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Abstract

Several regions o f the lunar surface (highland and maria) are studied using the 

Clementine multispectral data. Two large farside impact craters, King (120° E 5.5° N) 

and Tsiolkovsky (128° E, 22° S), are examined in detail and compared to provide an 

indication of the lateral diversity o f the lunar crust. The Clementine data show a varied 

composition between the two sites. King may have excavated a large cryptomare 

deposit within the upper crust, while Tsiolkovsky formed in more anorthositic highland 

crust. The north wall o f King is further complicated by the presence o f a feldspathic 

intrusion, cut by more localised mafic dykes. On a vertical scale, the highland crust 

shows a more uniform trend o f increasing anorthosite with depth. These results 

highlight the lateral diversity of the upper crust on a local scale, and show a more 

uniform vertical trend in composition in this region. The observed lateral heterogeneity 

appears to be the result o f the presence o f cryptomaria and stalled intrusions in the 

upper crust.

Techniques are developed and tested to allow for the mapping and characterisation of 

lunar basalts, and the calculation o f thickness limits. These are applied to the Marius 

Hills, Flamsteed, Damoiseau and Cavalerius regions o f southern Oceanus Procellarum, 

and have resulted in the detection o f three previously unrecognised basalts, and the 

characterisation o f three basalts that had not been spectrally classified previously.

Basalt thickness ranges from tens to hundreds o f metres in localised regions bordering 

the highlands. Further from the highlands, the basalts are consistently greater than 

several hundred metres thick. It has been found that the oldest flows are typically lower 

in TiÛ2 content (very low titanium to 4 wt%) than the more recent volcanic episodes (6 

t o l l  wt%). These results are applied to the regional stratigraphy o f the Oceanus 

Procellarum Group.
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Chapter 1

Introduction

The Moon (Fig 1.1) has enchanted mankind through the ages, an object o f wonder and 

fascination to both the casual observer and scientist alike. She was Luna to the 

Romans, Artemis and Selene to the Greeks, and outside o f these two, the myths and 

legends regarding her are endless. A great deal is now known about our satellite; Table

1.1 provides a list o f physical characteristics o f the Moon. Apart from the Earth it is the 

best studied object in the Solar System, and the only other planetary body Man has set 

foot on (Table 1.2 provides a list o f spacecraft missions to the Moon and their 

accomplishments).

The acquisition o f multispectral data by both spacecraft and ground-based telescopes 

has allowed for the development o f techniques to derive soil composition and maturity 

(e.g. Gaffey et al., 1993; Fischer and Pieters, 1994). In 1994, the Clementine mission 

(Section 1.2) provided the first global high resolution multispectral dataset o f the Moon. 

These data are o f key importance in furthering our understanding o f the compositional 

stratigraphy and evolution of the lunar crust, and form the basis o f this study. Remote 

sensing studies have now been completed on a global scale (e.g. Lucey et a l ,  1995), 

and investigations o f local and regional geology are required to complement these. The 

use o f fresh impact craters to probe the crustal stratigraphy will also help to assess the 

vertical and lateral homogeneity o f the lunar crust at regional scales. In addition, the 

compositional data will aid in mapping the characteristics and the extent o f basalts 

within the lunar maria, important in modelling the thermal and physical evolution o f the 

Moon.

This study aims to use Clementine’s reflectance spectroscopy data in the ultraviolet- 

visible (UVVIS) wavelength range (415 to 1000 nm) to analyse three regions o f the 

lunar surface; the central and south-eastern portion o f Oceanus Procellarum (Chapter 3), 

and two farside craters Tsiolkovsky (Chapter 4) and King (Chapter 5).
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Figure 1.1 : A Galileo spacecraft image of the Moon looking down on the north polar region.

M OON DATA
Distances from Earth (centre to centre) Diameter 3,467 km
Average 384, 400 km Diameter (Earth = 1 ) equatorial = 0.2673
Maximum (apogee) 406, 700 km
Minimum (perigee) 356,410 km Mass 7.35 X 10^  ̂kg

Mass (Earth = 1) 0.0123
Mean orbital velocity 3680 km/hr Mean density 3340 kg/m^

Sidereal period 27.322 days Surface gravity (Earth = 1 ) 0.165
Synodic period 29.531 days Escape velocity 2.38 km/s

Inclination of equator to orbit 6° 41’ Mean surface temperature
Inclination of orbit to ecliptic 5° 09’ day 403 K (130° C; 266° F)
Inclination of equator to ecliptic r  33’ night 93 K(-180° C; -292° F)

Orbital eccentricity 0.055 Albedo 0.07

Table 1.1: Fundamental characteristics of the Moon (adapted from Kaufmann, 1991)
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The remainder o f this Chapter will provide both an overview of reflectance 

spectroscopy and multispectral mapping techniques, and a review o f what is already 

known about the Moon with regards to the analytical methods used in this work. A 

description of the Clementine mission and the use o f its global multispectral dataset is 

also provided, leading to the primary aim of this research and the reasons for 

undertaking the project.

1.1. A Historical Overview

The history of lunar science is too vast a subject to explore in the boundaries o f this 

thesis. Instead, a brief review o f the points that are o f primary importance to this 

research is provided. Modem lunar science has centred around manned and unmanned 

spacecraft exploration. Earth-based spectral observations and sample analyses. Prior to 

the advent of spacecraft exploration, facts about the Moon were restricted to 

information regarding orbital mechanics, angular momentum and density; theories 

relating to lunar composition, origin and geology were unrestricted and often the target 

of wild speculation (Taylor, 1975).

The main era of lunar exploration (1959 to 1976) saw a flotilla o f spacecraft sent to 

study the Moon (see Table 1.2), beginning and ending with the highly successful ‘Luna’ 

program of the Soviet Union. However, it was not until the Surveyor V and VII 

missions in late 1967 and early 1968 that the first measurements o f surface composition 

were completed, providing the means to calibrate spectral observations that were 

already being taken by Earth-based telescopes. The potential o f ground-based UV and 

NIR (0.4 to 2.0 pm) reflectance spectroscopy in chemical studies o f solid Solar System 

bodies was demonstrated in a laboratory analysis o f silicate rock powders by Adams and 

Filice (1967). They observed several strong and distinctive spectral features in the 

powders and inferred differences in reflectance spectra to primarily result from changes 

in mineralogy, composition and particle size. The application o f these results and 

techniques to solid planetary bodies was not straightforward, however. Spectral 

observations from the Earth are hampered by the presence o f ozone, water and carbon 

dioxide in the atmosphere, which result in excess absorption at wavelengths specific to 

these features. The ultraviolet spectrum below 0.3 pm is removed by ozone absorption

