segments by the 

latter having a noticeable la.ck of crater rays and herringbone patterns in the 

vicinity. Also, exogenic crater chains are commonly comprised of closely spaced 

or overlapping round to oval craters, while the craters in endogenic chains are 

elongate or irregular in form. And further, secondary craters within .a chain are 

often deeper at one end than the other and downrange craters are commonly 

superposed on uprange craters. Endogenic craters are more uniform in depth 

and generally do not exhibit systematic overlap relationships. 

The locations of the identified lava tube segments are given in Table 1. 

Various measurements were made for ea.ch tube (Table 1). Maximum tube 

widths were estimated by projecting the walls of adjacent rille segments along the 

roofed over segments. Tube lengths were measured from the Lunar Orbiter and 

Apollo photographs. An estimate of the depth to ea.ch tube, or roof thickness, 

was made, when possible, following the crater-geometry argument presented by 

HOrz (1985) whereby the largest impact crater superposed on an uncollapsed roof 

may yield a minimum measure of roof thickness. To calculate this minimum 

roof thickness the following equation was used: 

d. 0.25. 2 = t (1) 

where dis the maximum crater diameter superposed on the tube segment, and t 

is the estimated minimum roof thickness of the tube segment. This equation pro

vides a conservative estimate of the roof thickness, whereby, the maximum crater 
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depth is approximately one-quarter the crater diameter (0.25d) and the roof 

thickness ( t) is at least twice that depth (after HOrz, 1985). 

As part of the assessment of the suitability of the identified tube segments 

for housing an advanced lunar base, several factors were considered. The useful

ness, (presence of scientific targets near the base site, geologic diversity) of the 

locality, whether or not the site would be readily available (minor excavation and 

construction) for habitation, and its location were considered. The presence of 

potential lunar resources (e.g., high-Ti mare basalt or pyroclastics) in the region, 

as well as ease of access to these deposits, was an important consideration. fu 

addition, the proximity and ease of access to all features of interest in a region 

were considered. Localities were sought in which little or no degradation appears 

to have occurred at localities along and adjacent to the tube segments. The pre

ferred sites exhibited few impact craters and/ or young ridges which may indicate 

the presence of a fault system. It has been demonstrated that a more central 

location (near the equator) on the lunar nearside would provide a better site for 

the mass driver to launch various payloads to 1 2 {Heppenheimer, 1985). A~d 

finally, base sites were sought where the rille/tube was located in a very flat 

region for greater ease of mobility, and where tube widths and roof thicknesses 

were thought to be within the constraints determined by Oberbeck et al., (1969). 

IDENTIFIED LAV A TUBE SEGMENTS 

More than ninety lava tube candidates were identified along twenty lunar 

rilles on the lunar nearside, sixty seven of which were measured. These occur in 

four mare regions: Oceanus Procellarum, Northern Imbrium, Mare Serenitatis, 

and Mare Tranquilitatis (Fig. 1). Each of these rilles appears to be 
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discontinuous, alternating between open lava channel segments and roofed over 

segments. Those segments appearing structurally sound, according to the criteria 

discussed above, were measured and identified as tube candidates. Each of 

these tubes has met our tube-identification-criteria, is relatively close to the size 

constraints established by Oberbeck et al. (1969), and is situated in a relatively 

flat location. Table 1 lists each of these tube segments with their respective 

dimensions, locations, and photographic reference frames. Of the twenty rilles 

examined, four exhibit very strong evidence for having intact, open tube seg

ments; two in Oceanus Procellarum (C and J in Fig. 1; Figs. 2 and 3; Table 1), 

and two in Mare Serenitatis (0 and R in Figure 1, Figs. 4 and 5; Table 1). Each 

tube segment was evaluated for use as part of the structure of an advanced lunar 

base according to the criteria discussed above. The results of this evaluation are 

given in Table 1. Nine tube segments associated with three separate rilles (A,C, 

and R) are considered prime candidates for an advanced lunar base. 

Northem Procellarum 

Eleven rilles where probable intact lava tubes exist are found in the Oceanus 

Procellarum region; of these, two may be considered prime localities at which to 

find an intact lava tube or series of tubes ( C and J in Fig. 1; Figs. 2, and 3; Table 

1). Rille C is the classic example of a lunar lava tube and was first identified as 

such by Oberbeck et al. (1969). This rille is 60 kilometers long and is broken 

into more than 15 segments, each of which may be a potential intact tube. How

ever, only seven of these were measured. These seven segments are longer than 

the others and have smaller craters superposed on their roofs. Lengths of these 

segments range from 510 to 1120 meters, with widths ranging from 450 to 970 

meters. The 970-meter-wide segment (as well as the other segments listed in 
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Figure IV-1: Map showing the location of the twenty lunar rilles on the lunar 
nearside where potential lava tube candidates have been identified. Additional 
information concerning the location of these lava tubes is given in Table 1. 
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Table l.as being > 500 meters wide) was included because it appeared structur

ally stable in the photographs and was considered worthy of a closer inspection. 

A variety of factors may allow tubes with apparent widths greater than 500 m to 

exist on the lunar surface. The largest crater on any of the segments is 270 

meters in diameter. The roof of the segment appears to be intact, with no sign of 

faults or slumping. A minimum roof thickness for this tube is 135 meters. 

Rille C, unnamed by previous mappers, begins at Gruithuisen K, a kidney

shaped depression at the top of the photograph (Fig. 2). This rille trends N-NW, 

parallel to the major ridges in Procellarum, and is slightly sinuous. It is inter

preted to be Eratosthenian in age (Scott and Eggleton, 1973). The highlands ter

rain just north of Gruithuisen K is composed of primary and secondary impact 

material of the Iridum crater and possible volcanic domes (Scott and Eggleton, 

1973). Any and/or all of these tube segments would provide easy access to mare 

materials and the volcanic dome material just north of the rille. 

Rille l, located in the Marius Hills region of Oceanus Procellarum (Figs. 1 

and 3; Table 1), also exhibits strong evidence for the existance of an intact lava 

tube. Rille l is actually a combination of two rilles that rn.e~t at right angles at 

an irregularly shaped depression that may have served as a common source vent 

(Fig. 3). Rille la. trends N-S, is 15.5 kilometers long and is divided into seven seg

ments. Four of these segments were measured. The tube lengths range between 

130 to 250 meters, and the widths between 250 - 340 meters. The maximum 

crater depth along rille la. is 20 meters, suggesting a minimum roof thickness in 

this area of 40 meters. 

Rille lb is 42 kilometers long, trends SW, and is broken into more than 15 

segments. Eleven of the best defined segments were measured. Here the lengths 

of the tube segments range between 250 to 1630 meters and the widths vary 
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Figure IV-2: This partially-collapsed tube is located just west of the crater 
Gruithuisen. This is rille C as identified in Table 1 and is considered a prime 
candidate for finding an intact, vacant lunar lava tube. (LO V-182-M) 
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Figure IV-3: Lava tube candidates in the Marius Hills region ( J of Table 1 and 
Figure 1). Two segments (Ja and Jb) meet at right angles at what may have 
been the source vent for them both. (LO V-213-M) 
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between 270 to 480 meters. One other tube segment along this rille varies radi

cally from the others (J9, Table 1). This segment is 7370 meters long by 270 

meters wide, and has a maximum superposed crater diameter of 250 meters, or a 

minimum roof thickness of 125 meters. The existence of a tube segment here is 

considered a strong possibility as the tube does appear to continue to the SW. 

Whether or not an open tube is continuous along the entire length is difficult to 

determine. Closer inspection of this segment will be necessary in order to accu

rately determine its potential for human habitation. 

The Marius Hills region is the product of a complex volcanic history. NE

and NW-trending wrinkle :ddges represent the intersection of two major struc

tural trends (Schultz, 1976), while thick layers of lava flows and ~trusive domes 

mark the sites of previous major volcanic activity. The Hills themselves are inter

preted to be composed of pyroclastic and volcanic flow material that erupted and 

flowed over older mare material (McCauley, .1967). Both the pyroclastic debris 

and mare basalts in this region could be used as sources of lunar resources. 

Southern ProcellaruJn 

One strong tube candidate was found in a complex of rilles north of Mare 

Humorum (Q in Fig. 1; Table 1). A number of very sinuous rilles which trend 

N-NE are located near the boundary between Mare Humorum and Oceanus Pro

cellarum. A tube segment was identified along one of these rilles. The tube seg

ment is 1650 meters long and 440 meters wide. No measureable superposed 

craters were identified on the photographs available for this tube segment. The 

isolated, non-central location, and presence of just one tube segment at this local

ity all argue against recommending this site to house the lunar base. 
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N orthem Imbrium 

Three tube segments were found along one sinuous rille in the northern por-

tion of Mare Imbrium. This rille trends NE and is located near the mouth of 

Alpine Valley (P in Fig. 1; Table 1). This rille, like the others, is surrounded by 

mare material. The three tube segments range in length from 840 to 1680 meters 

and in width from 210 to 290 meters. The maximum crater diameter supported 

by one of the segments is 170 meters, with a potential roof thickness of 85 meters . 

While this area may offer a variety of resources, and parts of it are flat, I do not 
. 

feel that it would make an ideal locality to house the lunar base because of its 

non-central location . 

Serenitatis /Tranquilitatis 

Five rilles with probable intact lava tubes were identified in the 

Serenitatis/Tranquilitatis region. Two other rilles in this region were also noted 

as potential candidates; however, the poor quality of the available photographs 

prohibited us from accurately measuring them and assessing their true potential . 

These two rilles should however, be inspected when better data are available. 

Of the five rilles identified, two exhibit strong evidence for having intact 

tube segments (0 in Figs. 1 and 4; R in Figs. 1 and 5; Table 1). Rille 0 is >30 

kilometers long, is located southwest of the Apollo 17 landing site, and is divided 

into more than 13 segments, five of which were measured. This rille trends E-

NE, parallel to the structural trend in this portion of southern Mare Serenitatis . 

The segments measured vary between 320 and 880 meters long, are 460 to 510 

meters wide, and support a maximum crater 80 meters in diameter. The 

minimum roof thickness for the longer tube segment is 40 meters . 
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This locality offers major advantages for siting the lunar base. Not only is 

the region relatively flat, offering easy access to many areas, but it is also reason

ably close to the Apollo 17 landing site (high-Ti mare basalt regolith) as well as a 

major regional dark mantle deposit of pyroclastic origin. This site may provide a 

good source for building materials as well as lunar resources such as iron, 

titanium, aluminum, and potassium. 

Rille R, located on the eastern edge of Mare Serenitatis, is 15 km long and 

1.0 km wide. The rille originates at an a.circular crater approximately 1.3 km in 

diameter and follows a general south-southwesterly trend. Channel levees mark 

the edge of the channel along a 6 km stretch between the two tube segments. 

The shortest of the two tube segments is 1.32 km long, and the other 6.5 km 

long. The largest crater superposed on this rille segment was 0.66 km along the 

longest segment. The minimum roof thickness for this tube segment is 330 

meters. 

Many other lunar rilles were examined but were rejected as candidates 

because they exhibited no uncollapsed sections and/or the adjacent and super

posed craters were too large. However, the possibility that structurally sound 

lava tubes exist at these and other locations on the nearside of the Moon cannot 

be ruled out completely until much more detailed analyses are completed. 

· ROLE OF LAVA TUBES FOR ADVANCED MANNED LUNAR BASE 

There are many advantages to using intact lunar lava tubes as the site for a 

manned lunar base. The natural tube roof provides protection as a shield from 

cosmic radiation. The protected area offered by the intact tubes would provide 

storage facilities, living quarters, and space for industrial production. The 
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Figure IV-4: Rille 0, a prime candidate for having an intact lunar lava tube is 
located southwest of the Apollo 17 landing site in southern Mare Serenitatis. 
{AS17-2317) 
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Figure IV-5: Rille R, located in eastern Mare Serenitatis. This sinuous rille has 
retained its original levee walls and is roofed over at both its proximal and distal 
ends. The source crater is located at the right end of the rille, with the flow 
direction from right to left. (AS 15-9309) 
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constant temperature of around 20 • C (Horz, 1985; Mendell, pers. comm., 1987) 

is conducive to many projects and/or experiments and could be altered to main

tain a controlled environment for a variety of experiments as well as comfortable 

living conditions . 

Unused and/or uninhabitable portions of lava tubes would also provide an 

additional disposal facility for solid waste products generated from the manned 

lunar base. Biological and industrial waste (i.e., mining, construction) may be 

safely discarded within these structures without diminishing the vista of the 

lunar surface. This method of waste disposal may provide an alternative to the 

crater filling, burial, or hiding-in-the-shade methods proposed by Ciesla (1988) 

Many potential resources may be located in the vicinity of lava tubes or 

complexes. For example, lunar pyroclastic deposits are known to be associated 

with some source vents for the lunar sinuous rilles and lava tubes {Coombs et al., 

1987). The black spheres which dominate some regional pyroclastic deposits are 

known be rich in ilmenite (Heiken et al., 1974; Pieters et al., 1973, 1974; Adams 

et al., 1974). These ilmenite-rich pyrclastics may in turn be a source of titanium, 

iron, and oxygen. Also, pyroclastics and regolith found in the vicinity of some of 

our "'tube-candidates"' may be a good source for sulfur as well as other volatile 

elements. Sulfur could be used as a propellant, as a fertilizer, as well as in indus

trial chemistry as suggested by Vaniman et al. (1988). The volcanic material 

may also be used as construction materials. Big pieces of rock may be utilized as 

bricks while small pyroclastic debris may be incorporated in concrete, or broken 

into individual elements. 

This chapter has discussed only those lava tube candidates that are identifi

able in the available photographic data sets. Because of the low resolution of 

these data sets the lava channel/tube systems identified and measured are fairly 
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large, or generally an order of magnitude greater in size than those typically 

found in basaltic plains regions on Earth. Just as a variation in lava tube sizes 

is found on Earth, it is highly possible that other, smaller, lava channels/tubes 

also exist on the Moon, and that they may very well be large enough to house a 

lunar base. For example, a lunar lava tube the size of Thurston Lava Tube on 

Hawaii (4.9 m wide by >2.2 m high), would be habitable and useful in the lunar 

base initiative as would other similar, small lunar lava tubes. To help identify 

these smaller lunar lava conduits good quality high resolution photographs of the 

lunar surface are needed. 

There is one major problem to consider when planning the use of a lava 

tube to house the first manned lunar base. That is the difficulty in confirming, 

absolutely, that a tube does in. fact exist in a particular spot and determining 

what its exact proportions are. Efforts are currently underway to determine 

methods for identifying evacuated, intact, lava tubes on the Moon. Such 

methods might include initial gravitY. · and seismic surveys with later drilling 

and/or ·1unarnaut• and rover reconaissance, or a portable radar system. Several 

such methods are being tested now in Hawaii by the USGS to identify lava tubes 

on Oahu and the Big Island. The construction of highly detailed geologic and 

topographic maps for the lunar areas also would greatly enhance the efforts to 

accurately determine the locations, dimensions, and existence of the lunar lava 

tubes. Thus, until a tube or tube system is positively identified on the lunar 

surface, mission planners should not rely on the presence of a lava tube when 

designing the first manned lunar habitat. This paper, rather, points out the 

strong possiblity of there being an intact open tube system on the lunar surface 

that could be incorporated into future plans for an advanced, manned lunar base. 
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CONCLUSION 

I conclude that lava tubes were formed on the Moon and that the probabil

ity of finding an intact, open tube segment which would be suitable for housing a 

permanent lunar base is quite high. Criteria were proposed for identifying intact 

lava tube segments. A survey of all known sinuous rilles and channels as well as 

other selected volcanic features was conducted in an effort to locate lava tube 

segments on the lunar surface. All available Lunar Orbiter and Apollo orbital 

photography of these features were utilized. I measured sixty seven tube seg

ments associated with twenty rilles in four mare regions on the lunar nearside. I 

determined that these tube segments are likely to be intact and open. I 

evaluated each tube segment for suitability for use as part of an advanced lunar 

base. The results of this evaluation are given in Table 1. Nine tube segments 

associated with three separate rilles were given the highest ranking. I consider 

these nine segments to be prime candidates for use as part of an advanced lunar 

base. Finally, it should be pointed out that the emphasis in this paper was 

placed on relatively large lava tubes because evidence could be obtained from 

existing lunar photography. However, a large number of much smaller tubes may 

be present on the lunar surface, and some of these may also be useful in the 

lunar base initiative . 

More analysis of the tubes discussed here is needed before an adequate selec

tion can be made of a specific lunar lava tube to house a manned lunar base. 

One thing that may be done to help identify an intact lava tube or series of tubes 

would be the construction of detailed geologic maps, topographic maps, and · 

orthotopophotographic maps for areas showing potential for intact, vacant lava 

tubes. Also, further data are needed to confirm the presence of open 

channels/tubes. These data might include radar, gravity, active and/or passive 
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seismic experiments, rover and '"lunarnaut'" reconnaissance, and drilling. Once 

the proper tube is located the possibilities for its use are numerous. 
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ID No. 

A 1 
2 
3 

B 1 
2 
3 
4 
5 
6 

c 1 
2 
3 
4 
5 
6 
7 

D 1 

E 1 
2 
3 
4 

F 1 

G 1 

• 

Latitude Longitude 

22•00' N 30°30' w 

22°00' N 29•00' w 

35•00' N 43°00' w 

36°00' N 40"00' w 
36"00' N 40°00' w 
44•30' N 47°00' w 

30"00 ' N 48°30' w 
27"00' N 41"45' w 

• • • • • • • 

TABLE IV-1: LAVA TUBE CANDIDATES 

Orbiter Tube Tube Crater Roof Rank3 
Frame Length Width Width1 Thickness2 

No. (km) (km) (km) (m) (A = Prim• B = Good a = Pouiilc) 

IV-133-H
3 

2.20 0.55 0.44 220 B 
1.10 0.55 0.22 110 A 
0.55 0.33 0.22 110 c 

IV-133-H
3 

0.88 0.44 0.22 110 B 
1.10 0.55 0.55 275 c 
4.40 0.33 0.22 110 B 
0.55 0.33 0.44 220 c 
1.10 0.33 0.11 55 c 
5.50 0.44 0.44 220 B 

V-182-M 0.90 0.72 0.06 30 A 
1.20 0.97 0.09 45 A 
0.66 0.60 0.27 135 B 
0.54 0.60 0.12 60 A 
0.60 0.45 0.09 45 A 
0.60 0.82 0.09 45 A 
0.51 0.82 0.09 45 A 

V-182-M 0.90 0.15 0.06 30 c 
IV-158-H

2 
4.92 1.20 0.80 40 B 
1.20 0.36 - - B 
2.40 0.48 0.24 120 B 
1.32 0.60 0.24 120 B 

IV-158-H
1 

2.40 1.20 0.60 300 c 
V-191-M 2.37 0.32 0.38 190 B 
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ID No. 

2 
3 

H 1 

I 1 
2 
3 
4 

J al 
2 
3 
4 

b5 
6 
7 
8 
9 

10 
11 

K 1 
2 
3 
4 
5 
6 

L 1 
2 

• 

Latitude 

26°30' N 
27°00' N 

15°30' N 

10°30' N 

15°00' N 

12°00' N 

2·00' N 

• 

TABLEIV-1. (Continued) LAVA TUBE CANDIDATES 

Orbiter Tube Tube Crater Roof Rank3 
Longitude Frame Length Width Width1 Thickness2 

No. (km) (km) (km) (m) (A == Prim• B == Goad 0 == Po,.ilil•) 

42°00' w 1.87 0.23 0.75 375 c 
42°00' w 0.88 1.25 0.20 100 c 
47°00' w IV-150-H2 1.65 0.88 0.22 110 c 
49°00' w IV-150-H2 1.32 0.88 - - B 

1.32 0.77 0.22 110 c 
6.60 0.66 - - c 
4.60 0.55 0.33 165 c 

57°00' w V-213-M 0.25 0.33 0.08 40 B 
0.25 0.34 0.25 125 B 
0.25 0.25 0.03 15 B 
0.13 0.33 0.05 25 c 
0.35 0.37 0.08 40 B 
0.25 0.32 0.05 25 B 
1.63 0.33 0.15 75 B 
1.63 0.38 0.08 40 c 
7.37 0.47 0.25 125 c 
0.37 0.28 0.08 40 c 
0.75 0.48 0.08 40 c 

53°00' w IV-157-H2 6.60 0.55 0.33 165 c 
10.45 1.03 1.10 525 c 
8.80 0.88 0.66 330 c 
2.75 0.66 0.11 55 B 
1.10 0.33 - - B 
5.50 0.55 0.22 110 c 

44°00' E IV-66-H1 3.30 1.32 - - c 
6.60 1.32 - - c 

• • • • • • • 
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TABLEIV-1. (ConUnued) LAVA TUBE CANDIDATES 

Orbiter Tube Tube Crater Roof 
Rank3 

ID No. Latitude Longitude Frame Length Width Width1 Thickness2 

No. (km) (km) (km) (m) {A= p,;,,,, B = Goo.t 0 = Pouilit•} 

M 1 4°00' N 28°00' E IV-78-H1 7.70 0.88 - -
2 4.40 0.55 - -

N 1 u·oo' N 20°00' E IV-85-H2 17.60 0.77 0.99 495 
2 2.53 1.10 0.33 165 
3 4.62 0.99 - -

0 1 18°00' N 26°00' E IV-78-H2 0.77 0.51 0.07 35 
2 0.32 0.51 0.05 25 
3 0.32 0.48 0.05 25 
4 0.88 0.48 0.03 15 
5 0.77 0.46 0.08 40 

p 1 51°00' N · 8°00 ' w V-129-M 0.84 0.21 0.13 65 
2 1.26 0.21 0.17 85 
3 1.68 0.29 0.13 65 

Q 1 16°00' s 37°00' w IV-137-H2 1.65 0.44 - -
R 1 29°00' N 29°00' E IV-85-M 1.32 1.10 - -

2 7.15 0.55 0.66 330 
? 20°00' N 30°00' E IV-78-H3 - - - -·1 
72 1°00 ' N 28°00' E - - - -

1Crater Width - mazimum crater diameter meaaured on top of tube aegment. 
1Roof Thickneaa - repreaent1 minimum tube roof thickneufrom depth of largeat 1uperpo1ed crater (after H1>rz, 1985). 
3 Rank - re/er1 to the 1uitabilitf1 of a particular tube 1egment for locating the aduanced manned lunar baae. 

c 
c 
c 
c 
c 
B 
B 
B 
B 
B 

B 
c 
c 
c 
A 
A 
c 
c 
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CHAPTERV 

A REMOTE SENSING AND GEOLOGIC INVESTIGATION 

OF THE 

CRUGER REGION OF THE MOON 

ABSTRACT 

Cruger is an unusual mare-filled crater located in the lunar highlands 

southwest of Oceanus Procellarum and south of Grimaldi basin. The origin of 

Cruger crater, as well as the other geologic units in the region, has long been the 

subject of considerable controversy. Therefore, I utilized a variety of Earth-based 

and spacecraft photography, as well as spectral reflectance and radar data, to 

investigate the origin, composition, and mode of emplacement of the geologic 

units in and around Cruger crater. I found the composition of the mare unit 

within Cruger crater was found to be similar to that of other intermediate Ti02 

basalt deposits on the lunar nearside. I identified three previously unmapped 

localized dark mantle deposits of pyroclastic origin in tpe region. Spectra 

obtained for the localized pyroclastic deposit on the south flank of Cruger 

indicate that this mafic unit is dominated by an olivine-pyroxene mixture. This 

localized dark mantle deposit was emplaced by explosive eruptions during an 

early ·phase of the eruptive sequence that flooded the floor of Cruger; the source 

vent or vents were subsequently buried by mare lava. All of the pyroclastic units 

in the Cruger region were emplaced by vulcanian-style eruptions. The highlands 

in the Cruger region are dominated by noritic anorthosite. This composition is 
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very similar to that determined for the highlands units on the Orientale basin 

interior. However, I identified one area rich in gabbroic anorthosite. An 

endogenic origin for Cruger crater can be ruled out. Cruger is not a lunar 

caldera. Rather, it is a normal pre-Orientale impact crater that was modified by 

Orientale ejecta and later flooded by mare basalt. However, few, if any, of the 

other members of the lunar smooth-rimmed crater class formed in an identical 

manner . 

• 
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INTRODUCTION 

Cruger crater (diameter = 46 km) is a conspicuous geologic feature in the 

lunar highlands southwest of Oceanus Procellarum (- 17 • S, 67 • W; Fig. V-1). 

It is located south of Grimaldi basin, a small two-ringed impact structure 

(Hartmann and Kuiper, 1962), and is near the contact between the inner and 

outer facies of the Hevelius Formation {Scott et al., 1977), a deposit emplaced 

during the formation of the Orientale basin (Figs. V-2a and V-2b). Cruger is 

located approximately 370 km east of the Cordillera ring of Orientale basin. Its 

origin, and the origin of the other geologic units in the region, has long been 

• 

• 

• 

• 

controversial (e.g., McCauley, 1973; Wilshire, 1973). • 

Both McCauley (1973) and Wilshire (1973) noted that Cruger had some 

morphologic characteristics in common with a class of thirty smooth-rimmed 

craters of uncertain origin identified by Wilhelms and McCauley (1971). These • 

Imbrian-aged structures lack certain morphologic features (i.e., pronounced inte-

rior wall terraces, central peaks, textured radial ejecta, secondary craters) of 

impact craters of similar age. The members of this crater class range from 20 km 

to 50 km in diameter and are generally circular in form (Head, 1976). Wilhelms 

and McCauley (1971), McCauley (1973), and Wilshire (1973) suggested that these 

craters, typified by Kopff (diameter = 42 km) on the floor of the Orientale basin, 

might be either calderas or the products of unusual low-velocity impacts and/or 

impacts by low-density bodies distinct from those which produced the rough, 

high-rimmed craters of the main physiographic sequence. However, Head (1976), 

suggested that Kopff may have been formed by impact into an area of active vol

canism where the strength of materials would be much less than it is for normal 
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Figure V-1: Full-Moon photgraph of the lunar nearside showing the location of 
Cruger crater (arrow) . 
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rock. Alternatively, Kopff may have formed by impact into the still hot and 

mobile Orientale melt sheet {Guest and Greeley, 1977). Geologic maps of the 

Cruger region produced by several workers (e.g., Wilhelms and McCauley, 1971; 

McCauley, 1973; Wilshire, 1973; Scott et al., 1977) indicate that Orientale 

deposits are superposed on Cruger crater exterior deposits. However, in a recent 

publication, Wilhelms (1987) questioned the previously-determined age relation

ships in: the Cruger region and suggested that Cruger might be a post-Orientale 

feature. Wilhelms {1987) noted that poorly-defined Orientale secondary craters 

are present near Cruger and suggested that Cruger ejecta may have partly 

obscured and degraded these secondaries. Alternatively, Wilhelms (1987) indi

cated that Cruger may have existed prior to the Orientale impact event and that 

the Orientale secondaries are poorly developed in this area because of clustered 

impact or some other factor. Similar poorly-defined secondaries exist in other 

sectors of the Orientale ejecta deposit. 

Knowledge concerning the formation of the members of this class of 

smooth-rimmed craters is important if we are to understand the full range of 

lunar volcanic and impact processes. Major questions include the following: (1) 

Are these features true lunar calderas or are they the product of some unknown 

type of 'volcanism {Guest and Greeley, 1977)? (2) Were Cruger, Kopff, and the 

other craters like them formed by unusual low-velocity or low-density projectiles? 

(3) Did any of these smooth-rimmed craters form as a result of impact into an 

area of active volcanism or a still fluid impact melt sheet? 

A large number of unanswered questions exist concerning the composition 

and origin of other geologic units in the Cruger region. Information about the 

composition of the distal deposits of the Orientale basin as well as the subjacent 

highlands terrain is needed in order to determine the mode of emplacement of 
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the Hevelius Formation. The inner fades of this unit has been interpreted as pri

mary ejecta from the Orientale basin (e.g., McCauley, 1973; Moore et al., 1974). 

In addition, little is known about the nature of the pre-Orientale highlands on 

the western limb of the Moon . 

Numerous deposits of mare basalt have been identified in the Cruger region 

(Figs. V-2a and V-2b; Scott et al., 1977; Gaddis and Head, 1981). These ponds of 

mare material are associated with Mare A est at is and the floor of Cruger. It has 

been suggested that the lunar mantle is heterogeneous in composition and that 

these lateral heterogeneities may have resulted in the production of unusual 

basaltic magmas that were erupted on the farside and in limb regions (e.g., Hub

bard, 1979). Hence, it is possible that the mare deposits in the Cruger region may 

be very different in composition from the basalts returned by the Apollo and 

Luna missions . 

A dark mantling unit that covers and subdues underlying terrain was 

identified on the south flank of Cruger crater by Wilshire (1973). Similar depo

sits elsewhere on the Moon have been shown to be of pyroclastic origin (e.g., 

Gaddis et al., 1985; Hawke et al., 1988). The relationship between this dark man

tle deposit and the processes responsible for the formation of Cruger crater has 

not been established . 