17



Mission Launch Date Accomplishment Data*
Luna 1 0 2 / 0 1 / 5 9 first lunar flyby
Luna 2 1 2 / 0 9 / 5 9 first lunar impact
Luna 3 0 4 / 1 0 / 5 9 first photos o f  lunar farside P
Ranger 3 2 6 / 0 1 / 6 2 missed the Moon by 36, 793 km
Ranger 4 23 / 04 / 62 crashed on the lunar farside
Ranger 5 1 8 / 1 0 / 6 2 missed the Moon by 724 km
Luna 4 0 2 / 0 4 / 6 3 missed the Moon by 8, 500 km
Ranger 6 3 0 / 0 1 / 6 4 impact lander; television failed
Ranger 7 28 / 07 / 64 impact lander P
Ranger 8 17 / 02 / 65 impact lander P
Ranger 9 2 1 / 0 3 / 6 5 impact lander P
Luna 5 0 9 / 0 5 / 6 5 crashed on the Moon
Luna 6 08 /  06 /  65 missed the Moon by 161, 000 km
Zond 3 1 8 / 0 7 / 6 5 photographed the lunar farside P
Luna 7 0 4 / 1 0 / 6 5 crashed on the Moon
Luna 8 0 3 / 1 2 / 6 5 crashed on the Moon
Luna 9 31 /01  /6 6 first lunar soft landing P
Luna 10 3 1 / 0 3 / 6 6 first lunar satellite SE,CO
Surveyor 1 3 0 / 0 5 / 6 6 first soft-landed robot laboratory P,SM
Lunar Orbiter 1 1 0 / 0 8 / 6 6 lunar satellite P,R,SEA1
Luna 11 2 4 / 0 8 / 6 6 lunar satellite P
Luna 12 2 2 / 1 0 / 6 6 lunar satellite P,M,SE
Lunar Orbiter 2 0 6 / 1 1  / 6 6 lunar satellite PJfLSEAl
Luna 13 2 1 / 1 2 / 6 6 soft landing on the Moon P,C
Lunar Orbiter 3 0 5 / 0 2 / 6 7 lunar satellite P,R,SE,M
Surveyor 3 1 7 / 0 4 / 6 7 soft-landed robot laboratory
Lunar Orbiter 4 04 / 05 / 67 lunar satellite P,R,SE,M
Explorer 35 1 9 / 0 7 / 6 7 lunar satellite P,SM,C
Lunar Orbiter 5 01 / 0 8 / 6 7 lunar satellite P,SM,C
Surveyor 5 0 8 / 0 9 / 6 7 soft-landed robot laboratory P,SM,C
Surveyor 6 07 /11  / 67 soft-landed robot laboratory
Surveyor 7 0 7 / 0 1 / 6 8 soft-landed robot laboratory
Luna 14 07 / 04 / 68 lunar satellite
Zond 5 1 4 / 0 9 / 6 8 first lunar flyby and Earth return P
Zond 6 1 0 / 1 1 / 6 8 lunar flyby and Earth return P
Apollo 8 2 1 / 1 2 / 6 8 first humans to orbit the Moon P
Apollo 10 1 8 / 0 5 / 6 9 first docking manoeuvres in lunar orbit
Luna 15 1 3 / 0 7 / 6 9 crashed on the Moon
Apollo 11 1 6 / 0 7 /  69 first humans on the Moon (20 / 07 /  69) P,S,SM,G,M,SW,D,A
Zond 7 0 8 / 0 8 / 6 9 lunar flyby and Earth return P
Apollo 12 1 4 / 1 1 / 6 9 second human landing on the Moon S
Luna 16 1 2 / 0 9 / 7 0 first robot sample return (100 g) P,C,SM,R
Luna 17 1 0 / 1 1 / 7 0 first robot rover (322 days, 10.5 km) P,S,SM,G,SWJ)A
Apollo 13 1 1 / 0 4 / 7 0 aborted human landing P
Zond 8 20 /1 0  / 70 lunar flyby and Earth return P
Apollo 14 3 1 / 0 1 / 7 1 third human landing on the Moon P,S,SM,G,M,SWJD,A
Apollo 15 2 6 / 0 7 / 7 1 fourth human landing on the Moon P,S,C,SM,R,G,CO,SE,SWJ),A
Luna 18 0 2 / 0 9 / 7 1 crashed on the Moon
Luna 19 2 8 / 0 9 / 7 1 lunar satellite P,SE
Luna 20 14 / 02 / 72 second robot sample return (30 g) P,S
Apollo 16 16 / 04 / 72 fifth human landing on the Moon P,S,C,SM,R,G,CO,SEA
Apollo 17 0 7 / 1 2 / 7 2 sixth human landing on the Moon P,S,SM,R,G,SEM
Luna 21 0 8 / 0 1 / 7 3 robot lunar rover (139 days, 37 km) P,C,SMJR
Luna 22 2 9 / 0 5 /  74 lunar satellite P
Luna 23 2 8 / 1 0 / 7 4 failed robot sampler
Luna 24 09 / 08 /  76 third robot sample return (170 g) S
Galileo 1 8 / 1 0 / 8 9 two lunar flybys CO,P
Clementine 2 5 / 0 1 / 9 4 lunar satellite A,CO,PJR,SE,SW
Lunar Prospector 06 / 01 /  98 lunar satellite A,CO,R,SE,SW

'Data types are abbreviated as follows: A = atmosphere and ion studies; C = surface chemistry; CO = chemical 
mapping from orbit; D = dust analysis; G = surface based geophysics; M = meteoroid studies; P = photography; 
R = radiation environment studies; S = samples returned to Earth; SE = selenodesy measurements; SM = soil 
mechanics studies; SW = solar wind studies.

Table 1.2: History of Lunar Exploration (adapted from Vaniman et a l, 1991)
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and strong water bands appear at 1.4,1.9 and 2.6 pm (McCord and Adams, 1973). 

Despite these hindrances, the application o f these results in determining compositional 

trends on planetary surfaces was realised by the early telescopic work o f Adams (1968). 

Through this work, it was confirmed that similar differences exist in the spectra o f the 

Moon and Mars to those in the silicate powders studied in laboratory conditions. 

Although the resolution o f these observations was too poor to define specific features in 

the spectrum, their potential was substantiated by compositional data returned from the 

alpha-scattering experiment on Surveyor V (Hapke, 1968).

By late 1968, telescopic reflection spectra o f the Moon were obtained at high enough 

spectral resolution to broadly characterise absorption features (McCord et al., 1972), 

and initial ground-based spectral work concentrated on ‘colour differences’ (variations 

in the broad band spectral reflectivity curve) across the lunar surface. McCord (1969) 

and McCord and Johnson (1969) completed a thorough telescopic survey o f several 

lunar regions including maria, highland regions, mare craters and highland craters, 

recognising characteristic curves in each terrain indicative o f variations in surface 

composition. Spectral resolution was still too poor to precisely define the structure of 

absorption features, but characteristic curve shapes were clear. This is shown in Figures

1.2 a through 1.2 d.

The late 1960’s was also the most intense period o f spacecraft exploration. In just one 

year, from August 1966 to August 1967, five ‘Lunar Orbiter’ spacecraft imaged almost 

the entire lunar surface, in places reaching resolutions better than 5 metres. This dataset 

is used in this research for photogeological analyses o f each study area. These missions 

were shortly followed by the Apollo program. Each Apollo mission undertook 

extensive imaging surveys o f the lunar surface and in addition, the Apollo 15 and 16 

missions carried X-ray and y-ray spectrometers from which the chemical abundance o f  

K, U, Th, Fe, Ti, Si, A1 and Mg were derived (e.g. Andre et al., 1977; Adams et al., 

1981). These data only covered approximately 20 % of the lunar surface, concentrated 

around the equatorial regions. The Apollo program saw the return o f 2196 rock and soil 

samples to Earth with a combined mass o f 381.7 kg. Although these constitute only a 

fraction o f the data returned by the six missions that successfully landed, they 

unquestionably comprise the most significant lunar resource we have, from which 

advances have been made regarding our understanding of the Moon in almost all
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Fig 1.2: a series of spectral reflectivity curves for a) background mare regions; b) background 
highland regions; c) bright highland craters; d) bright mare craters. From McCord et al., 1972.
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areas. Most notable for this project is their use as a ‘ground truth’ for the calibration of  

remotely sensed data.