My study utilizes near-infrared spectral reflectance data, 3.8-cm and 70-cm 

Earth-based radar data, and other remote-sensing and geologic information to 

address a. number of unresolved issues in the Cruger region. The specific pur

poses of this study include the following: ( 1) to investigate the .origin of Cruger 

crater, (2) to determine the composition, origin, and mode of emplacement of 

the dark mantle deposits on the south flank of Cruger, (3) to determine the 

composition of the various highlands units in the region, ( 4) to investigate the 
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Figure V-2a: Rectified lunar atlas photograph (Plate 16c; Whitaker et al., 1963) 
which shows the Cruger region. A sketch map of this area is shown iil Fig. V-2b. 
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Figure V-2b: Sketch map of the Cruger region. The areas for which near
infrared spectra were obtained are shown as spots A - G. Shaded areas: mare 
basalts . 
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relationship of the highlands units to the Orientale impact event, and (5) to 

determine the mineralogy of the mare units in and around Cruger crater. 

METHOD 

I utilized a variety of remote-sensing data as well as Earth-based and space

craft photography obtained with a number of different viewing geometries and 

phase angles to study the Cruger region. In order to determine the mineralogy 

• 

• 

• 

and lithology of surface units, near-infrared reflectance spectra were obtained • 

with the Planetary Geosciences Division indium antimonide spectrometer at the 

University of Hawaii 2.24-m telescope facility on Mauna. Kea.. This spectrometer 

successively measures intensity in each of 120 wavelength channels covering the • 

0.6 to 2.5 µm region by rotating a filter with a continuously variable band pass. 

In the mode used for these observations, each final spectrum represents an 

average of a.t least four individual measurements. The areas for which spectra • 

were obtained were defined by circular apertures in the telescope focal plane. 

The telescope's usual f/10 secondary mirror was replaced with the f/35 oscillating 

secondary that is usually employed for thermal infrared observations. By using 

the f/35 secondary in its nonoscilla.ting mode, it was possible to use an aperture 

0. 7 arcsec in diameter. While normal atmospheric blurring would prevent such 

observations at most observatories, at Mauna. Kea., features 0.5 arcsec in diameter 

were routinely visible during our observing runs. However, differential atmos

pheric refraction limited such high-resolution work to time when the Moon was 

near the zenith (i.e., airmass < 1.4). 

During the course of each evening, I made frequent observations of the lunar 

reflectance standard area at the Apollo 16 landing site {McCord et al., 1981). 

Other lunar standard areas such as Mare Serenitatis-2 (MS-2) and Mare 
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Humorum (MHO) were observed less frequently. Standard area observations 

were used to monitor the atmospheric extinction throughout each night that 

data was collected. Extinction corrections were made using the methods 

presented by McCord and Clark (1979) and the interactive computer program 

described by Clark (1979). This procedure produces spectra representing the 

reflectance ratio between the observed area and the Apollo 16 standard. These 

relative spectra were converted to absolute reflectance using the reflectance curve 

of an Apollo 16 soil sample. Analyses of absorption features and other spectral 

characteristics were made using the techniques described by McCord et al. 

(1981). The areas for which spectra were obtained for this study are shown in 

Fig. V-2a and V-2b. The spectra are shown in Figs. V -4a and V -4b and the 

spectral parameters are listed in Table V-1. These spectral parameters can be 

used to determine the mineral chemistry and lithology of the surface material in 

the area for which each spectrum was obtained. The various attributes of the "1 

µm" absorption feature provide the bulk of the compositional data. The band 

center provides information concerning identity and chemistry of the dominant 

mafic mineral, usually pyroxene {Adams, 1974). The depth of the "1 µm" band 

provides a measure of the relative abun.dance of the mafic minerals present 

{Piete,rs, 1986; Hawke, 1985; Spudis et al., 1987) . 

In addition, the 3.8-cm radar data set produced by Zisk et al. (1974) and 

the new 70-cm radar data set obtained by Thompson ( 1987) were used to study 

the surface roughnes8 of the various geologic units in the Cruger region . 

Numerous studies have demonstrated the utility of radar data for identifying, 

defining, and characterizing lunar surface units (e.g., Gaddis et al., 1985). Both 

the digital and analog versions of these radar data sets were utilized. Although 

the region is not shown in the multispectral images presented by McCord et al. 
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(1976, 1979), it is included in the composite color-difference photograph produced 

by E.A. Whitaker (see Moore et al., 1980). The spectral bands used to produce 

this photograph were 0.37 µm and 0.61 µm. The color-difference images are 

useful for defining the extent of geologic units as well as providing information 

concerning the relative abundance of Ti02 • I studied this enhanced color

difference photograph as well as other Earth-based and spacecraft photographs 

with a wide variety of viewing geometries and sun angles in order to better define 

the geologic relationships in the Cruger crater region {Figs. V -3a and V-3b). 

RESULTS AND DISCUSSION 

All of the highland terrains in the Cruger region appear relatively "red" in 

the color-difference photograph produced by Whitaker {Moore et al., 1980). The 

• 

• 

• 

• 

• 

red coloration indicates that this highland material has relatively low UV /VIS • 

values which are typical of mature highlands over most of the lunar nearside. In 

stark contrast, the mare materials in the region (Cruger interior and Mare Aes-

tatis; Fig. V -2b) are relatively "blue" {high UV /VIS values) with the deposits of • 

Cruger appearing slightly bluer than the Mare 

Aestatis units. An intermediate Ti02 abundance for the basaltic fill in Cruger is 

indicated. The basalts of Mare Aestatis have slightly lower Ti02 concentrations. • 

Two near-infrared reflectance spectra were obtained for the mare deposits 

within Cruger (Figs. V-2a, V-2b, V-4a and V-4b). Both exhibit spectral charac-

teristics typical of spectra collected for mature mare deposits elsewhere on the 

lunar nearside (Table V-1). They have 1 µm absorption bands centered at about 

0.98 µm which indicates that the mafic mineral assemblage is dominated by 
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Figure V-3a: Lunar Orbiter photograph (IV-168-H2) of Cruger crater and its 
vicinity. A large depsit of dark mantling material can be seen on the south flank 
of the crater. See sketch map of this area that is shown in Figure V-3b for 
further details . 
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Figure V-3b: Geologic sketch map of Cruger crater and vicinity (boundary for 
inner/outer Hevelius Formation after Scott et al., 1977, Hilly and Furrowed 
material after Wilshire, 1973 and McCauley, 1973). 
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high-Ca clinopyroxene (e.g., Adams, 1974). The slightly greater band depth and 

shallower continuum slope of the Cruger Mare spectrum compared to the Cruger 

Mare 2 spectrum is a result of the presence of a small, relatively fresh crater in 

the area for which the Cruger Mare spectrum was obtained. This small crater 

exposes crystalline mare basalt from beneath a mature regolith rich in glassy 

agglutinates. Even though the Cruger floor deposit is relatively small, there is 

little evidence for contamination of the mare surface with highlands debris. This 

may be in part a consequence of the relatively young Eratosthenian age of this 

mare deposit. Wilshire (1973) noted that this unit exhibited far fewer superposed 

craters than mare material assigned to the Imbrian system in adjacent regions . 

Other important factors in accounting for the lack of highland contamination 

may be the relatively large thickness of the mare fill within Cruger and the 

absence of large postmare impact craters in the adjacent highlands. No evidence 

is seen in the spectral data that the Cruger mare fill is substantially different in 

composition from other intermediate Ti02 mare units on the lunar nearside. 

A localized dark mantle deposit that has a distinctly lower albedo than the 

surrounding material was identified on the south flank of Cruger crater by 

Wilshire (1973). This dark unit superposes and subdues subjacent terrain and is 

spectrally distinct in the color-difference photograph. It is much '"bluer'" (higher 

UV /VIS values) than the adjacent highlands. Similar dark mantle deposits exist 

elsewhere on the lunar surface, and the results of remote-sensing and geologic 

studies of both regional and localized dark mantle units have indicated that they 

are composed of volcanic material of pyroclastic origin · (e.g., Wilhelms and 

McCauley, 1971; Pieters et al., 1973; Head, 1976; Zisk et al., 1977; Hawke et al., 

1979; Gaddis et al., 1985; Lucey et al., 1986; Hawke et al., 1988). Wilshire (1973) 

interpreted the Cruger dark mantle to be of probable pyroclastic origin. This 

- 146 -



interpretation is supported by an analysis of the 3.8-cm radar data for this 

region. There is a direct correlation between the dark mantle and an area of very 

low radar returns, indicative of a smooth surf ace and a scarcity of small particles 

and blocks in the 1 - 50 cm size range. 

Two near-infrared reflectance spectra were obtained for this dark mantle 

deposit (Figs. V-2b, V-4a and V-4b, Table V-1). Both exhibit broad, composite 1 

µm absorption features. Lucey et al. (1984) and Hawke et al. (1988) recently 

presented the results of a spectral study of localized lunar pyroclastic deposits. 

Three compositional groups were identified · based on an analysis of their spectral 

parameters. Group 1 localized pyroclastic deposits (e.g., Atlas and Franklin dark 

mantle deposits) were interpreted to be composed of a mixture of highlands-rich 

wall rock and glass-rich juvenile material with lesser amounts of basaltic cap-rock 

material. Group 2 deposits ( e.g, Rima Fresnel dark mantle deposit) appear to be 

dominated by fragmented basaltic plug rock with much lesser amounts of high

lands debris and juvenile material. 

The Cruger dark mantle spectra were included in Group 3 by Hawke et al. 

(1988). Other spectra included in this group are from four separate pyroclastic 

deposits; three on the floor of Alphonsus crater and one on the floor of J. 

Herschel crater. These spectra have moderately deep ( 5 - 7 %) , broad, and 

asymmetrical bands in the "1 µm" region. These bands are clearly composite 

features that are centered at or beyond 1.0 µm. A quantitative analysis of the 

"1.0 µm" band in the spectrum obtained for the J. Herschel deposit, which is 

considered typical of Group 3, was presented by McCord et al. (1981). They 

indicated that this feature could best be explained by a mixture of olivine and 

orthopyroxene. The other members of Group 3, including the Cruger dark man

tle, contain material rich in olivine and pyroxene. However, it should· be noted 
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Figure V-4a: Near-infrared spectral reflectance data collected from the Cruger 
region of the Moon. Spectra are shown as spectra/sun. The features at - 1.4 

µm and - 1.9 µmare due to atmospheric water. See Figure V-2b for locations of 
the areas for which these spectra were obtained . 
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Figure V-4b: Near-infrared spectral reflectance data for the Cruger region. Spec
tra are shown here as spectra/continuum. See text for discussion of these 
spectra. 
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that the Cruger dark mantle deposit differs from the other members of Group 3 

in that it has much higher (i.e., "bluer") UV /VIS values. Even though the 

pyroclastics in the Cruger, J. Herschel, and Alphonsus regions all contain 

olivine-pyroxene mixtures, it appears that compositional differences do exist 

among the members of this group. 

In summary, I interpret the Cruger pyroclastic deposit to be the product of 

vulcanian eruptions and to be dominated by olivine and pyroxene. The bulk of 

the olivine was emplaced with the juvenile material, which may also have 

contained a pyroclastic glass component. The basaltic plug rock could have con

tributed minor amounts of olivine and pyroxene and some highlands-rich wall 

rock may be present. 

The Cruger pyroclastic deposit covers a relatively large area (760 km3 ) on 

the south flank of the crater (Fig. V-3b). The major portion of this deposit is a 

tongue-shaped feature that extends straight south from the crater rim but a 

narrow finger extends eastward from the main deposit toward Cruger E (Fig. V-

3b). This thin segment is 5 km wide and 30 km long. Although no obvious 

source vents are visible in or near this dark mantled area, this does not rule out a 

pyroclastic origin. I suggest that the bulk of the south flank pyroclastic deposit 

was emplaced during an early explosive phase of the eruption sequence that led 

to the flooding of the Cruger crater floor. The asymmetry of this deposit could 

be due to the partial blockage of one or more vents on the floor of Cruger. The 

source vent or vents would have been buried by subsequent mare basalt flows 

erupted on the interior of Cruger. Separate source vents appear to be required 

to account for the emplacement of the narrow, eastward-trending finger of dark 

mantle. A small area of rough terrain on the northeastern portion of the Cruger 

crater floor also appears to be mantled by dark material (Fig. V-3b). This may 
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be the result of explosive volcanism or, alternatively, by the draping of mare 

basalt over subjacent terrain during an episode of lava drainage. 

I have identified three previously unmapped localized dark mantle deposits 

in the Cruger region. The location of these deposits are shown in Figure V-3b. 

The largest (370 km2 ) is northwest of Cruger crater and immediately adjacent to 

the southwestern portion of Mare Aestatis. Some previous studies have mapped 

portions of this dark mantle deposit as part of the Mare Aestatis basalt unit. 

However, the Lunar Orbiter photography (Fig. V-3a) shows that this dark unit 

mantles portions of the Hevelius formation. Additional support for this interpre-

tation is provided by the 3.8-cm radar data, which show low returns for this 

deposit. Geologic studies of these deposits demonstrated that the dark mantled 

highlands are embayed by mare basalts (Fig. V-3b). This superposition 

relationship indicates that the pyroclastic deposit was emplaced during an early 

explosive phase of the eruption sequence responsible for Mare Aestatis. I have 

identified a partly flooded endogenic crater near the contact between mare basalt 

and dark mantle units that appears to have been the source vent for much of the 

volcanic material in southern Mare Aestatis. 

The other two localized dark mantle deposits are relatively small (Fig. V-

3b). They are located west and north of Cruger crater. No well-defined source 

• 

• 

• 

• 

• 

• 

• 

vents are visible and it appears that basaltic flows make up at least a portion of • 

the northern deposit. These flows probably cover the source vent that produced 

this unit. 

Spectra were obtained for a variety of highlands units in the Cruger region 

(Fig. V-2b). The spectrum for the west rim of Cruger crater exhibits a very 

shallow "1 µm" band centered at 0.93 µm (Figs. V-4a and V-4b). The spectral 

parameters (Table V-1) show that the area for which the spectrum was obtained 
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TABLE V-1: SPECTRAL CHARACTERISTICS 

DETERMINED FOR UNITS IN THE CRUGER REGION 

• 
Relative Band Width 

Absorption Band Continuum At Half 
Depth Minimum Slope Height 

• Location Name (%) (µm) (LlR/.\) (µm) 

Cruger Mare 8.8 0.974 0.665 0.290 

Cruger Mare 2 7.3 0.983 0.690 0.280 

• Cruger Dl\1M 4.6 0.990 0.675 0.352 

Cruger W. Rim 2.0 0.927 0.654 0.235 

Cruger G 3.5 0.955 0.617 0.346 

• Darwin C 4.3 0.917 0.423 0.315 

• 

• 

• 
- 152 -
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is composed of noritic anorthosite. The geologic maps produced by McCauley 

(1973) and Wilshire (1973) indicate that this area is surfaced with material 

emplaced as a result of the Orientale impact event. There is no evidence that 

this material is volcanic in origin. 