" r 1
I ♦

- T - ■ r-T-r 
Apollo 11

-  4- Apollo 12
_ # Apollo 14

Apollo 15
_ ■ Apollo 16

---- Laboratory

Spectral telescopic observations o f the Moon throughout the 1970’s were complimented 

by ‘ground truth’ work on the returned lunar samples. Early analyses showed a 

remarkable agreement with the telescopic results (Fig 1.3) (e.g. Adams and McCord, 

1970; McCord and Johnson, 1970; Adams and Jones, 1970), and absorption band 

structures became clear and identifiable with minerals (Section 1.2.1). As studies 

continued, a series o f characteristic spectral curves began to emerge as did new 

techniques to accentuate weak features within the spectra. The most important o f these 

was multispectral spectroscopy and the measurement o f relative reflectance. By

ratioing images at given wavelengths, 

features within a spectrum can be 

highlighted. This relative reflectance or 

multispectral technique was used by 

McCord et al. (1972) to produce a standard 

set of lunar spectral curves for all major 

terrains on the lunar surface (maria, 

highlands, highland craters and mare craters; 

Figure 1.2). An area in Mare Serenitatis 

was used as a standard for all ratios, so that 

differences between curves could be directly 

compared (see McCord et al., 1972 for the 

spectral definition o f this region).

Continued laboratory studies o f the 

reflectance properties o f minerals have 

allowed for both the refinement and 

calibration o f multispectral techniques (e.g. 

Adams and McCord 1971; Adams and 

McCord, 1972; Adams, 1974; Sunshine and 

Pieters, 1998). Lunar sample analyses have 

also shown the reflectance of a lunar surface

C 1.00

% 1.00

0.3 0.5 0.7 0.9
Wavelength (pm)

Fig 1.3: Spectral reflectivity of Apollo landing 
sites compared to laboratory measurements of 
returned lunar samples. (From McCord and 

Adams, 1973).
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to be affected by soil maturity (e.g. Adams and McCord, 1973; Adams and Charette, 

1975) and consequently, the ratioed reflectance at specific wavelengths can now be used 

to highlight known elements, minerals and maturity relations in multispectral analysis 

(Section 1.2.1).

The two lunar fly-bys o f Galileo in 1990 and 1992 provided the first spacecraft 

multispectral data o f the Moon. The craft carried a solid state imager (SSI) which had 

seven filters covering a wavelength range o f 0.41 to 0.99 pm. Although spatial 

resolution was low (from 3.5 to 7.8 km/pixel), multispectral analyses o f the data has 

permitted studies o f volcanic complexes (Sunshine et al., 1992), basalt emplacement 

mechanisms (Staid et a l ,  1996), maria composition (Williams et a l,  1995), crustal 

diversity (Pieters et a l ,  1993), highland and mare mixing (Fischer and Pieters, 1995) 

and fresh impact craters and crustal stratigraphy (McEwen et al., 1993). Following this 

success came the global multispectral mapping o f the Clementine mission.

1.2. The Clementine Mission and Reflectance Spectroscopy of the Moon

In 1992, the US Department o f Defense decided that a mission should be flown to test 

new lightweight technology. Enlisting the help of NASA, the mission was named the 

Deep Space Program Science Experiment (DSPSE) and was given a total budget o f $75 

million (including the launch vehicle). The finalised plan for the mission was to enter 

lunar orbit and complete a two month global mapping phase before moving the craft out 

to a close flyby o f the near-Earth asteroid (NEA) Geographos, coming within 100 km of 

its surface. The science team formally named the spacecraft ‘Clementine’ because after 

the NEA encounter, it would be ‘lost and gone forever’ as was the miner’s daughter in 

the original song.

Clementine was launched on 25* January 1994, and entered polar lunar orbit on 19* 

February 1994 where it remained until 3"̂  ̂May 1994. During the lunar mapping phase, 

almost 1.7 million images, 300 topographic profiles and 1000 hours o f gravity field data 

were returned to Earth (McEwen and Robinson, 1997). On 7* May 1994, shortly after 

Clementine left lunar orbit, a software error resulted in the firing o f the attitude control 

thrusters for several minutes, sending the craft into an uncontrolled spin. There was 

insufficient steering propellant remaining to stabilise the spacecraft and the use o f the
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main engine as a brake was later ruled out. As a result of this, the NEA encounter was 

aborted (Nozette, 1995).

Clementine and its sensors were manufactured by the Naval Research Laboratory 

(NRL) and the Lawrence Livermore National Laboratory (LLNL), completing the 

construction and readying the craft for launch just two years after its conception. The 

spacecraft was equipped with six imaging instruments:

1) The Laser Ranger and High Resolution camera (LIDAR/HIRES);

2) The Longwave Infrared camera (LWIR);

3) The Ultraviolet Visual camera (U W IS);

4) The Near Infrared camera (NIR);

5) and 6) Star tracker cameras A and B (used for attitude control).

The first four o f these were used as primary imaging cameras during the lunar mapping 

phase o f the mission, and three were fitted with filter wheels to allow observations 

across several spectral bandpasses. Filter details are provided in Table 1.3. Only the 

UVVIS and NIR cameras are pertinent to the multispectral analyses undertaken in this 

research, and these are described further below.

The UVVIS camera used a 384 x 288 pixel CCD to image (Nozette et al., 1994), and a 

filter wheel to observe across five spectral bands (firom 415 to 1000 nm) or one broad 

band centred at 650 nm (Table 1.3 and Fig 1.4). The NIR camera imaged using a 256 x 

256 pixel format focal plane array, with six spectral bands from 1.1 to 2.8 pm (Table

1.3 and Fig 1.4). The UVVIS and NIR cameras collectively comprised an imaging 

spectrometer with 11 bandwidths, providing global coverage at spatial resolutions 

between 80 and 300 m/pixel. Each o f the bandwidths was careftjlly chosen so as to be 

sensitive to both the surface composition and the amount of time material has been 

exposed to the space environment. Fig 1.4 shows the response o f each camera filter 

overlain with lunar sample profiles for comparison. Data from the U W IS  camera is 

the primary resource used throughout this study as the NIR data have yet to be fully 

calibrated (Lucey et ah, 1998b). The raw UVVIS camera frames used in this research 

are available to the science community on an archive o f 88 CD-ROM volumes prepared
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Camera Filter Centre Bandwidth
Approximate

Range

Average

Resolution

A 415 nm 40 nm

B 750 nm 10 nm
Ultra-violet

C 900 nm 20 nm
Visible Camera

D 950 nm 30 nm
275-1030 nm -^100 m/pixel

(U W IS)
E 1000 nm 30 nm

F 650 nm 550 nm

A 1100 nm 60 nm

B 1250 nm 60 nm

Near Infrared C 1500 nm 60 nm
Camera (NIR) D 2000 nm 60 nm

970-2865 nm -200 m/pixel

E 2600 nm 60 nm

F 2792 nm 146 nm

Laser Ranger
N/A N/A N/A N/A -50  m

(LIDAR)*

A 415 nm 40 nm

B 560 nm 50 nm
High Resolution

C 650 nm 50 nm
Camera

D 750 nm 50 nm
395-825 nm -20  m/pixel

(HIRES)
E 650 nm 350 nm

F N/A N/A

Longwave

Infrared Camera L 8750 nm 1500 nm 8000-10000 nm -70  m/pixel

(LWIR)

Star Tracker

Cameras N/A Broad Band Broad Band Broad Band N/A

(A/B STAR)^

^The LIDAR laser ranger obtained topographic data o f the lunar surface between latitudes of 
+75° and -75°.
 ̂A STAR and B STAR were used in the main for attitude control and were not equipped with 

filters. They were occasionally used as wide field cameras and for these purposes were broad 
band.

Table 1.3: Filter specifications o f Clementine instruments (adapted fi*om Nozette et ah, 
1994; additional data firom McEwen and Robinson, 1997).
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Figure 1.4: Bandpasses of Clementine UVVIS and NIR camera filters overlain with lunar sample 
profiles. Letters refer to the filters for the respective camera. Lunar sample 67455 is an Apollo 16 

feldspathic rock; A PI6 is Apollo 16 sample 62231, a feldspathic soil; A PI2 is Apollo 12 soil 12070
and is basaltic. (Adapted from Gillis, 1998).

by the Naval Research Laboratory (NRL) and the Planetary Data System (PDS). 

Included on these volumes are nearly 1.7 million raw data files.

1.2.1 Lunar Reflectance Spectroscopy and Clementine’s UVVIS Camera

The way a soil reflects light as a function o f  the illumination wavelength is directly 

related to its mineralogy and composition. This provides us with a powerful tool, from 

which w e can determine important aspects o f  lunar surface chemistry and mineralogy. 

When optical light is passed through a mineral, absorption by ions o f  transitional 

elements produces several characteristic spectral features. The details o f  the interaction 

o f  electromagnetic radiation with a soil are complex, but can be described using 

modified radiation transfer equations such as those used to examine stellar and planetary 

atmospheres (e.g. Hapke, 1993). Further complication arises from the presence o f  both 

reflectance and emittance components, and a degree o f  scattering and absorption. Such 

details are beyond the scope o f  this work and for the purposes o f  this research, a much 

simplified view can be adopted in which the radiation emitted by an illuminated 

particulate surface is comprised o f  two primary components, one ‘specular’ component
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of simple reflected radiation and another diffuse component that has been absorbed, 

converted to heat, and remitted as thermal radiation. It is the diffuse component that is 

o f most interest to reflectance spectroscopists as it contributes the greatest strength to 

absorption features (e.g. McCord and Adams, 1973; Head et al., 1978b). Even in this 

elementary view, there are a great number o f influential factors that will determine the 

diffuse and specular reflectance components. Of prime importance are the phase angle, 

angle o f incidence, angle of observation and the albedo, all o f which affect the diffuse 

component and must therefore be accounted for or normalised in the reduction o f raw 

spacecraft reflectance data (Chapter 2), in addition to any problems intrinsic to the 

detector itself.

Absorptions in the diffuse component o f reflectance spectra result from both charge 

transfer and electron transitions. Of primary interest to the study o f planetary surfaces 

are features produced by metal silicates and oxides, especially those o f iron (i.e. 

pyroxene and olivine components); if  present, these will produce absorption bands in 

the 1 pm region that tend to dominate a spectrum. The exact position and structure of  

the absorption bands can provide important information on the mineral present and 

therefore the composition o f the soil (Adams, 1974). Table 1.4 shows the location of 

the characteristic absorption bands for different minerals present in lunar soils. The 

U W IS  camera has three filters centred around 950 nm in order to observe and analyse 

the shape and structure o f the 1 pm band. Between them, the C, D and E filters (900, 

950 and 1000 nm respectively; see Table 1.3 and Fig 1.4) map this feature and allow for 

the inference of details of the composition o f a lunar soil.

Studies o f lunar highland soils from the Apollo landing sites have also shown the 

samples to undergo a darkening (reddening) with maturity (e.g. Adams and Charette, 

1975). This results from exposure to the solar wind and to micro-meteoroid impacts. 

The implantation of by the solar wind accelerates the production o f sub-microscopic 

metallic iron (SMFe) in the soil during weathering, while micro-meteoroid impacts 

result in soil vitrification and the production of glassy agglutinates (e.g. Adams and 

Charette, 1975; Blewett et a l,  1997). Both o f these cause the soil to darken over time, 

steepen (redden) the continuum slope in the visible and subdue any absorption band that 

may be present in the 1 pm region. The A and B filters o f the UVVIS camera (415
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Mineral Absorption wavelength (nm) Notes
Low Ca Pyroxene 900 -  940 Typically orthopyroxene in the 

lunar highlands.

High Ca Pyroxene 950-1000 Typically clinopyroxene in the 

lunar maria.

Olivine Just beyond 1050 Broad, relatively weak 3 

component band. Featureless 

beyond 1600 nm.

Volcanic Glass -11 00 Broad and weak.

Feldspar 1250 Broad and weak.

Anorthosite - Featureless in UVVIS / NIR.

Table 1.4: Characteristic absorptions o f the main lunar minerals (Data from Gaddis et a l ,  1985 
and Pieters, 1993)

and 750 nm respectively; see Table 1.3 and Fig 1.4) provide us with the means to 

measure the slope properties by calculating the UV/VIS (415/750 nm) ratio. The 

reddening o f a highland soil through agglutinate production eventually reaches a steady 

state, after which the slope will not steepen any further. The exact time required for this 

to occur is not well known, but it is likely to be on a scale o f somewhere between 100 

and 800 Ma (Hawke, personal communication). Space weathering effects are 

complicated in regions containing abundant glassy impact melts, as these also result in a 

steepening o f the continuum in the visible. Although the reddening from impact melts 

is generally more extreme than that caused by weathering alone, the Clementine data 

cannot unambiguously distinguish between these effects on their own. The separation 

o f weathering and impact melt effects requires photogeological analyses to identify the 

melts and to place the spectral data in their geological context.

The continuum slope in a mature mare soil has different sources, and is empirically 

related to the abundance o f titanium (Charette et ah, 1974). Titanium in a mare soil is 

present primarily as a spectrally neutral opaque (SNO) ilmenite phase (FeTiOs). This 

opaque phase reduces the intensity o f the diffuse component in the reflected spectrum, 

resulting in the darkening o f the soil, and the flattening o f the continuum to produce a 

bluer signature (e.g. Pieters, 1993). Therefore, a mature mare soil with a high ilmenite 

abundance will be darker and bluer than a low titanium basalt in the Clementine data. 

The relation between titanium abundance and the continuum slope steepness only holds 

for mature basalts, as the immature soils have not developed the glassy agglutinates to 

subdue the effects o f the iron-bearing minerals and enhance the impact of the SNO
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phases. The dominant characteristic o f an immature basalt is therefore the absorption 

around 1 pm resulting from its iron-rich pyroxene and olivine minerals. The time 

required for a mare soil to mature, and the processes involved in the transition from the 

spectral dominance o f the 1 pm absorption to that o f the SNO ilmenite phase are not 

well understood (e.g. Gaffey et al., 1993; Pieters, 1993). Further studies o f the effect of 

space weathering on lunar soils and minerals are required if more quantitative maturity 

analyses are to be completed using spectral reflectance data.

In combination, the continuum slope in the visible and the form of the 1 pm feature 

provide a good indication of the minerals present in a soil. However, the Clementine 

UVVIS dataset is limited by the presence o f just five filters. Plots o f five-point spectra 

(a plot of the reflectance from each o f the filters in the UVVIS camera) can be 

ambiguous in their possible interpretation. For example, in rocks and soils containing 

pyroxene or olivine mineral phases, the strength of the 1 pm feature is typically 

proportional to the abundance o f these minerals. However, the presence of opaque 

phases such as ilmenites, and the glasses produced by space weathering can result in the 

weakening o f the absorption band, thus providing two possible scenarios for the weaker 

bands (Tompkins and Pieters, 1999). Despite these limitations, when used carefully, 

five point spectra are a valuable tool and can be used to interpret the presence o f the 

primary iron bearing minerals in a soil, as is shovm in Fig 1.5. Examples of ground- 

based spectra with many more filters over a similar range are provided in Fig 1.2 for 

comparison.

The spectra in Figure 1.5 have been normalised in order to exaggerate differences in 

absorption features. By normalising to unity at 750 nm, differences in the size and 

shape o f the 1000 nm feature can be accentuated. Similarly, differences in the 

continuum slope can be accentuated by normalising to unity at 415 nm. This simple 

form of principal component analysis (PCA) is illustrated and put to use in the Chapters 

pertaining to each study area (Chapters 3, 4 and 5). Features can also be highlighted in 

images, using multispectral relative reflectance ratios from the U W IS  camera, and 

relative FeO and TiOz abundances can be derived using algorithms produced through 

laboratory and telescopic studies (e.g. Charette et al., 1974; Lucey et a l ,  1995; Blewett 

et al., 1997; Lucey et al., 1998a). The processing required to produce these images is 

summarised in Chapter 2. The standard Clementine multispectral image displays the
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Fig 1,5: Example five point spectral signatures for common 
Fe-bearing lunar minerals (normalised to unity at 750 nm).