The spectrum. for Darwin C, a relativ:ely fresh 16-km impact crater 

southwest of Cruger (- 20 • 30'8; 71 • W; Figs. V-2a and V-2b), has an absorp

tion band centered at 0.92 µ.m. The mafic mineral assemblage is dominated by 

orthopyroxene. Analysis of the other spectral parameters indicates that Darwin 

C also exposes a deposit composed of noritic anorthosite. Both Darwin C and 

the west rim of Cruger crater have a composition very similar to that determined 

for highlands deposits on the interior of Orientale basin by Spudis . et al. {1984) .. 

However, the spectrum. obtained for one geologic feature in the highlands of the 

Cruger region is very different. The Cruger G crater (diameter = 8 km; Figs. V-

2a, V-2b, V-3a and V-3b) spectrum. is shown in Figures V -4a and V -4b. This 

spectrum. exhibits a "1 µm" absorption feature centered longward of 0.95 µm 

indicating a gabbroic anorthosite composition. Cruger G is located southwest of 

Cruger crater and is centered on the rim crest of a large degraded pre-Orientale 

impact structure. It exposes material from beneath the Orientale ejecta deposit. 

A major objective of my investigation of the Cruger region was to determine 

whether Cruger crater is of volcanic or impact origin. Some workers (e.g., 

McCall, 1965; Smith, 1966; Green, 1971) have proposed that certain large lunar 

craters, including Cruger, are calderas. Their arguments are based largely on 

comparisons of lunar craters with possible terrestrial analogs in East Africa 

{McCall, 1965), Hawaii, Oregon, and elsewhere. According to the volcanic 

caldera hypothesis, Cruger was formed by endogenic processes long after the 

Orientale impact event. The mare basalts on the floor of Cruger were clearly not 

- 153 -

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

affected by Orientale; they must be younger. An Eratosthenian age was indi

cated by Wilshire (1973). H Cruger were a post-Orientale volcanic complex, 

many puzzling features of the structure would be accounted for. This origin for 

Cruger would explain the lack of well-defined impact ejecta superposed on Orien

tale deposits, as well as the absence of the morphologic features associated with 

large impact craters. 

On Earth, calderas usually form by collapse when large volumes of volcanic 

material are erupted or, alternatively, when magma withdraws from a relatively 

shallow magma reservoir allowing for surface collapse. Subdivision of terrestrial 

calderas is possible according to the character of the eruption and the 

compQE!ition of the magma {Mutch, 1972; Brennan, 1975). Kilauean calderas 

characteristically occur on shield volcanoes constructed by the eruption of basal

tic magmas. The diameters of the shield volcanoes are generally several times 

larger than those of the associated calderas which are rarely greater than 10 km 

in diameter {Smith, 1966; Brennan, 1975). Kilauean-type calderas may form by 

the vertical rise of magma into near-surface chambers followed by withdrawal 

into flank rifts and the attendarit sinking or collapse of the summit cap {Willi

ams, 1941; Mutch, 1972). 

Krakatoan calderas are a more common type. These calderas are formed by 

collapse due to very rapid explosive eruption of massive volumes of ash. Mutch 

(1972) noted that such calderas commonly form over andesitic or rhyolitic mag

mas, which are more viscous and susceptible to violent explosive eruptions than 

are basaltic magmas. Krakatoan calderas are usually found at the summits of 

large composite volcanoes and are generally less than 15 km in diameter, far less 

than the diameters of associated volcanoes {Smith, 1966; Brennan, 1975) . 
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Massive ash flows as well as extensive air-fall ash deposits are commonly 

associated with Krakatoan calderas. 

Mutch (1972) pointed out that the third type of caldera. is similar to 

Krakatoa in that tremendous volumes of pumice and ash are produced by the 

eruption of an andesitic magma. These calderas are generally not associated with 

a single preexisting volcanic construct but instead ate controlled by fissures asso-

ciated with previously formed structures. The formation of a typical member of 

this class started with the eruption of massive volumes of ash, which was followed 

by the subsidence of a cylindrical block into the void in the magma chamber. 

The caldera floors have often been uplifted subsequent to their initial formation; 

• 

• 

• 

• 

these domed floors may have been modified by later collapse. The Valles caldera • 

in New Mexico, which is often described as a. resurgence cauldron, is the type 

example of this third class of calderas. Mutch (1972) and Smith (1966) reported 

that structures representative of the Krakatoa and Valles classes attain diameters 

of 25 km, although certain elongate forms are as large as 100 km. 

Guest and Greeley (1977) noted that in most cases, there is an order of mag

nitude difference in the size of terrestrial calderas and those of proposed lunar 

calderas. Cruger crater (diameter = 46 km) is far larger than typical terrestrial 

calderas. Guest and Greeley (1977) further noted that, even making the unrea

sonable assumption that this size difference is explicable in terms of the different 

physical conditions on the Moon and Earth, there are many other basic differ

ences. For example, the raised rims of terrestrial volcanoes are relatively wide 

compared with the summit craters, whereas lunar craters, including Cruger, have 

relatively narrow raised rims·. Terrestrial calderas are significantly different in 

shape from lunar craters, which like terrestrial impact craters and experimental 

explosion craters, tend to be circular. The circularity indices for fresh lunar 
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craters measured by Brennan (1975) averaged 0.89. Cruger is a very circular 

structure. Although some terrestrial calderas have a vaguely circular or elliptical 

shape, many others are very irregular. The average circularity index of the ter

restrial calderas and caldera ring structures studied by Brennan (1975) was found 

to be 0.70. Brennan (1975) also noted that as a group, these features exhibit a 

wider variation in circularity than either fresh or modified lunar craters and that 

this is particularly true of the largest terrestrial caldera ring structures . 

The remote-sensing data analyzed in this study provided strong evidence 

that Cruger is not a lunar caldera. As noted above, both the Krakatoan and the 

Valles categories of terrestrial calderas are commonly associated with andesitic or 

rhyolitic magmas. Our spectral data have demonstrated that the dark volcanic 

unit on the floor of Cruger is composed of basaltic material. On Earth, basaltic 

lavas are generally not found on the interiors of Krakatoan-type and Valles-type 

calderas. Our spectral data indicate that the west rim of Cruger is composed of 

noritic anorthosite; no andesitic or rhyolitic compositions were identified in the 

Cruger region. The 3.8-cm and 70-cm radar data do not indicate the presence of 

extensive deposits of pyroclastic ash on the flanks of Cruger. The localized pyroc

lastic deposits that do occur on the flanks of Cruger are relatively thin ( r<J 10 m), 

and they have mafic compositions. The total volume of these pyroclastics is 

small compared to the current volume of Cruger crater. Hence, the crater could 

not have formed by collapse into the void left by the eruption of these pyroclas

tics . 

The remote-sensing data also rule out an origin as a Kilauean-type caldera. 

The rim of Cruger is composed of typical highlands material, not mare basalt. It 

might be argued that Cruger was a pre-Orientale, Kilauean-type caldera and that 

the basalts on the flank had been covered by highlands debris as a result of the 
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Orientale impact event. This model can be ruled out on the basis of the ages of 

the various geologic units associated with Cruger. Orientale is thought to have 

formed between 3. 7 and 3.8 billion years ago, while the Eratosthenian-aged mare 

basalts are younger than 3.4 b.y. It is unlikely that a lunar volcanic complex 

would have remained active over an interval that lasted well over 300 million 

years. Also, there is no evidence for pre-Orientale volcanic activity in the Cruger 

region {Schultz and Spudis, 1979). 

True lunar calderas have been identified by Guest and Greeley (1977). They 

considered them to be the counterparts of terrestrial collapse calderas such as 

those in Hawaii. They range up to several kilometers in diameter, but, many of 

them are relatively small, being only about one kilometer in size. They are 

characterized by their relatively small size and irregular shape. Many have a 

slightly raised rim and a low albedo on their interior walls, which suggest a basal

tic composition. Cruger crater shares few features in common with this class of 

lunar structures. 

While it is not very likely that Cruger is a lunar caldera, could it have 

formed by some other endogenic process? It has been suggested that the 

members of the smooth-rimmed crater class formed by some unusual or unknown 

volcanic process (e.g., Wilhelms and McCauley, 1971). Cameron and Padgett, 

(1974) suggested that some lunar craters may have origins similar to those of 

terrestrial ring structures. Fielder (1965) interpreted some lunar craters to be 

complex volcanic extrusions that have built up rims along ring fractures. 

Numerous works have raised serious objections to these hypotheses (see Guest 

and Greeley, 1977 and Brennan, 1975). The compositions of the various Cruger 

units determined in this study rule out an origin as silicic extrusions associated 

with ring fractures. 
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Could Cruger have been produced by a massive explosion . of internal origin? 

An extremely energetic event would have been required to produce a Cruger

sized depression. However, Guest and Greeley (1977) and Roddy (1968) have 

shown that volcanic explosions of the magnitude required to produce Cruger 

crater could not take place because the lunar crust would not allow sufficient 

pressure to build up to cause such an explosion. 

Based on all available remote-sensing and geologic data, we propose the 

following scenario for the formation and evolution of Cruger crater. Cruger was 

formed by meteorite impact just prior to the Orientale basin impact event, which 

occurred between 3. 7 and 3.8 b.y .ago. A debris surge, produced by the impact of 

Orientale primary ejecta but containing large amounts of local material excavated 

from Orientale secondary craters was emplaced in the Cruger region. The Cruger 

ejecta blanket was disturbed and buried by the impact of Orientale ejecta and 

the resulting debris surge. Many of the Orientale secondary craters formed in 

the area were degraded and partly buried by the deQris surge. Over 300 million 

years later, an episode of both explosive and effusive volcanism occurred in the 

region. The Orientale-related deposits on the floor of Cruger were covered by 

flows of mare basalt. The emplacement of the basalt flows appears to have been 

preceded by an episode of explosive volcanism that produced the dark mantle 

deposits on the crater flanks. Seismic shaking associated with this volcanic 

episode produced mass movements on the crater walls, which resulted in fresher 

wall surfaces on the inner wall slopes and obliterated any damage done to the 

inner walls by the emplacement of Orientale ejecta. Subsequently, only relatively 

small impacts occurred in the region. 

Finally, it should be noted that the specific origin determined for Cruger is 

probably different from that of the other members of the smooth-rimmed crater 

- 158 -



• 
class described above. I hav6 shown that Cruger is a normal impact crater that 

was modified by ejecta from a major basin-forming event. Much later, Cruger • 

was partly flooded with mare basalt. Few, if any, of the other members of 

smooth-rim.med crater class formed in a similar manner. 

CONCLUSION 

(1) I found that the Eratosthenian aged basaltic fill in Cruger has an intermedi-

ate Ti02 abundance. The basalts of Mare Aestatis have slightly lower Ti02 

concentrations. I see no evidence in the spectral data that the Cruger mare 

fill is substantially different in composition from other intermediate Ti02 

• 

• 

mare units on the lunar nearside. • 

(2) I identified three previously unmapped localized dark mantle deposits of 

pyroclastic origin in the Cruger region. Spectra obtained from the deposit 

on the south flank of Cruger indicate that this pyroclastic material is dom- • 

inated by an olivine-pyroxene mixture. These spectra are members of 

Group 3, as identified and described by Hawke et al. (1988). I suggest that 

this dark mantle was emplaced by explosive eruptions during an early phase • 

of the flooding of Cruger crater and that the source vent or vents were sub-

sequently buried by mare lava. All of the pyroclastic deposits in the Cruger 

region were emplaced by vulcanian-style eruptions. 9 

(3) Both Darwin C crater and the west rim of Cruger crater are composed of 

noritic anorthosite. This composition is very similar to that determined for 

the highlands deposits on the interior of Orientale basin by Spudis et al. • 

(1984). However, the spectrum obtained for one geologic feature in the 

Cruger highlands is very different. Cruger G, an eight kilometer crater cen-

tered on the rim crest of a large, degraded impact structure southwest of • 
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Cruger, exposes material with a gabbroic anorthositic composition from 

beneath the Orientale ejecta deposit. 

( 4) Cruger crater is not a lunar caldera. The results of our remote-sensing 

studies also appear to rule out an endogenic origin of any sort for Cruger . 

(5) Cruger is a normal, pre-Orientale, impact crater that was modified by 

Orientale ejecta and partly flooded by Eratosthenian-aged lavas. 

(6) Few, if any, of the other members of the smooth-rimmed crater class formed 

in the same manner as Cruger . 
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CHAPTER VI 

REMOTE SENSING AND GEOLOGIC STUDIES OF 

LOCALIZED DARK MANTLE DEPOSITS ON THE MOON 

ABSTRACT 

Localized lunar dark mantle deposits (LDMD) are small, smooth, low-albedo 

units of pyroclastic origin commonly found associated with endogenic source 

craters. These deposits occur across the nearside of the Moon. They are 

predominantly concentrated around the perimeters of the major lunar maria and 

in the floors of large Imbrian- and pre-Imbrian-aged impact craters. These depo

sits are characteristically small in size (typically < 250-550 km2 , although 

coalesced deposits often cover 1000 - 2000 km2), are aligned along crater floor 

fractures, and are generally associated with source vents that are noncircular in 

shape. An eruption mechanism analogous to terrestrial vulcaniari explosive 

eruptions is thought to be responsible for the emplacement of LDMD, in contrast 

to the strombolian or continuous eruption styles of the regional dark mantle 

deposits. In a vulcanian eruption, the accumulation of gas in a capped magma 

body leads to explosive decompression and the subsequent emplacement of a 

pyroclastic deposit around an endogenic_ source crater. Analysis of near-infrared 

spectra, multispectral images, and radar data obtained for 25 LDMD has led to 

the identification of three compositional groups of LDMD. Group 1 deposits are 

composed predominantly of highlands-rich wall rock but also contain a substan

tial juvenile component, Group 2 deposits are composed largely of mare plug 

rock material, and Group 3 deposits are rich in a mixture of olivine and 

- 166 -



pyroxene. Variations in eruption conditions are interpreted to be largely respon

sible for the varying mineralogy of these three types of deposits. 
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INTRODUCTION 

;etum of spacecraft images of the Moon, virtually all lunar 

,s were thought to be volcanic in origin (e.g., Shoemaker, 1962; 

1967; Salisbury et al., 1968). This interpretation was later con-

1me of the dark-haloed craters, most notably, the eleven dark halo 

the floor of Alphonsus {Heacock et al., 1966; Carr, 1966, 1969; Hart

"'967; Howard and Masursky, 1968; McCauley, 1969; Head, 1976; 

·eund, 1976; Head and Wilson, 1979). Dark-haloed craters in the floors of 

...ldin, Atlas, and J. Herschel craters were also interpreted to be volcanic in 

.gin (Ulrich, 1969; Wilhelms and McCauley, 1971; Lucchitta, 1972; Grolier, 1974; 

Hawke and Head, 1980; Hawke et al., 1980; McCord et al., 1981). These 

endogenic (i.e., volcanic) dark halo craters differ from exogenic (i.e., impact) dark 

halo craters. 

Several modes of origin have_ been suggested for these exogenic dark-halo 

deposits. Howard and Wilshire (1975), Hawke and Head (1977, 1979), Hawke et al . 

(1979a, 1987) and Smrekar and Pieters (1985) have shown that some haloes are 

deposits of impact melt, while Schultz and Spudis (1979, 1983), Hawke and Bell 

(1981), and Bell and Hawke (1984) have shown that others were formed by the 

excavation of dark mare basalt from beneath light highlands material. Head and 

Wilson (1979) proposed a set of morphologic criteria for distinguishing the 

endogenic dark halo craters from the exogenic ones. The characteristics of 

endogenic craters include the following: non-circular shape; alignment with rilles, 

fractures, or other lineaments; absence of a raised rim and crater rays; and a 

depth/ diameter ratio that is generally less than that of impact structures. Addi

tional criteria, based on remote sensing data, further distinguish the two types of 
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crater deposits on the basis of glass type present (i.e., impact or volcanic glass; 

Hawke et al., 1985). 

In recent years major efforts have been made to understand these dark halo 

deposits, particularly those of pyroclastic origin. Pyroclastic glasses are present 

in the samples returned from the Apollo landing sites and have been shown to be 

of diverse compositions (e.g., Chou et al., 1975; Meyer et al., 1975; Heiken et al., 

1974; Butler, 1978; Delano, 1979, 1986; Delano and Lindsley, 1983). The study of 

these glasses has yielded important information concerning lunar igneous 

processes and the composition of the lunar mantle (e.g., Meyer et al., 1975; 

Delano, 1979, 1986). The study of pyroclastic materials and deposits is critical to 

understanding the nature of lunar explosive volcanism, which in turn serves as a 

baseline for studies of volcanic processes on the other planets where volcanism is 

known to have occurred. Interest in these pyroclastic deposits is also high 

because they may prove to be a source for lunar resources such as ilmenite and 

volatiles (e.g., Head, 1974; Butler, 1978), and thus important to future manned 

missions and the establishment of a permanent lunar base. 

A variety of remote sensing and geologic observations have provided much 

of our current information concerning the physical characteristics, composition, 

distribution, and morphology of lunar dark mantle deposits of pyroclastic origin 

{Carr, 1966; Pieters et al., 1973, 1974; Zisk et al., 1974; Adams et al., 1974; Hawke 

et al., 1979b; Gaddis et al., 1985). Their work also has increased greatly our 

understanding of the chemistry and mineralogy of unsampled lunar pyroclastic 

materials. Two distinct types of pyroclastic deposits have been recognized on the 

lunar surface based on their areal extent: regional and localized {Gaddis et al., 

1985). Regional pyroclastic deposits cover a relatively large portion of the lunar 

surface (several thousand km2), whereas localized pyroclastic deposits are 

- 169 -

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

characterized by their small size (typically < 250-550 km2). A more specific dis

cussion of these deposits follows. 

As part of a continuing effort to understand these deposits more fully, I 

have analyzed a large number of near-infrared reflectance spectra and other 

remote sensing data sets in an attempt to answer a variety of questions 

concerning the LDMD. These questions include: (1) What are the compositions 

of localized dark mantle deposits (LDMD), and how do they compare to those of 

the larger regional dark mantle deposits (RDMD), such as those found in the 

Taurus-Littrow, Rima Bode, and Aristarchus regions? (2) Do all localized dark 

mantle deposits have basaltic compositions? (3) Do intra- and interdeposit com

positional variations exist? (4) Do LDMD contain a volcanic glass component as 

do certain RDMD? (5) What were the eruption mechanisms that led to the 

emplacement of the localized dark mantle deposits, and how did they affect the 

composition of the deposits? and (6) What is the relationship, if any, between 

localized dark mantle deposits and the various classes of pyroclastic material 

returned from the Apollo landing sites? 

REGIONAL VS. LOCALIZED DARK MANTLE DEPOSITS 

Regional Pyroclastics 

Regional pyroclastic deposits formed as products of fire-fountaining that 

occurred in association with basaltic eruptions (e.g., Heiken et al., 1974). Com

monly recognized as "dark mantle deposits" in lunar highland areas adjacent to 

many of the major maria, regional dark mantle deposits (RDMD) may have been 

associated with some of the early mare-filling volcanic episodes {Howard et al., 

1973; Head, 1974). Depressions at the head of associated sinuous rilles and other 
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related irregular depressions are the probable source vents for the RDMD (e.g., 

Zisk et al., 1977; Gaddis et al., 1985). Characteristically, these deposits are low- e 
albedo (0.079 - 0.096; Pohn and Wildey, 1970) units that appear to cover and 

subdue the features of the underlying terrain. 

Visual observations and photographs obtained during the Apollo missions • 

indicated that the surfaces of lunar pyroclastic deposits are relatively fine tex-

tured with a smooth, velvety appearance {Cernan et al., 1972; Lucchitta, 1973; 

Lucchitta and Schmitt, 1974). These regional pyroclastic deposits exhibit very • 

weak to nonexistent echoes on the depolarized 3.8-cm radar maps of Zisk et al. 

(1974). A lack of surface scatterers (rocks, boulders, etc; 1 - 50 cm in size) is 

believed to be responsible for the low radar returns {Pieters et at, 1973; Zisk et • 

al., 1977; Gaddis et al., 1985). 

Spectral reflectance studies undertaken by Gaddis et al. (1985) and Lucey 

et al. (1986) have shown that several RDMD (e.g., Mare Humorum and e 

Aristarchus regions) contain a significant Fe+2-bearing glass component. These 

findings extend the results obtained by intensive study of the Apollo sample col-

lection. The orange and black volcanic spherules returned by Apollo 17 are e 
believed to be samples of a relatively unfractionated magma from the deep lunar 

interior (> 300 km; Delano and Lindsley, 1983). The Apollo 17 orange glasses 

and their quench-crystallized equivalents, the black spheres (which contain abun- e 
dant ilmenite crystals) have been shown to be the dominant component of the 

Taurus-Littrow regional pyroclastic deposit {Pieters et al., 1973, 1974; Adams et 

al., 1974). These spherules have volatile-rich coatings that are presumed to have e 
condensed from gases involved in an explosive eruption (e.g., Meyer et al., 1975; 

Butler, 1978) and strongly suggest the existence of a gas phase in their source 

magmas. Remote sensing studies by Pieters et al. (1973) and Gaddis et al. • 
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(1985) indicated that several other regional pyroclastic deposits on the lunar 

nearside (e.g., Rima Bode, South Vaporum, Southeast of Copernicus) are 

composed of mixtures of black and orange spheres. 

Work done by Head and Wilson (1979) and Wilson and Head (1981) sug

gests that RDMD are more likely related to conditions characterized by 

strombolian or continuous eruption activity, and that it is unlikely that the 

extensive dark mantle deposits are the result of coalescing deposits of localized 

pyroclastics (e.g., Alphonsus-type dark halo craters). The results of their calcula

tions indicate that the lunar equivalent of strombolian activity is likely to lead to 

the dispersal of pyroclasts over a wide area, with extreme sorting of particles. Or, 

more specifically, clasts greater than a few centimeters in diameter would remain 

within several tens of meters of the vent, while clasts much smaller than one mil

limeter may be projected many tens to hundreds of kilometers . 

Localized Pyroc:lastics 

Localized lunar dark mantle deposits (LDMD) are small (typically <250-550 

km2), low-albedo units of pyroclastic origin that are commonly located in the 

floors of large Imbrian to pre-Imbrian-aged (i.e., >3.4 b.y.) impact structures and 

are concentrated around the perimeters of the major lunar maria (Fig. VI-1; 

Schultz, 1976; Head and Wilson, 1979; Hawke and Head, 1980; Hawke et al., 1980; 

Gaddis et al., 1985; Coombs et al., 1988). These deposits, typified by the 

Alphonsus dark halo craters, are generally a.Ssociated with endogenic 

dark-halo craters within large highland impact craters. Characteristically, these 

dark halo craters are small in size ( <3 km), aligned along crater floor fractures, 

have a noncircular shape, and lack obvious rays. The source craters are sur

rounded by peripheral deposits of smooth, block-free, low-albedo material that 
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Figure VI-1: Full moon photograph showing the location of LDMD. LDMD 
occur over a large part of the lunar nearside, are predominantly concentrated 
around the perimeters of major lunar maria, and are commonly found in the 
floors of large Imbrian and pre-Imbrian impact structures. 
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composes the dark halo. Though endogenic dark halo crater deposits are by far 

the most common mode of occurrence of LDMD, other types of localized deposits 

have also been identified. These include deposits found (1) as isolated patches in, 

the highlands with no obvious source vents, (2) as isolated patches on the maria, 

and (3) as isolated patches in the highlands adjacent to mare deposits. The 

source vents for these deposits may have been obscured by pyroclastic debris or 

by flooding with mare basalt. Sizes of the LDMD vary. Individual (from one 

source vent) LDMD typically are <100 km2 , while larger coalesced LDMD, are in 

general, <1000 km2 (most fall between 250-550 km2). A few exceptional deposits 

are as large as 2100 km2 • This variation in size is in part a result of the number 

of coalesced deposits at each locality. 

Morphometric analyses of these "haloes.. and their associated source vents 

have led investigators to suggest an eruption mechanism for the LDMD analo

gous to that of terrestrial vulcanian explosive eruptions {Head and Wilson, 1979). 

In this style of eruption, the accumulation of gas in a capped magma body leads 

to explosive decompression, and the subsequent emplacement of a. pyroclastic 

deposit around an endogenic source crater (Fig. VI-2). It has been shown that for 

these types of eruptions, the maximum range of all pyroclasts much larger than 

one centimeter is up to four kilometers, while smaller clasts may be thrown up to 

tens of kilometers, leaving a division between the localized deposits of coarse 

clasts and the widely dispersed deposit of small clasts {Head and Wilson, 1979; 

Wilson and Head, 1981) . 

METHOD 

In order to determine the composition and mode of emplacement of LDMD, 

near-infrared reflectance spectra were obtained for a large number of deposits 
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(Fig. VI-1). These locations include: Franklin floor deposits (29 • N, 48 • E), 

Atlas dark-halo craters (45 • N, 45 • E), Alphonsus dark-halo craters (13 • S, • 

4 • W), Grimaldi pyroclastics (1 • S, 64 • W), Vitruvius floor (17 • N, 31 • E), J. 

Herschel dark mantle deposit (62 • N, 41 • W), Archimedes south rim (28 • N, 

4 • W), Rima Fresnel pyroclastics (28 • 30'N, 4 • E), Cruger south flank • 

(17 • 30'8, 67 • W), and the two localized dark mantle deposits east of Aristoteles 

(50°N, 21°E; so 0 N, 28°E). 

To provide detailed mineralogical information fox these localized deposits, • 

near-infrared spectra (0.6 - 2.5 µm) were acquired using the Planetary Geosci-

ences Division (PGD) indium antimonide spectrometer at the University of 

Hawaii 2.2-m telescope facility on Mauna Kea, Hawaii. The PGD spectrometer • 

measures intensity in ea.ch of the 120 wavelength channels between the 0.6 - 2.5 

µm region through a rotating filter with a continuously variable band pass 

{McCord et al., 1981; Bell and Hawke, 1984). Ea.ch pyroclastic deposit was • 

observed two or three times, with two successive scans being added together 

before the spectrum was written on tape. Thus ea.ch spectrum represents an 

average of four or six individual measurements. 

Observations of the LDMD were made in a manner very similar to that 

utilized by Bell and Hawke (1984) to observe lunar dark-haloed impact craters. 

• 

Circular apertures in the telescope focal plane defined the areas observed. Initial • 

observations made with the 2.3 arc-sec aperture isolated a 4.3 x 8.4 km elliptical 

region on the Moon (e.g., Lucey et al., 1986). However, because of the small size 

of many of the LDMD, it was necessary to replace the usual f/10 secondary mir- • 

ror with the f/35 oscillating secondary. The oscillating f/35 mirror is usually used 

for thermal-infrared measurements; however, by working with the mirror in its 

nonoscillating mode it is possible to use a 0. 7 arc-sec diameter aperture. Thus • 
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under optimum observing conditions it was possible to obtain spectra for areas 

within a 1.6 x 3.1 km ellipse on the lunar surface. 

The Apollo 16, Mare Serenitatis, and Mare Humorum regions were fre

quently observed for use as standards. These spectra were used to monitor the 

atmospheric extinction throughout each night. Extinction corrections were made 

following the methods of McCord and Clark (1979) and Clark (1980). These 

methods produce spectra of the reflectance ratio between the observed area and 

the standard areas. Following Adams and McCord (1971), the reflectance curve 

of either the carefully selected mature Apollo 16 soil sample (62231.1), the Mare 

Serenitatis standard, or the Mare Humorum standard was used to convert the 

relative spectra to spectral reflectance. To further distinguish between the spec

tra and emphasize differences in the characteristics of the 1.0 µm absorption 

band, a straight line continuum was removed from each spectrum (Fig. VI-3). No 

thermal corrections were made for any of the spectra, thus they may exhibit 

some variation toward the longer wavelengths ( > 2.2 µm). Please note that 

several of the spectra shown in this paper have been combined and offset 

vertically for ease of comparison and clarity. Additional details of the spectral 

reduction and analysis techniques are provided by McCord et al. (1981). 

In addition to the near-infrared spectra, we have obtained multispectral 

images (0.56 µm, 0.40/0.56 µm, 0.90/0.56 µm) for many LDMD, including those 

associated with Franklin, Atlas, and J. Herschel craters (Fig. VI-6). For a com

plete discussion on the techniques used to obtain and process these multispectral 

ratio images, the reader is referred to McCord et al. (1976) and Hawke et al. 