T=troctollite; AT=anorthositic troctollite; A=anorthosite; 
GNTAl=gabbroic noritic troctollitic anortfiosite with 85-90% 

plagioclase; GNTA2= gabbroic noritic troctollitic anorthosite with 
80-85% plagioclase; AG=anorthositic gabbro; AGN=anorthositic 
gabbroic norite; AN=anorthositic norite; G=gabbro; GN=gabbroic 

norite; N=norite 
(from Tompkins and Pieters, 1999).

continuum slope and absorption 

properties by placing ratio 

images into the red, green and 

blue channels of a false colour 

image (Section 2.1.7). The red 

and blue channels both represent 

the continuum slope (using the 

750/415 nm and 415/750 nm 

ratios respectively), vŝ hile the 

green is represented by the 

strength o f the 1 pm absorption 

feature (using the 750/950 nm 

ratio). The various effects 

described above are therefore 

represented by the combination 

of colours displayed in the final 

false colour frame. In a highland 

region, a red soil will be more 

mature than a blue soil, or may 

contain glassy impact melts. In 

a mare, the red and blue soils 

represent mature basalts of low

and high titanium contents respectively. For both mare and highland terrains, green or 

yellow units contain abundant iron rich minerals. These details will be discussed 

further in Section 2.1.7 and the Chapters relating to each study area (Chapters 3 to 5).

1.3. This Project

Analysis o f colour ratio composites and multispectral data can reveal the geologic 

history and three-dimensional composition of geologically complex regions. When 

analysed in this fashion, large fresh impact craters are of particular interest as they have 

excavated subsurface materials, allowing for the interpretation o f composition, 

stratigraphy and structure at depth. This study uses photogeological and multispectral 

techniques to provide a detailed analysis o f two large, relatively fresh impact craters on
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the Funar farsfde: King (IZ(T E, 5.5^ N) and Tsiolkovsky (IZg^ E, ZT S). These craters 

are separated by approximately 550 km (Plate 4.1) and can be used to investigate the 

lateral and vertical homogeneity of the lunar crust in that region. The Clementine 

multispectral data are also used to complete a study o f the Marius Hills volcanic 

complex in Oceanus Procellarum, in an attempt to further our understanding o f the 

nature o f the volcanism that has shaped the region. The basalt flows o f the Marius 

Hills, Flamsteed, Damoiseau and Cavalerius regions o f Oceanus Procellarum are also 

mapped using techniques developed from the Clementine data, and results from this are 

applied to the stratigraphy o f the region.

The UVVIS data are currently provided in a raw format and require reduction by the 

user. The techniques used to complete this have been improved upon and refined as a 

result o f this research, and an overview o f the procedures used is provided in Chapter Z. 

Chapter 3 puts these procedures to use in a study o f the Marius Hills volcanic complex 

and the combination of this region with the Flamsteed, Damoiseau and Cavalerius areas 

o f Oceanus Procellarum. Techniques are developed and assessed that will allow for the 

mapping o f flow boundaries and the measurement o f basalt thickness across the lunar 

maria. These techniques are used in each of the study areas, and the results applied to 

the regional flow stratigraphy in Oceanus Procellarum. The remainder o f the thesis is 

divided into two main sections. Chapter 4 provides a detailed study o f Tsiolkovsky 

crater, involving photogeological and multispectral analyses. Similarly, Chapter 5 

investigates the geology of King crater using both photogeological and multispectral 

techniques. For both craters, the basic setting and structure o f units present at each area 

are defined using standard photogeological methods. By combining this with the 

multispectral data, the subsurface composition and structure o f each region is carefully 

examined using stratigraphie observations. An attempt is then made to draw up the 

detailed history o f each impact event. Results from both impact craters are then 

combined to investigate the homogeneity o f the lunar farside in the region. Finally, a 

summary o f the results and conclusions from each study is provided in Chapter 6, also 

suggesting directions for future work with the Clementine data.

30



Chapter 2

Reduction o f the Raw Clementine U W IS Data

The reduction o f the Clementine U W IS  camera data is a complex procedure, and the 

programs used are continuously being refined and updated as calibrations are improved. 

The processing o f the raw data therefore formed a significant part o f this research, and 

the production o f the frames used in this research required the addition o f a number of 

self-written routines to refine the overall procedure. Many o f the programs used are 

referred to throughout this work, so it is important to understand the purpose of each 

step in relation to the overall reduction procedure and any difficulties involved in its 

use. An understanding of the intricacies o f the reduction procedure is also required to 

develop a feel for the limitations o f the resulting dataset. Reduction and analyses o f the 

data were completed using a shareware package called ISIS (Integrated Software for 

Imaging Spectrometers), with calibration programs designed specifically for use with 

the Clementine U W IS  images by the United States Geological Survey (USGS).

Further details o f this suite of programs and their use can be found on the USGS ISIS 

Webpage (USGS Astrogeology Team, 1998). It was also necessary to use programs 

written in the Interactive Data Language (IDL) software (Research Systems Inc., 2000) 

to refine the final calibrations (Section 2.1.4).

The raw Clementine U W IS  data require reduction to correct or account for differences 

in angle o f observation, angle o f incidence, phase angle and albedo between frames. All 

of these are important in determining the difftise component o f radiance from an 

illuminated particulate surface. In addition, dark current and flat field corrections must 

be made in order to remove the additional signal obtained during transfer o f the data to 

the buffer, and account for variations in pixel response across the camera. The 

complete reduction procedure takes the form of four processing ‘levels’, from the raw 

level 0 data through to a final fully calibrated ‘level 3’ image. From there, ‘level 3’ 

images are pieced together to form a ‘level 4’ single filter mosaic. These frames are 

calibrated to known properties o f an Apollo 16 lunar soil and the telescopic spectra o f 

the Apollo 16 landing site before being stacked or ratioed to produce the images used
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during analyses. This Chapter provides a comprehensive overview of the processing 

techniques used to reduce the Clementine data throughout this research.

2.1. Processing Techniques

The individual programs used to accomplish each step in the reduction procedure are 

shown in Table 2.1, and the details o f their use are provided in Sections 2.1.1 to 2.1.5. 

A refined and semi-automated reduction technique has also been developed as a result 

of this research, and an overview o f this is provided in Section 2.2.

‘Level 0’ 

Processing

‘Level r  

Processing

‘Level 2’ 

Processing

‘Level 3’ 

Processing

‘Level 4’ 

Processing

U W I S -  

B Filter

clemlisis

naiflab

calmrg

spicelab

plansinu

geom

photompr

photom

(blend or 

photopt and 

equalizer) 

mosaic

U W IS -  

All Other 

Filters 

(A, C, D, E, 

and F)

clem2isis

naiflab

expmrg

shiftcube

matchpt

jigsaw

plansinu

geom

photompr

photom

(blend or 

photopt and 

equalizer) 

mosaic

Table 2.1 : ISIS programs run in the reduction o f raw Clementine U W IS  camera data. 

Programs in brackets are optional.

2.1.1. ‘Level 0 ’ Processing

The first two steps in producing a calibrated mosaic o f Clementine U W IS  images are 

placed under the umbrella o f ‘level 0’ processing. All images from all filters undergo 

‘level 0’ processing, which prepares the images for subsequent radiometric and 

geometric corrections by converting the frames to the standard Planetary Data System 

(PDS) labelling format (Section 2.1.7) and updates the labels.