(1979b, 1980) . 
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SPECTRAL CHARACTERISTICS OF 

LUNAR PYROCLASTIC MINERALS AND GLASSES 

. Analysis of remote sensing data can provide important information concern

ing the composition, physical nature, and areal extent of LDMD. More 

specifically, spectral reflectance measurements can be used to derive geochemical 

and mineralogical information from the lunar soils. As discussed by McCord et 

al. (1972), lunar spectra are characterized by a positive continuum slope, or 

overall increase in reflectivity toward the longer wavelengths. A mineral's 

"signature" is displayed as a residual absorption feature that is superposed on the 

positive continuum. The energy of these absorption bands (measured in 

wavelengths) is determined by the electronic configuration of transition element 

ions (e.g., Fe+2 , Fe+3 , Ti+3 , Ti+4) and by the geometry of the coordination sites 

of their host minerals {Burns, 1970a). The dominant absorption feature for lunar 

materials has a wavelength centered near 1.0 µm and is primarily due to Fe+2 

crystal field transitions in distorted octahedral coordination sites (Adams, 197 4; 

Gaddis et al., 1985). Four materials commonly found in the lunar soils may con

tribute to the 1.0 µm band: olivine, Fe2+ -?earing volcanic glasses, orthopyrox

ene, and clinopyroxene. 

Lunar volcanic glasses can be distinguished from impact-generated agglutini

tic glasses on the basis of their Fe +2 absorption features. Agglutinates and/ or 

opaque components (ilmenite, Fe metal) present in lunar soils reduces their spec

tral contrast, increases their continuum slope and lowers the strength of the 

absorption features (e.g., Adams and McCord, 1971). Distinctive broad absorp

tion bands near 1.1 µm of Fe-bearing, homogeneous volcanic glasses have been 

observed in laboratory spectra of the Apollo 15 and Apollo 17 returned lunar 

pyroclastic samples (green and orange glasses; Adams et al., 1974). Further 
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detection of a glass band just longward of 1.0 µm in the spectra obtained for 

regional lunar pyroclastic deposits suggests that a significant amount of Fe2+ -

bearing glass is present in the soils {Hawke et al., 1983; Gaddis et al., 1985; Lucey 

et al., 1986) . 

Orthopyroxene absorption bands are centered between 0.90 to 0.94 µm and 

1.8 to 2.1 µm {Adams, 1974; Hazen et al., 1978). Orthopyroxene is one of the 

major mafic minerals associated with lunar highland materials. Spectra charac

teristic of clinopyroxene have absorption bands centered longward of 0.95 to 1.05 

µm and 1.8 to 2.2 µm. These features are characteristic of spectra obtained for 

the lunar maria, and are caused by the presence of abundant calcium-rich 

clillopyroxene in the soils. 

The maJor absorption feature for olivine is in some ways similar to a homo

geneous Fe2+ -bearing glass band. Both are broad, relatively weak, and centered 

slightly beyond 1.0 µm {Gaddis et al., 1985). Olivine, however, has a 1.0 µm 

Fe+2 feature that is,. in fact, a composite of three distinct, superimposed absorp

tion bands (Burns, 1970b; 1974). Laboratory studies by Singer (1981) showed 

that the characteristic olivine 1.04 µm absorption band is obscured by pyroxene 

absorption bands unless the sample contains more than 70% olivine. However, 

the presence of olivine can be detected at lower levels of concentration by 

distortions to the long-wavelength edge of the pyroxene band {Singer, 1981; 

Gaddis et al., 1985) . 

VULCANIAN ERUPTION GEOMETRY 

The geometry envisaged for a lunar and/ or terrestrial vulcanian-type erup

tion is shown in Figs. VI-2a through VI-2d. Vulcanian eruption conditions for 

both the Earth and Moon are considered to be the same through stage ( C). 
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Beginning at stage (A) a magma body approaches the surface under stress condi-

tions that lead to a very shallow intrusion rather than a major extensive eruption 

and may fracture the overlying material. Gas entrained in the magma rises and 

expands as it nears the surface. Next, the top of the rising magma body cools to 

• 

• 

form a plug or cap and pressure begins to build up underneath (B). In (C), • 

explosive decompression occurs. The plug is fragmented and ejected ballistically 

along with wall rock and juvenile material. From this point the eruption styles 

differ between the Earth and Moon due to the difference in their gravity (Earth's • 

g= 9.8 m/s2
; Moon's g= 1.6 m/s2) and atmosphere (Earth's = 1.00 bar; Moon's 

= 0 bar). Although the initial ejection velocity is roughly the same for both, at 

approximately 100 m/s, the gravity and atmosphere on Earth will eventually • 

cause the eruption plume to collapse when the density of the particles and air in 

the cloud is greater than the surrounding atmosphere (D). Pyroclastic flows may 

form when the terrestrial plumes collapse (e.g., 1975 eruption of Ngauruhoe, New 

Zealand; Nairn and Self, 1978). On the Moon, however, the lack of atmosphere 

and lower gravity will allow for greater gas expansion before the pyroclastics 

eventually settle out (E). The lunar pyroclastics may cover an area six times • 

greater than on Earth. No pyroclastic flows are thought to have formed on the 

Moon because of its lack of an atmosphere and lower gravitational field. For a 

more complete description of the dynamics and behavior of terrestrial and lunar • 

vulcanian eruptions, see Wilson and Head (1981). 

SPECTRAL AND GEOLOGIC STUDIES 

Although LDMD may be genetically related and they exhibit many morpho

logic similarities, spectral reflectance studies have shown that they are spectrally, 
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b) 

d) 

VULCANIAN ERUPTION SEQUENCE 
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Figure VI-2: Figures VI-2a through VI-2d illustrate the eruption geometry 
envisaged for lunar and terrestrial vulcanian eruptions. See text for a full 
description of each stage . 
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Figure Vl-3: Representative spectra for each compositional group of localized 
pyroclastic deposits. Group 1 is represented by spectra of Grimaldi pyroclastics, · 
Group 2 by Aristoteles East 1 spectra , and Group 3 by J. Herschel spectra. 
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TABLE VI-1: SPECTRAL CHARACTERISTICS - 1 µm BAND 

• 
Group 1 

center 0.93 - 0.95 µm 

depth 4-5% 
asymmetrical checkmark-like shape 

• 
Group 2 

center 0.96 µm 

depth -7% 
more symmetrical 

• 
Group 3 

center 1.0 µm region 
depth 5-7% 
asymmetrical 

• 

• 

• 

• 
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thus compositionally distinct {Lucey et al., 1984; Hawke et al., 1985; Coombs et 

al., 1988). Three general compositional types of LDMD have been identified on 

the basis of the depth, center, and overall shape of their - 1.0 µm absorption 

features and continuum slopes. The spectral characteristics of the various groups 

are summarized in Table 1 and discussed in detail below. Spectra considered to 

be representative of each group are shown in Fig. VI-3. 

Group 1 

Spectra. This group includes spectra from the Grimaldi pyroclastics, the 

Franklin dark floor deposits (Figs. VI-4a and VI-4b), the Atlas dark halo craters, 

the dark Archimedes south rim deposits, and the pyroclastics on the eastern edge 

of Mare Nectaris. Spectra for these deposits exhibit 1.0 µm absorption band 

centers near 0.93-0.95 µm and the depths are approximately 4 - S % (Figs. VI-Sa 

and VI-Sb). These bands are asymmetrical and have been described as 

·checkmark-like·, with a straight, steep short-wavelength edge followed by a 

shallower straight long-wavelength edge (Lucey et al., 1984). Some spectra in 

this group exhibit relatively steep continuum slopes. These Group 1 spectra are 

similar in many ways to those obtained for typical lunar highlands areas. The 

Group 1 band parameters indicate the presence of feldspar-bearing mafic assem

blages dominated by orthopyroxene. Although major amounts of highland 

material are present in Group 1 LDMD, the relatively broad, asymmetric, and 

shallow ·i.o µm· bands indicate the presence of one or more additional com

ponents such as volcanic glass, olivine, or clinopyroxene. 

Additional information about these deposits is provided by multispectral 

and albedo images of Group 1 deposits. Multispectral images of the Atlas and 

Franklin regions are shown in Figures VI-6a and VI-6b. The 0.40/0.S6 µm 
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images indicate that both the Atlas and Franklin pyroclastic deposits are rela

tively "blue" (high 0.40/0.56 µm values) relative to the surrounding highlands. 

In addition, these pyroclastic deposits have very low yisible albedoes. This 

evidence indicates the presence of an exotic, nonhighlands component in these 

deposits. 

Based on all of the available information, it seems likely that Group 1 

pyroclastic deposits are composed of a mixture of highlands-rich wall rock and 

glass-rich juvenile material with lesser amounts of basaltic caprock material (Fig. 

VI-7). The available spectral evidence indicates that the deposit composition 

does vary from place to place on the lunar surface. In fact, some Group 1 depo

sits (e.g., Archimedes south rim) exhibit low ("red") 0.40/0.56 µm values in the 

multispectral data set {Hawke et al., 1979b). It is clear that this group is very 

complex and that additional research will be required to fully understand the 

composition and origin of all members. 

Geology. The geology of two Group 1 members is very similar to the other 
. 

deposits included in this group. Both Atlas and Franklin floor pyroclastic depo-

sits are associated with vents that occur along fractures on the floor of the 

craters. The Franklin floor deposit appears to be associated with a series of 

aligned elongate craters on the eastern side of the crater floor (Figs. VI-4a and 

VI-4b; Grolier, 1974). The dark mantle material covers a horseshoe-shaped area 

approximately 20 - 40 kilometers wide by 45 kilometers long. This post-Imbrium 

deposit was emplaced during a late stage of volcanic activity in the Geminus 

region of the Moon. Pyroclastic deposits also cover a portion of the floor of Atlas, 

another Imbrian-aged impact crater. These deposits also occur around vents 

that are associated with a series of floor fractures in the interior of the crater . 

Two separate deposits were formed in the crater, one in the south and one in the 
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Figure VI-4a: Photograph of the Franklin volcanic complex. Dark mantle deposit 
is located on the eastern portion of the floor. See geologic sketch map (Fig. VI-
4b) . 
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Figure VI-4b: Geologic sketch map of the Franklin floor volcanic complex. See 
text for a further description of this deposit . 
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Figure VI-5a: Group 1 spectra shown as spectra/sun. • 
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Figure Vl-5b: Continuum removed spectra of Group 1, are shown as 
spectra/ continuum . 
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Figure VI-6a: Multispectral maps of Franklin, Atlas, and J. Herschel craters. 0.56 
µm and 0.40/.56 µm multispectral ratio images of Franklin volcanic complex. 
The "blue" or dark areas are indicative of mare regions and the "red", or lighter, 
areas of highlands material. 
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Figure VI-6b: 0.56 µm multispectral ratio image· of Atlas volcanic complex. The 
"blue" or dark areas are indicative of mare regions and the "red", or lighter, 
areas of highlands material . 
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Figure Vl-6b: (Continued) 0.40/0.56 µm multispectral ratio image of Atlas vol
canic complex. The .. blue.. or dark areas are indicative of mare regions and the 
"'red .. , or lighter, areas of highlands material. 
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Figure Vl-6b: (Continued) 0.95/0.56 µm multispectral ratio image of Atlas vol
canic complex, The "blue" or dark areas are indicative of mare regions and the 
.. red .. , or lighter, areas of highlands material . 
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Figure Vl-6c:: 0.56 µm multispectral ratio image of J. Herschel volcanic complex. e 
The "blue" or dark areas are indicative of mare regions and the "red", or lighter, 
areas of highlands material. 

• 
~ 193 -

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Figure VI-&: (Continued) 0.40/0.56 µ.m multispectral ratio image of J. Herschel 
volcanic complex. The .. blue .. or dark areas are indicative of mare regions and the 
" red", or lighter, areas of highlands material . 
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Figure Vl-6c: (Continued) 0.95/0.56 µ.m multispectral ratio images of J. Herschel 
volcanic complex. The .. blue .. or dark areas are indicative of mare regions and the 
"red" or lighter areas of highlands material. 
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GROUP I 

b) 

Highlands - rich wall rock 
with some glass-:-rich juvenile material. 

Lesser amounts of basaltic plug rock. 

Figure VI-'1: Illustration of the proposed eruption scenario for the Group 1 local
ized pyroclastic deposits. These deposits contain highlands-rich wall rock (V) 
with some glass-rich juvenile material (dots) and lesser amounts of basaltic plug 
rock(•) . 
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north. (VI-8a and VI-8b). Both of the deposits are roughly 25 km in diameter. 

The southern dark mantle deposit is the more pronounced of the two and is asso

ciated with an elongate vent (7 ~m by 5 km) near the intersection of three major 

floor rille systems (Figs. VI-8a and VI-Sb). Dark mantling material extends up to 

14 km away from the southern vent. 

Group 2 

Spectra. The group is comprised of spectra from LDMD east of Aristoteles 1 

and 2, Rima Fresnel pyroclastics, and Vitruvius floor {Figs. Vl-9a and Vl-9b). 

As apparent in the spectra of the LDMD east of Aristoteles 1 and 2, these '"1.0 

µm'" bands are centered at or beyond 0.96 µm. These bands are deeper {7%) 

and more symmetrical than those in Group 1 (Table 1). These absorption bands 

indicate the presence of Ca-rich clinopyroxene. Group 2 spectra closely resemble 

• 

• 

• 

• 

• 

those obtained for mature mare areas (e.g., McCord et al., 1981), and the depo- • 

sits in this group contain very large amounts of mare basalt. 

Multispectral images were obtained for all Group 2 deposits. Multispectral 

ratio maps show that most of the Group 2 deposits exhibit low (red) 0.40/0.56 • 

µm values and relatively high 0.95/0.56 µm ratios (Fig. Vl-6b). These deposits 

appear to be dominated by fragmented basaltic plug rock material with much 

lesser amounts of highlands debris and juvenile material present {Fig. VI-10). In • 

at least one instance (east of Aristoteles 2) basaltic wall rock may be a major 

component in the deposit because one of the two major vents is located in the 

mare. 

Geology. In contrast to the other members of this group, the Vitruvius floor 

deposits exhibit very high (blue) 0.40/0.56 values. Although these floor deposits 

• 

were mapped as dark mantle units by Wilhelms and McCauley (1971), a careful • 
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Figure VI-Sa: Photograph of Atlas volcanic complex. Two dark mantle deposits 
are located on the floor of this crater. See geologic sketch map (Fig. VI-Sb) . 
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Figure VI-Sb: · Geologic sketch map of the Atlas volcanic complex. See text for a 
further description of these deposits. 
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• Figure VI-9a: Group 2 spectra shown as spectra/sun . 
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Figure VI-9b: Continuum removed spectra of Group 2, are shown as • 
spectra/ continuum. 
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re-examination of the Apollo photography failed to reveal obvious candidate 

source vents. A few poorly defined, shallow depressions were identified but these 

bear little resemblance to the well-defined source vents present in Atlas, 

Alphonsus, and Franklin craters. I suggest instead that these floor deposits may 

be composed of impact melt material derived from high-Ti mare basalts present 

in the pre-impact target site. Additional high-resolution spectral and radar data 

will be necessary to resolve this question . 