Step 1: clem2isis\ This converts the raw data to ISIS cube file format, incorporating the 

standard PDS format for image labelling (Section 2.1.7). During this step, the image
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titles are appended with a ‘cub’ suffix, e.g.: ‘Iub3602j.l23’ becomes ‘lub3602j.123.cub’ 

(see Appendix 1 for details o f the raw Clementine image titles and their meaning).

Step 2: naiflab: This program updates the labels o f the newly produced ISIS cubes in 

preparation for radiometric and geometric processing using information from JPL’s 

Navigation and Ancillary Information Facility (NAIF). Updated information is in the 

form of navigational and engineering data (spacecraft positional data ‘SPICE’ files).

2.1.2. ‘Level 1’ Processing

The aim of ‘level 1 ’ processing is to complete the radiometric calibration o f the data, 

including the subtraction o f dark current from the frames and flat fielding. Flat fields 

are derived from in-flight data for each filter. The programs required for ‘level 1 ’ 

processing differ depending on the U W IS  filter being processed (see Table 2.1); B 

filter images (750 nm) use a separate set o f programs as they have the most precise 

geometric control, and are subsequently used to guide the ‘level 1 ’ reduction o f the data 

from the other U W IS  camera filters. The radiometric corrections assume a spherical 

digital elevation model (DEM), so the more a region deviates from this (e.g. on steep 

slopes), the worse the performance of the radiometric calibration routines.

2.1.2 a) ‘Level 1’ Processing of UW IS B Filter Data

Step 3: a) calmrg: The calmrg routine is used on the filter with the highest geometric 

accuracy (the U W IS  B filter), and selects the most useful data from two related images 

after subtracting the dark current and flat fielding the images. The U W IS  camera took 

images in pairs containing one short exposure and one long exposure. In a typical pair, 

the short exposure remains unsaturated even over the brightest lunar features, but has a 

poor signal-to-noise ratio (SNR) over the darker areas. In contrast to this, the long 

exposure image will have a much improved SNR over the dark regions but may be 

saturated in the brighter areas. In general, the long exposure image is used in 

preference, but in the case o f some areas being saturated, it is useful to merge both files.
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replacing saturated areas in the long exposure with the corresponding unsaturated areas 

from the short exposure image.

The calmrg program completes this process, identifying the best image to use from the 

pair or merging both images to form the optimum dynamic range. Upon successful 

completion, cût/wrg produces a single ‘level 1’ image. This file will have an additional 

extension o f ‘.lev l’ on the file title (e.g. ‘Iub3602j.123.cub.levr). Subsequent 

processing steps will only be run on the ‘level 1’ images, and the original ISIS ‘cub’ 

files are no longer required. The ‘level 1’ B filter images produced from these steps are 

later used as a base to coregister images from all other UVVIS filters (Section 2.1.2b).

It is therefore necessary that data reduction begins with the processing o f the B filter 

data before that o f the other filters.

Step 3: b) spicelab: This program updates the new ‘level 1 ’ image headers with the 

corrected radiometric parameters obtained from calmrg, completing the radiometric 

control o f the data and providing header information required to begin geometric 

calibration.

2.1.2 b) ‘Level 1 ’ Processing for the A, C, D and E Filters o f  
the U W IS  Camera

Because the geometric control for these filters has not been tested as rigorously as for 

the B filter images, several extra steps are required in order to obtain the best possible 

radiometric calibration (Table 2.1). As for the B filter data, the dark subtraction and flat 

fielding are completed automatically by the routines in this step, using image header 

information and in-flight data.

Step 3: a) expmrg: expmrg completes a similar process to calmrg for all non-B U W IS  

filters (A, C, D and E). As with calmrg, the expmrg program subtracts the dark current, 

completes flat fielding, and uses the exposure and header information on each image in 

a pair to calculate which has the best contrast and therefore which it should use for 

future processing. After expmrg has run, a single ‘level 1 ’ image, with the ‘.levl ’ suffix 

is produced from an original pair. All subsequent processing is completed on the ‘level
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r  images only, and the original pairs o f ISIS ‘cub’ files are no longer required. Files 

from these filters then need to be registered with the ‘level 1 ’ B filter images. The 

programs used to achieve this are shiftcube, matchpt and jigsaw.

Step 3: b) shiftcube: This routine matches the camera angles o f the A, C, D, and E 

filters to those in the more thoroughly tested B filter data, in order to standardise the 

angle o f observation.

Step 3: c) matchpt: This matches a number o f points in the filter image to the 

equivalent points in the B filter data in preparation for coregistration. The number of 

points to be matched is designated manually in the parameters for the program; five 

match points were used for the processing throughout this research. On occasion, 

frames from different filters do not match well enough for the program to automatically 

recognise and write match points. If this occurs, the ‘M /e’ package in the IDL software 

should be used to manually select points to match.

Step 3: d) jigsaw: The jigsaw  program completes the registration o f the non-B-filter 

data by coregistering the images with their B filter equivalents. Points produced from 

the matchpt program are used to control the coregistration.

2.1.3. ‘Level 2’ Processing

The ‘level 2’ processing o f Clementine data is designed to prevent distortions in the 

final mosaic resulting from the changing spacecraft-to-Moon geometry between frames. 

In order to do this, the ‘level 1 ’ Clementine images from all filters are reprojected to a 

base with a common resolution and central longitude. Throughout this research, a 

sinusoidal equal-area base was used for reprojection o f the images.

Step 4: plansinu: This program takes a number o f geometric parameters input by the 

user (e.g. lunar longitude and latitude boundaries for the image, the central longitude of 

the image, and the desired resolution) from which it produces a transformation file 

(tfile). This ‘tfile’ contains information required by the subsequent geom program that 

will then reproject the images to the sinusoidal equal-area base. The central longitude 

parameter should be set to that of the whole mosaic being produced in the B filter, not
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that o f the individual frames. This value should be left the same for all frames in all 

filters during processing. If not, image projections will differ from filter to filter and it 

will not be possible to ratio those images (Step 10, Section 2.1.7; Fig 2.4). Similarly, 

the resolution o f the frame must be the same for all images through all filters.

Step 5: geom: This program completes the reprojection o f the Clementine data using 

the transformation file created by plansinu. Standard processing uses a default bilinear 

interpolation to provide the base points for the new sinusoidal equal-area projection. 

Resulting images are given a Mev2’ suffix to replace the ‘.lev l’ and are geometrically 

corrected in preparation for the photometric calibrations.

2.1.4. ‘Levels’ Processing

The ‘level S’ image processing steps correct the Clementine images for photometric 

anomalies and differences in albedo from frame to frame. The Clementine data were 

collected in polar orbital strips over a two month period, with the second month filling 

the gaps left after the first month. The nature of the orbit has resulted in each month’s 

data being o f a different resolution and phase angle in the northern and southern 

hemispheres. This causes problems in the calibration of the data, particularly for the 

photometric correction which is dependent upon the phase angle. The processing 

attempts to account for this by adjusting the signal obtained at one geometry to the 

equivalent signal from a standard geometry, and applying solar correction factors from a 

chosen photometric function to a corrective algorithm. For this processing, the 

normalised albedo o f the Moon was used; this was derived empirically by the 

programmers o f ISIS at the USGS (McEwen, 1996). Unfortunately, the photometric 

function for the Moon is not well known, and the normalised albedo correction does not 

completely account for the wavelength dependence o f the geometric correction.

Because of this, several additional steps are often required to correct for photometric 

variations, particularly in equatorial regions where phase angles vary greatly between 

orbits. The photometric reduction in such areas often results in a ‘stripy’ mosaic, 

alternating between low and high phase angle orbits moving across the frame. To 

correct for this, an IDL routine was created (Appendix 2) in collaboration with Jeff 

Gillis and Sarah Dunkin (personal communication). This program matches the phase 

angles o f the data from both months, raising the lower phase angle data to equal that of
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the higher phase angle. This is illustrated in Figure 2.1 showing a multispectral mosaic 

of King crater both with and without these additional reduction steps. The IDL routine 

is not required in all areas and, if needed, is used on all single filter mosaics after the 

standard photometric corrections are made and mosaics are produced (i.e. after Step 9 in 

this Chapter).

Step 6: photompr: This routine creates a transformation file called ‘sun.dat’, containing 

solar correction data in the form of multiplicative and additive values to be used in the 

algorithms in photom (Step 7). Options within photompr allow for different 

photometric functions to be selected (e.g. normalised albedo o f the Moon, Lunar- 

Lambert). For this processing, the normalised albedo o f the Moon was used as the 

standard function recommended by programmers at the USGS and as it is required for 

the production o f FeO and Ti02 abundance maps (Section 2.3); this was derived 

empirically (McEwen, 1996) and has predetermined correction factors for differences in 

solar illumination, specifically calculated for use with the Clementine data. All frames 

are standardised to a solar incidence angle and phase angle of 30 degrees, and an 

emission angle o f 0 degrees in order to shift the measured signals to the standard 

geometry.

Step 7: photom: photom completes the photometric calibration by applying the solar 

illumination correction factors in ‘sun.dat’ to the designated images using the chosen 

photometric function. For the normalised albedo option used throughout this research, a 

phase angle correction is made for each filter using an algorithm developed by McEwen

(1996). The coefficients for this algorithm are input by the user and are dependent upon 

the filter being processed, the type o f region being observed (i.e. mare, highland or 

both), and the most recent values calculated for the algorithm. Table 2.2 lists the most 

recent values for the coefficients for each terrain. The coefficients are constantly being 

updated by researchers at the USGS as improvements in the photometric calibrations are 

made, and the differences in this part o f the reduction represent the greatest variable 

between the reduction o f Clementine data by different researchers, often making it 

difficult to reproduce other’s results. This research used the ‘average’ coefficients in all 

Chapters, for the combination of both highland and mare. The images produced ft-om 

this are labelled with a ‘.lev3’ suffix, and are now corrected for radiometric, geometric 

and photometric distortions, ready for final mosaicking.
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Fig 2.1 a) Multispectral image of King erater (Chapter 5), without 
additional steps to correct for photometric differences between frames 

(Section 2.1.4). Only standard photometric corrections have been 
applied to this image.

Fig 2.1 b) Corrected multispectral image of King with several 
additional steps completed to correct the photometry for phase angle 

differences between orbits (Section 2.1.4).
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UWIS
Filter

*Area
Type'

Coefficient Values
BSHl H D E F G2

A Filter
Highland 2.25 0.07 0.0 -0.22 0.55 0.4

Mare 4.85 0.11 0.0 -0.12 0.55 0.4
Average 2.31 0.062 0.0 -0.222 0.5 0.39

B Filter
Highland 1.40 0.05 0.0 -0.25 0.55 0.4

Mare 3.65 0.11 0.0 -0.14 0.55 0.4
Average 1.60 0.054 0.0 -0.218 0.5 0.4

C Filter
Highland 0.95 0.05 0.0 -0.27 0.55 0.4

Mare 1.65 0.07 0.0 -0.23 0.55 0.4
Average 1.35 0.052 0.0 -0.226 0.5 0.36

D Filter
Highland 0.95 0.05 0.0 -0.27 0.55 0.4

Mare 1.65 0.07 0.0 -0.23 0.55 0.4
Average 1.35 0.052 0.0 -0.226 0.5 0.36

E Filter
Highland 0.95 0.05 0.0 -0.27 0.55 0.4

Mare 1.65 0.07 0.0 -0.23 0.55 0.4
Average 1.35 0.052 0.0 -0.226 0.5 0.36

Table 2.2: Photometric coefficients used in the photom step and in the clemphot program. The 

coefficients were derived by members o f the USGS Astrogeology Team (Section 2.2).

2.1.5. ‘Level 4’ Processing

After all necessary corrections have been made to the original raw data, images are 

stitched together to construct a mosaic o f the given area. Prior to this, optional 

programs can be run that will cosmetically alter the fi-ames to produce a better match in 

the brightness between frames. These were not used in this research for the sake o f  

scientific accuracy, but are included below in order to provide a comprehensive 

overview of the programs available in the Clementine ISIS package.

Step 8: (optional) blend or photopt and equalizer. The blend program is used to match 

the brightness o f a pair o f fi-ames while photopt and equalizer are used in combination 

to match the brightness o f a larger number o f images. These steps are purely cosmetic 

and should not be used to produce any images from which detailed measurements will 

be taken. For this reason, none o f these programs were used in this study.

Step 9: mosaic: This final step fits the images together to construct a mosaic o f the 

given area. To create the mosaic, the longitude and latitude boundaries o f the final 

image are input into the program which is then run on each individual fi"ame to be 

included in the mosaic until the image is complete. The result is a single filter mosaic
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of the area. It is important to use the same latitude and longitude boundaries for 

mosaics from all filters that will later be used to produce a multispectral cube, otherwise 

the ratioing o f the images will fail (see Step 10, Section 2.1.7, and Fig 2.4). It is also 

important to mosaic the high resolution data on top o f the low resolution data. The 

changing orbit o f the spacecraft from one month to the next during lunar mapping 

means that the month I data (orbits < 164) have a higher resolution in the southern 

hemisphere than the month 2 data (orbits > 165), and vice versa for the northern 

hemisphere. Therefore, month 2 data should be mosaicked last for regions in the 

northern hemisphere, and month 1 data should be placed on top for regions in the south.

2.1.6. Normalisation of the Clementine Data to Apollo 16 Soils and 
Telescopic Data

Before the single filter mosaics are stacked to produce false colour images or FeO and 

Ti02 frames (Sections 2.1.7 and 2.3), they must be converted to ‘absolute reflectance’ 

by normalising to the reflectance o f a lunar region for which both telescopic data and 

laboratory measured soil spectra are available (Blewett et al., 1997). For this purpose, 

an area close to the Apollo 16 landing site is used as it is spectrally uniform and 

provided a good sample return. A Clementine cube o f the frame containing the ‘Apollo 

16 telescopic site’ is first produced using the same processing steps as for the mosaic 

being normalised. The mosaics to be normalised are then divided by the mean 

reflectance o f the telescopic site (located using triangulation methods described in 

Blewett et al., 1997) for the corresponding UVVIS filter, and multiplied by the 

reflectance o f Apollo 16 soil 62231 for each wavelength (soil spectra are taken from 

Adams and McCord, 1973 and McCord et al., 1981):

Normalised A filter = (A image/Apollo 16 telescopic site A filter reflectance) x 0.1190 

Normalised B filter = (B image/Apollo 16 telescopic site B filter reflectance) x 0.2100 

Normalised C filter = (C image/Apollo 16 telescopic site C filter reflectance) x 0.2255 

Normalised D filter = (D image/Apollo 16 telescopic site D filter reflectance) x 0.2350 

Normalised E filter = (E image/Apollo 16 telescopic site E filter reflectance) x 0.2440
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The reduction techniques described in this Chapter and used throughout this research 

provide the following Apollo 16 telescopic site reflectance values from the Clementine 

data:

A filter reflectance B filter reflectance C filter reflectance D filter reflectance E filter reflectance 
0.1120 0.1826 0.1968 0.1991 0.2046

It is important to note that these values will change if  parameters within the processing 

are changed, and should be re-measured in such an eventuality.