The Rima Fresnel LDMD mantles portions of the Apennine Bench Forma

tion and adjacent highlands north of the Apollo 15 landing site (Figure VI-11). 

The irregularly-shaped deposit covers an area of more than 2120 km2 • The 

distribution pattern, irregular shape, and relatively large extent of this deposit 

suggest that ·several source vents may have been responsible for its formation. 

One source for this deposit might be an irregular shaped volcanic crater situated 

at the junction of Rima Fresnel II, and a lineament (28 • 25'N, 3 • 55'E). How

ever, if this feature is the sole source vent, it is not clear why the dark mantle is 

assymmetrically distributed around the crater, with the vast bulk of the material 

occurring to the east. This assymetry could be due to partial vent blockage 

{Hawke et al., 1979b). Alternatively, some of the deposit may have been erupted 

from fissure vents associated with faults along Rima Fresnel I. The mare-type 

signature of this deposit is probably due to the explosive eruption of basaltic 

plug rock in association with the mare-filling episode of Imbrium basin. 

Two separate localized dark mantle deposits were identified and described in 

the region east of Aristoteles by Wilhelms and McCauley (1972) and Hawke and 

Head (1980). The westernmost deposit (East of Aristoteles 1) is roughly circular 

and covers a highland area about 45 kilometers in diameter. This LDMD is cen

tered around a NW-SE trehding chain of endogenic craters; several of which 
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appear to have been the source vents for the pyroclastic material. The major 

vent in this chain measures 4 x 7 km. 

The easternmost LDMD (East of Aristoteles 2) is more complex and irregu

lar in shape. This deposit is elongate (,.., 20 x 40 km) and is superposed on both 

mare and highlands terrain. Three distinct endogenic crater are located in the 

dark mantled area. Based on deposit geometry, two large irregular craters 

appear to have been the primary source vents for the bulk of the pyroclastic . 

debris. One is located in Mare Frigoris and the other is in the adjacent highland 

terraili. It should be noted that the source vent in the mare would have ejected 

basaltic wall rock during the explosive eruption that emplaced a portion of the 

LDMD. 

Group 3 

Spectra. A typical spectrum for Group 3 is that obtained of the J. Herschel 

pyroclastics (Figs. VI-12a, VI-12b, VI-13a and VI-13b). Other spectra included in 

this group are from four separate pyroclastic deposits; three on the floor of 

Alphonsus crater and one on the south flank of Cruger crater. These spectra 

have moderately deep (5 - 7%), broad, and asymmetrical absorption bands in the 

'"1.0 µ.m'" region. These bands are clearly composite features with centers at or 

beyond 1.0 µ.m. A quantitative analysis of the '"1.0 µ.m'" band in the J. Herschel 

deposit spectrum presented by McCord et al. (1981) indicated that this feature 

could best be explained by a mixture of olivine and orthopyroxene. While in 

theory this band could be produced by the combination of clinopyroxene, ortho

pyroxene, and Fe2+ -bearing glass, additional band analyses have indicated that 

this is unlikely. The other members of Group 3 may also contain material rich in 
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GROUP 2 

b) 

Fragmental basaltic plug rock. 

Lesser amounts of highlands-rich wall rock 
and juvenile material. 

Figure VI-10: Cartoon of the proposed eruption scenario for the Group 2 localized 
pyroclastic deposits. These deposits contain more fragmented basaltic plug rock 
( •) and lesser amounts of wall rock (V) and juvenile material (dots) . 
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Figure VI-11: Apollo photograph of Rima Fresnel and the Apollo 15 landing site. 
Arrow (upper left) indicates location of irregular source vent. Upper right arrow 
indicates the extent of the LDMD and how it "'mantles"' the Apennine Moun
tains to the east. (AS15-1538) 

- 205 -

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

olivine and pyroxene. While the basaltic plug rock could be the source of some of 

the olivine, the very high olivine abundance indicated by the spectral data 

requires another source. The bulk of this olivine was almost certainly emplaced 

with the juvenile material . 

It also seems likely that the bulk of the orthopyroxene in the J. Herschel 

deposits was present as a component in the highlands-rich wall rock and that it 

was eroded and emplaced during the J. Herschel eruption. Spectral data 

obtained for adjacent highland deposits indicate that the dominant mafic mineral 

present is orthopyroxene. No evidence for olivine was found in the spectra of 

these highlands units. In addition, Head and Wilson (1979) used morphometric 

data for the Alphonsus dark halo craters to demonstrate that major amounts of 

nonjuvenile, highlands material were incorporated into the pyroclastic deposits. 

In summary, I interpret the J. Hershcel pyroclastic deposit to be dominated 

by olivine and pyroxene (Fig. 14). The olivine was emplaced with the juvenile 

material and the bulk of the orthopyroxene was emplaced as a component in the 

highlands-rich wall rock. The basaltic plug rock cou!.d l:ave contributed minor 

amounts of olivine and pyroxene. Some pyrodastic gl.?.S3 may also be present. 

Multispectral images (0.40/0.56 µm, 0.56 µm, 0.95/0.56 µm) exist for both 

the J. Herschel and Alphonsus regions. The images that include J. Herschel are 

shown in Fig. VI-6c. The J. Herschel LDMD exhibits low 0.40/0.56 µm (red) 

values and relatively high 0.95/0.56 µm ratios. Similar relationships are 

displayed by all of the pyroclastic deposits on the floor of Alphonsus crater. The 

"red" Alphonsus pyroclastics have similar 0.40/0.56 µm values to the mare basalt 

deposits in nearby Mare Nubium. Spectral studies by McCord (1968) confirmed 

the existence of a basaltic component in the Alphonsus pyroclastics . 
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Figure VI-12a: Photograph of J. Herschel volcanic complex. The dark mantle 
material is located in the eastern section of the crater floor. See geologic sketch 
map (Fig. VI-llb). 
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Figure Vl-12b: Geologic sketch map of the J. Herschel volcanic complex. See 
text for further description of these deposits. 
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Figure Vl-13a: Group 3 spectra shown as spectra/sun. • 
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Figure Vl-13b: Continuum removed spectra of Group 3, are shown as 
spectra/ continuum . 
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While no digital multispectral images exist for the Cruger crater region, the 

area is included in the color difference photograph (UV-VIS) produced by 

Whitaker (see Moore et al., 1980). In this image the Cruger LDMD exhibits rela

tively high (blue) values, in contrast to the Alphonsus and J. Herschel deposits 

(Hawke et al., 1988). Even though the pyroclastics in the Alphonsus, J. Herschel, 

and Cruger regions all contain olivine-pyroxene mixtures, it appears that compo

sitional differences do exist among the members of this group. 

Geology. A major deposit of dark mantling material is located on the 

eastern side of the floor of J. Herschel crater (Figs. Vl-12a and VI-12b). This 

deposit was first identified by Ulrich (1966, 1969). Here, low-albedo material 

drapes and subdues subjacent highland terrain. Like certain others, this deposit 

is associated with a major rille system on the floor of the crater. The rille itself 

appears to be composed, at least in part, of coalesced craters of endogenic origin. 

Four of these craters appear to have been the major sources of the dark mantling 

material now spread over the eastern. floor of the crater. Vent diameters range in 

size from four to eight kilometers with the dark mantling deposit covering an area 

approximately 60 kilometers by 35 kilometers. The other endogenic craters 

associated with this rille complex may have been formed by the drainage of 

debris into the subsurface along faults. 

The 118-km-diameter crater Alphonsus is located in the highlands of the 

central nearside. Scattered about the perimeter of the floor are eleven endogenic 

dark halo craters, each of which is associated with a floor fracture or series of 

fractures. Two of these deposits were examined in detail for this study, 

Alphonsus CA and R. Alphonsus CA is on the western side of the crater. Two 

other small unnamed vents are also associated with this deposit. This western 

deposit is kidney-shaped and roughly 7 km by 3.5 km. The eastern deposit, 
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b) 

Olivine and pyroxene mixture. 

Lesser amounts of highlands -rich wall rock . 

Figure Vl-14: Illustration of the proposed eruption scenario for the Group 3 local
ized pyroclastic deposits. The J. Herschel LDMD is representative of this group. 
These deposits are predominantly a mixture of olivine-rich juvenile material (x's) 
with lesser amounts of orthopyroxene-rich highlands wall rock (V) and lesser 

amounst of basaltic plug-rock material {small dots) . 
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Alphonsus R, is more circular in form. This deposit mantles the junction of two 

graben and is adjacent to two others. This deposit covers an area of approxi

mately 16 km2 • 

Several pyroclastic deposits exist in the Cruger region. This study analyzed 

the largest of these units, which is located on the southern rim of Cruger crater. 

This deposit covers an area of roughly 760 km2 • The major portion of the deposit 

is a tongue-shaped feature that extends straight south from the crater rim. A 

narrow finger of dark mantle material extends eastward of the main deposit. This 

thin segment is 5 km wide x 30 km long. No source vents have been positively 

identified for this deposit, but it is possible that several vents were responsible for 

emplacing such a large irregularly shaped deposit. It seems likely that the bulk of 

the pyroclastic material was emplaced during an early explosive phase of the 

eruption sequence that led to the flooding of the Cruger crater floor (Hawke et 

al., 1988). Separate vents may be required to account for the emplacement of 

the narrow, eastward-trending finger of dark mantle. 

Different depths for the location .of the plug rocks may be at least in part 

responsible for the compositional differences among the various LDMD groups. 

For example, the highlands-rich deposits of Group 1 suggest that a thin plug-rock 

formed under a thick overburden of highlands material. Likewise, the mare-like 

composition of the Group 2 deposits suggests the presence of a thicker plug-rock 

at a shallower depth, or that lesser amounts of highlands overburden existed 

above the conduit prior to the eruption. The mare-like deposits of Group 2 may 
• 

also have been formed by the eruption of an excessive amount of mare-type 

material. In addition, in those instances where the source vent formed in 

preexisting mare terrain (east of Aristoteles 2), the wall rock emplaced in the 

pyroclastic deposits would be expected to be composed largely of mare basalt. 
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The abundant olivine component in the Group 3 deposits might be explained in 

several ways. These include the following: ( 1) the olivine may have existed in 

the form of phenocrysts in the magma and was emplaced with the juvenile 

material upon eruption, (2) the olivine now exists as devitrified glass in the 

localized pyroclastic deposits, (3} olivine-rich mantle inclusions might have been 

present in the melt and now could be found as xenoliths in the pyroclastic 

deposits, and (4) a small amount of olivine could be derived from the basaltic 

plug rock. 

SUMI\URY 

I have attempted to show that lunar localized dark mantle deposits are complex 

geologic features-that are worthy of more detailed analysis. To summarize, lunar 

localized dark mantle deposits: 

(1) are emplaced by vulcanian eruptions; 

(2) occur widely across the lunar nearside; 

(3) are concentrated around major lunar maria and in floors of older impact 

structures; 

(4) have no observed intra-deposit compositional variations, although; 

(5) inter-deposit compositional variations do exist (e.g., the three spectral 

groups presented in this paper); 

(6) are predominantly basaltic in nature based on the spectral analysis, but may 

· show a compositional variation in part as a result of varying amounts of local 

material entrained in the ejecta upon eruption; and, 

(7) differ in composition from those of the larger regional dark mantle deposits 

as determined by Gaddis et al. (1985) and Lucey et al. {1986). 
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CHAPTER VII 

SUMl\:IARY OF LUNAR EXPLOSIVE VOLCANISM 

INTRODUCTION 

In recent years the aquisition of a wide variety of remote sensing and geolo

gic data for pyroclastic mantling units has increased our understanding of the 

important role of lunar explosive volcanism in the formation and resurfacing of 

the lunar surf ace. From this data two genetically distinct types of pyroclastic 

deposits have been recognized on the lunar surface: regional and localized. Erup

tion mechanisms and emplacement styles for both the regional and localized 

lunar pyroclastic materials have been inferred from their distribution, source vent 

morphology and the composition and geometry of their mantling deposits. Vari

ous data sets used in this study include: Apollo and Lunar Orbiter photographs, 

near-infrared reflectance spectra, albedo maps, multispectral images, 3.8- and 70-

cm radar images, and compositional data from the returned lunar samples. This 

paper summarizes the results of our studies of lunar explosive volcanism to date, 

and presents new compositional information which enables us to place localized 

lunar pyroclastic mantling deposits into context with regional lunar pyroclastic 

mantling deposits to create an overall picture of lunar explosive volcanism . 

REGIONAL PYROCLASTICS 

Regional lunar pyroclastic deposits formed as products of ·fire-fountaining 

which occur in association with basaltic eruptions {Heiken et al., 1974) and each 

extends over a relatively large area of the lunar surface (several 100 km2
). 
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Recognized as "dark mantle deposits" in lunar highland areas adjacent to (and in 

some cases superposed on) many of the major maria (Figure VII-1), regional 

pyroclastic material may have been associated with some of the early mare-filling 

volcanic episodes {Head, 1974). Among these large dark mantling deposits are 

the Aristarchus Plateau, Rima Bode, Taurus-Littrow, Mare Humorum, South 

Vaporum and Ha.emus Mountain deposits. Depressions at the head of associated 

sinuous rilles and other irregular depressions and endogenic craters are the prob

able source vents for this mantling material {Zisk et al., 1977; Gaddis et al., 1985). 

Characteristically, these deposits are very smooth, low-albedo (0.079 - 0.096) 

units {Pohn and Wildey, 1970} which cover and subdue the features of the 

underlying terrain. Visual observations and photographs obtained during the 

Apollo missions indicated that the surface of lunar pyroclastic materials is 

relatively fine textured with a smooth, velvety appearance ( Cernan et al., 1972; 

Lucchitta, 1973; Lucchitta and Schmitt, 1974). These regional pyroclastic deposits 

exhibit very weak to nonexistent echoes on the depolarized 3.8-cm radar maps of 

Zisk et al. (1974). These low returns are attributed to the lack of surface 

scatterers (rocks, blocks, boulders, etc.; 1 - 50 cm in size) on the smooth surfaces 

of pyroclastic mantling deposits {Gaddis et al., 1985; Pieters et al., 1973). 

Reflectance spectra from 0.3 - 1.1 µm and 0.6 - 2.5 µm and multispectral 

imagery at a variety of wavelengths have been obtained for a large number of 

regional pyroclastic deposits. Analysis and interpretation of near-infrared spectra 

have shown that some of these mantling units (i.e., Aristarchus Plateau and 

Mare Humorum pyroclastics) contain a significant Fe2+-bearing gla.Ss component 

{Gaddis et al., 1985; Lucey et al., 1986). Other regional deposits (i.e., Taurus

Littrow and Rima Bode pyroclastics) appear to be dominated by a mixture of 

orange and black spheres similar to those returned from the Apollo 17 landing 
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Figure VII-1: Full-Moon photograph of the lunar nearside showing the locations 
of the regional dark mantle deposits (RD MD) . 
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site {Gaddis et al., 1985; Pieters et al., 1973). The Apollo 17 orange glass and 

their N quench-crystallized N equivalent, the black spheres, are thought to be rela-

tively unfra.ctionated samples of the deep lunar interior (>300 km; Heiken et al., 

1974). These spherules, collected from the distal portion of the Taurus-Littrow 

regional pyroclastic deposits, have a volatile-rich coating Butler, 1978). Presum-

ably condensed from gases involved in an explosive eruption, these glass coatings 

strongly suggest the existence of a volatile gas phase in their source magmas. 

The fire-fountain origin of the volatile-coa~ed pyroclastic glass stands in striking 

contrast to the massive outpouring of volatile-depleted, low-viscosity magma 

which formed the lunar I!laria. Thus, regional pyroclaatic mantling deposits are 

unique among lunar volcanic materials {Gaddis et al., 1985). 

Head and Wilson (1979a; 1979b) and Wilson and Head (1979) have shown 
·-

that regional dark mantle deposits are more likely empla.ced as a result of strom-

bolian or continuous eruption activity and, that it is unlikely that the extensive 

dark mantle deposits are the result of co~i~cmg d~p'~aits of localized pyroclastics 

(i.e., Alphonsus-type dark-ha!d d~ters; Fig; VII~2) : Thell' calculations indicate 

that the lunar equivalent of strombolian a.ct1v~t~ ~ like~;; t ,') lead to the dispersal 

of pyroclastics over a wide area, with extreme sorting of particles: clasts greater 

than a few centimeters will remain within several tens of meters of the vent while 

clasts much smaller than 1 centimeter may be projected to hundreds of kilome-

ters. 

LOCALIZED PYROCLASTICS 

Localized lunar dark mantle deposits are small ( < 250-550 km2 ), low-albedo 

units of pyroclastic origin which are concentrated around the perimeters of the 

major lunar maria and are commonly located in the floors of large Imbrian and 
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Figure VII-2: Oblique photograph of the 110-km diameter crater Alphonsus. 
Eleven endogenic dark halo craters, or localized dark mantle depo5its (LDMD), 
are located on the floor of Alphonsus . 
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pre-Imbrian (or >3.4 by) aged impact structures (Figure VII-3; Head and Wilson, 

1979a; Coombs et al., 1987; Coombs et al., 1988; Hawke et al., 1988). These 

deposits are generally associated with endogenic dark-halo craters (Figure VII-2). 

Characteristically, dark-halo craters (DHC) are small in size ( <3 km), aligned 

along crater floor-fractures or regional faults and lineaments, have a non-circular 

shape, lack obvious rays (Head and Wilson, 1979a), and exibit l~w albedo 

exterior deposits that are smooth and generally block free (i.e., Alphonsus-type 

dark-halo craters, Figure VII-2). Morphometric analyses of these "haloes" have 

led investigators to suggest an eruption mechanism analogous to that of terres

trial vulcanian explosive eruptions (Head and Wilson, 1979a). In this style of 

eruption, the accumulation of gas in a ca~ped magma chamber leads to explosive 

decompression, and the subsequent emplacenent of a pyroclastic deposit around 

an endogenic source crater. It has been shown that for these types of eruptions 

the maxim.um range of all pyroclasts much larger than 1 centimeter is up to 4 

kilometers, while smaller clasts may be thrown up to tens of kilometers. Hence, 

coarse material should be concentrated in a zone immediately surrounding the 

source vent while fmer debris would be much more widely dispersed {Head and 

Wilson, 1979a; 1979b; Wilson and Head, 1979). 

Analyses of near-infrared spectra (0.6 - 2.5 µm) of 12 localized lunar dark 

mantle deposits have helped answer questions concerning the compositions and 

emplacement styles of localized dark mantle deposits and how they fit into the 

"big picture" of lunar explosive volcanism {Coombs et al., 1988; Hawke et al., 

1988). The spectra collected for these localized deposits exhibit marked composi

tional variations. Dominant in these data is the Fe2+ absorption band in the 1.0 

µm wavelength region. To emphasize the differences in the characteristics of this 
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Figure VII-3: Full-Moon photograph of the lunar nearside showing the locations 
of the localized dark mantle deposits (LDMD) . 
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absorption band, a straight-line continuum has been removed from these spectra. 

Three distinct spectral groups have been discerned on the basis of the depth and 

shape of the 1.0 µm absorption band. Spectra considered to be representative of 

each group are shown in Figure VII-4. 

Group 1 includes spectra of pyroclastics from the Grimaldi region, Franklin 

crater floor, Atlas crater floor, Archimedes south rim and east of Mare Nectaris. 

Centered at 0.93 - 0.95 µm, the absorption band for this group has a depth of 4 -

5 % and a checkmark-like shape. These bands are very similar to those obtained 

for typical mature highland areas, but may also have an exotic Fe2+ -rich glass 

and/or olivine component present, as indicated by their low-albedoes and 

unusual 0.40/0.56 µm ratios. These deposits are probably composed of 

highlands-rich wall rock and glass-ric!i. juvenile material with much lesser 

amounts of basaltic cap rock mate:dal Coombs et al., 1987; 1988; Hawke et al., 

1988). 

Localized pyroclastic deposits represented in Group 2 include Rima Fresnel 

and two dark-mantle deposits east of Aristoteles. Band centers in these spectra 

are near 0.96 µm, are deeper at 7%, and more symmetrkaI than Group 1 bands. 

The presence of Ca-rich pyroxene is indicated by the 0.96 µm band centers. 

These spectra most closely resemble spectra obtained for mature mare basalt 

deposits. This group is spectrally and geologically consistent with a vulcanian 

eruption origin, the products of which are dominated by fragmented basaltic rock 

material with much lesser amounts of highlands debris and juvenile material 

Coombs et al., 1987; 1988; Hawke et al., 1988). 

The spectra obtained from the J. Herschel pyroclastic deposit are represen

tative of group 3. The broad and moderately deep bands in the 1.0 µm region 

indicate the presence of a mixture of olivine and pyroxene in these deposits 
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Figure VII-4: Spectra considered to be representative of each of the three com
positional groups of localized dark mantle deposits. Group 1 is represented by 
spectra from Grimaldi pyroclastics, Group 2 from Rima Fresnel, and Group 3 
from J. Herschel. Spectra are shown as spectrum/ continuum . 
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{McCord et al., 1981). Other members of this group include the Alphonsus 

dark-halo craters, and the Cruger south flank dark mantle. While the spectral 

signature of these deposits suggests that they contain material rich in olivine and 

pyroxene they may also contain lesser amounts of fragmental basaltic plug rock, 

highlands-rich wall rock and pyroclastic glass {Coombs et al., 1987; 1988; Hawke 

et al., 1988). 

CONCLUSIONS 

Eruption mechanisms and emplacement styles for both the regional and 

localized lunar pyroclastic materials inferred from their distribution, source vent 

morphology, and composition and geometry of their mantling deposits have 

shown that they are genetically different. Regional deposits are the products of 

strombolian or continuous eruptions while localized deposits are the result of vul

canian eruptions. Some regional deposits contain large amounts of Fe2+ -bearing 

glass while others are dominated by mixtures of black and orange spheres similar 

to those returned from the Apollo 17 landing site. 

Localized pyroclastic deposits exhibit three distinct compositions. The first 

group is dominated · by highlands debris and a dark juvenile component. The 

second group is composed largely of basaltic caprock material with much lesser 

amounts of highlands-rich wall rock and juvenile material. The final group is 

dominated by a mixture of olivine and pyroxene. 

Based upon their compositions, it is very unlikely that regional pyroclastic 

deposits are the result of coalesced localized dark mantle deposits. Both regional 

and localized deposits exhibit low-radar returns (3.8 cm), have smooth surfaces · 

and low albedoes. A strombolian or continuous eruption origin of lunar regional 

pyroclastic deposits is consistent with the characteristics of the volatile-coated 
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spheres returned from the Apollo 17 landing site, which geochemical studies have 

shown to have originated deep in the lunar interior (>300 km). The lack of 

associated lava flows and the small radial extent of the dark-haloes (3 - 5 km) 

around the localized dark mantle deposits suggests that they were formed during 

a short-lived (vulcanian) . explosive eruption. The explosive origin of these 

pyroclastic materials stands in striking contrast to the massive outpouring of 

volatile-depleted low-viscosity magma which formed the lunar maria. Thus, 

lunar pyroclastic mantling deposits are unique among lunar volcanic materials . 
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CHAPTER vm 

GENERAL SUMMARY 

Basaltic volcanism was an important geologic process in lunar history. It 

was responsible for the infilling of the nearside lunar basins, deposition of the 

smaller, explosive regional and localized dark mantling deposits, and the forma

tion of lunar sinuous rilles. Remote sensing analyses of these features has 

revealed that they were formed by different processes in an environment unique 

to the Moon. For example, the lower gravitational field, higher effusion rate and 

lack of an atmosphere on the Moon allowed the low-viscosity lunar lavas to flow 

farther and the pyroclastic material to be more widely dispersed than it would 

on Earth. The different compositions of the lunar dark mantle deposits are also 

an indication of the unique conditions and modes of origin and emplacement 

that are responsible for their formation (i.e., various depths of origin, slow cool

ing rates, eruption styles) . 

However, though the lunar maria and regional and localized dark mantling 

deposits were formed in a unique lunar environment, similar basaltic features 

exist on the Earth. Lunar lava channels and tubes were found to be morpholog

ically similar to those studied on the Earth. Likewise, the processes responsible 

for their formations were also found to be similar. Effusive activity formed many 

of the lava channels and tubes on the Earth as it did on the Moon. Similarly, 

strombolian or vulcanian fire-fountaining formed the pyroclastic deposits on both 

the Earth and the Moon. Also, thermal erosion was an important process 

involved in the formation of many terrestrial lava channels and lunar sinuous 

rilles. 
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Following is a summary of the conclusions of each project: 

Chapter II. (1) Rima Mozart is largely of volcanic origin. (2) The Rima 

Mozart region was an active volcanic zone at one time as evidenced by the pres

ence of two major source vents, a small fissure zone, and pyroclastic spatter. (3) 

Rima Mozart is the result of a complex series of geologic processes. (4) One or 

more buried source vents may be present under Lacus Mozart. (5) Lava tubes 

may have been present along some sections of the rille, although calculations 

suggest that this is unlikely and, (6) Thermal erosion was largely responsible for 

the formation of the rille. 

Chapter m. ( 1) Kalaupapa formed as a result of two types of volcanic 

eruptions, one pyroclastic, one effusive. (2) The morphology and eruptive his

tory of this volcano make it a good analog to lunar sinuous rilles and Mauna Ulu 

and Kupaianaha on the Big Island of Hawaii. (3) Thermal erosion was an 

important process in the formation of the Kauhako Conduit as well as the Whit

tington, Mauna Ulu, and Kupaianaha lava tubes on the Big Island of Hawaii. 

(4) Thermal erosion is an important process involved in the formation of lunar 

sinuous rilles. 

Chapter IV. (1) Lava tubes were formed on the Moon and the probability 

of finding an intact, open tube segment suitable for locating a permanent 

manned lunar base is high. (2) Nine tube segments considered to be prime can

didates for locating the lunar base were identified. (3) Further reconnaissance 

of these lava tube segments is needed prior to planning for their utilization in a 

lunar base scenario. 

Chapter V. {1) The basalt filling Cruger Crater is intermediate Ti02 in 

composition and is Eratosthenian in age. (2) Three previously unmapped 
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localized dark mantle deposits of pyroclastic origin were identified in the Cruger 

region. (3) The west rim of Cruger and Darwin C, an impact crater in the 

region are composed of noritic anorthosite; a similar composition was determined 

for the highlands deposits on the interior of Orient ale basin. ( 4) Cruger is not a 

lunar caldera, rather it is a normal pre-Orientale, impact crater that was modi

fied by Orientale ejecta. and partly flooded by Era.tosthenian-aged lavas. 

Chapter VI. (1) Localized dark mantle deposits (LDMD) are vulcanian in 

origin. (2) LDMD occur widely across the lunar nearside, and are predom

inately concentrated around the perimeters of major lunar maria. and in floors of 

older impact structures. (3) Intra.deposit compositional variations have not 

been observ~d, although, interdeposit compositional variations do exist. (4) 

LDMD are predominately basaltic in nature, but show a slight variation in com

position based on varying amounts of local material entrained in the deposit and 

may be broken into three compositional groups: (a) highlands-rich, (b) mare

rich, and (c) olivine-rich. (5) Compositions of the LDMD differ from those of 

the larger regional dark mantle deposits (RDMD) . 

Chapter VII. (1) Eruption mechanisms and emplacement styles for the 

RDMD and LDMD are genetically different. (2) RDMD formed as a result of 

strombolian eruptive activity while LDMD are the result of vulcanian eruptive 

activity. (3) RDMD can be broken into 2 spectral classes, while LDMD may be 

broken into 3 spectral groups. ( 4) Deposit compositions indicate that RDMD 

are not the result of coalesced LDMD . 

While the seven studies presented in this dissertation have broadened our 

knowledge of the subject of lunar explosive volcanism and the formation of lunar 

sinuous rilles, a great deal yet remains to be learned about these features . 

Further endeavors might include: the analysis of additional visible (0.4 - 0.6 
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µm), near-infrared (0.6 - 2.5 µm), and mid-infrared (2.5 - 6.0 µm) reflectance 

spectra for the localized and regional deposits in order to more fully constrain 

the differences between the two types of deposits as well as the individual spec-

tral classes within each category. Also, the longer wavelength spectra will enable 

~ to distinguish the thermal effects in the 2.0 µm region of the spectra. The 

identification of these thermal effects might possibly inspire the creation of a 

method to remove them as none currently exists. 

Spectra collected of pyroclastic deposits associated with lunar sinuous rilles 

will also further help to distinguish the differences between the various deposits 

about the source vents of these rilles. Morphologic and geologic analyses similar 

• 

• 

• 

• 

to those undertaken for Rima Mozart may be made for other lunar sinuous rilles · • 

for which good topographic and geologic data exists or can be obtained. These 

studies may also be extended to Mars and Io where volcanism also is known to 

have been (or, to be, in the case of Io) active. Thermal erosion modelling simi- • 

lar to that done for Rima Mozart and Kauhako may also be projected to the 

Martian and loan lava conduits. In such a manner, a more complete understand-

ing of the role of volcanism in the Solar System may be achieved. • 

• 

• 

• 
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