2.1.7. Cube Files and Techniques Used to Produce a Standard 
Multispectral Cube

The ‘cube’ file format used by ISIS utilises standard Planetary Data System (PDS) 

labelling. All files therefore consist o f two components, the first containing the label, 

describing the content and structure o f the file, and the second containing the image 

data. The image component o f a cube file is comprised o f three dimensions, the first 

two (x and y axes) containing the standard spatial co-ordinates o f an image (samples 

and lines) and the third (z axis) corresponding to the spectral co-ordinate (bands). This 

is illustrated in Fig 2.2, with three single filter images stacked in the band dimension to 

produce a multispectral image.

U W IS A Filter Image

U W IS B Filter Image

UVVIS D Filter Image

Lines

Bands

Samples

Fig 2.2: Logical representation of the ISIS cube file structure. Three single waveband files of 
similar x and y (sample and line) dimensions are stacked in the z (band) dimension.
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After mosaicking the relevant frames for each filter, two final steps are required to 

produce a standard multispectral cube (Fig 2.3). Firstly, the single filter images are 

ratioed to produce three new mosaics, each highlighting specific properties o f  the lunar 

surface. These are then stacked in the band dimension (Fig 2.2) and displayed by 

assigning a colour to each band. By assigning a colour to each band, we are assigning a 

colour to each ratio and to all features highlighted by that ratio. The colours and their 

interpretation in the final multispectral image are described further below and in the 

Chapters relevant to each study area (Chapters 3, 4 and 5).

END

START

UVV IS A/B Filter Image
Assigned to Blue

UVVIS B /D  Filter Image 
/  Assigned to GreenBands

UVVIS B/A Filter Image 
Assigned to Red

Lines

Samples
False colour 

multispectral cube

Cubeit (Step 11)

(Step 10)

A/B
Ratio

B/D
Ratio

UVVIS B 
Filter 
Image

UVVIS A 
Filter 
Image

UVV IS A 
Filter 
Image

B/A
Ratio

UVVIS B 
Filter 
Image

UV V IS D 
Filter 
Image

UVVIS B 
Filter 
Image

Fig 2.3: Tree diagram illustrating the final manipulation of the single filter mosaics to produce a 
standard multispectral cube, using the ratio (Step 10) and cubeit (Step 11 ) routines.

Step 10: ratio: This program performs digital ratioing o f  two single filter mosaics to 

produce a ratioed single band image cube. It is important that the single filter mosaics 

being ratioed are exactly the same size, projection and resolution, otherwise there will 

be an unsuccessful registration and the ratio will not align correctly. An example o f  an 

incorrect and correct ratio is given in Figure 2.4. Unless otherwise stated, all 

multispectral images in this work were produced with the following ratio and colour 

assignments, designed to highlight some basic properties o f  the lunar surface (Section 

1.2 . 1);
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UVVIS Filters B/A (750/415 nm - assisn ed  to red): This is a measure o f  the steepness 

o f  the visible continuum, and accentuates the colour o f  the lunar soils being observed. 

Thus in the lunar highlands, redder, more mature materials will appear bright in this 

ratio as a result o f  their higher glassy agglutinate component (Section 1.2.1). Similarly, 

glassy impact melt units will also show a high 750/415 nm value (steep continuum slope

Fig 2.4 a) an incorrect ratio o f UVVIS A/B mosaics. This will result if, during the processing o f each 

single filter mosaic, different values are entered for the central longitude, resolution and longitude/latitude 

boundaries in plansinu (Step 4, Section 2.1.3) and mosaic (Step 9, Section 2.1.5). 

b) a correct UVVIS A/B ratio o f the same area. Identical values were used in the central longitude and 

resolution parameters of plansinu (Step 4, Section 2.1.3) and the longitude and latitude boundaries in 

mosaic (Step 9, Section 2.1.5) to match the resolution and size of each single filter mosaic before

ratioing.
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in the visible) and will be bright in this ratio. In the maria, redder soils represent mature 

basalts with relatively low titanium (ilmenite) content (Section 1.2.1).

U W IS Filters B/D (750/950 nm - assipied to 2 reen): This ratio is sensitive to the 

strength and nature o f absorptions near 1 pm, providing an indication o f the presence of 

iron bearing minerals such as the pyroxenes and olivines (Section 1.2.1). Any freshly 

exposed iron rich materials will appear bright in this ratio, and will therefore be green or 

yellow in the final false colour frame.

UW IS Filters A/B (415/750 nm - assisned to blue): As with the B/A ratio, this 

measures the steepness of the continuum in the visible, sensitive to both composition 

and maturity o f soils. In the lunar highlands, bluer soils are feldspathic and fresher, 

containing fewer glassy agglutinates and in the maria, bluer soils have a higher titanium 

(ilmenite) content (Section 1.2.1).

Step 11: cubeit: The final step in the production o f a multispectral cube stacks the 

ratioed cubes on top of one another in the band dimension (Figures 2.2 and 2.3). As for 

the ratio program, all images to be stacked must be o f the same size, projection and 

resolution in order for the frames to register correctly.

2.2 Modified Multispectral Processing

This research has refined the processing of the Clementine data by speeding up the 

reduction process (through the automation o f several programs) and producing more 

seamless mosaics for analyses. Tammy Becker (USGS, personal communication) has 

developed many of these modified programs to construct an improved and semi

automated technique for processing all o f the U W IS  filters. The procedure comprises 

five new programs (cleml through to clemS) which complete several o f the previous 

steps sequentially and incorporate extra steps. The processing steps used in the new 

programs are listed in Table 2.3. In addition to the restructuring o f the steps listed in the 

earlier processing (Sections 2.1.1 through 2.1.7), the clemO, clemgroup, clemphot, 

coreg, mask and automos programs are also used. These are described below.
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clemO: The clemO procedure automatically carries out the ‘level 0’ processing 

(clemlisis and naiflab; Section 2.1.1) on all files listed by the user. In the refined 

processing, the cleml program automatically produces lists o f all files fi*om all filters, so 

every fi*ame is put through clemO.

clemgroup: This program is able to take the filename o f a fi*ame from a single UVVIS 

camera filter and identify the corresponding filenames o f the remaining filters. For

cleml
Processing

clem2
Processing

clem3
Processing

clem4
Processing

clemS
Processing

U W IS B  
Filter Data

clemO
calmrg

clemgroup

spicelab clemphot
plansinu

geom
cubeit
mask

automos
ratio

cubeit

U W IS  - All 
Other Filters 
(A, C, D and 

E)

clemO
expmrg

clemgroup

shiftcube
matchpt

jigsaw clemphot
coreg

plansinu
geom
cubeit
mask

automos
ratio
cubeit

Table 2.3: Refined Clementine data reduction. Programs not used in the basic processing (see 
Table 2.1 and Sections 2.1.1 to 2.1.7) are shown in bold.

example, if  a list o f A filter files covering Copernicus were entered into clemgroup, the 

program would output a list of the UVVIS images from all filters that cover the same 

area.

clemphot: This runs the photompr and photom programs (Section 2.1.4) on all files. 

Standard parameters are automatically entered in the photompr program (Section 2.1.4, 

Step 6), and there are three options available for the coefficients used in the photom 

algorithm (Section 2.1.4, Step 7), depending on whether the area is highland, mare or a 

combination o f both. The coefficients for each o f these are shown in Table 2.2. It was 

found that the average values consistently produce the best results for the regions 

studied in this work, so these were used throughout processing.

coreg: This completes registration o f all A, C, D and E filter frames with the 

corresponding B filter data. The degree o f precision for this registration is pre-selected 

by the user. Any file that fails to register using shiflcube, matchpt and jigsaw  (Section
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2.1.2 b. Steps 3b to 3d) will not run through coreg and must be left out o f the final 

mosaic.

mask: This removes data fi*om a stacked cube in areas that are not common to all filters. 

The removed data is given a ‘NULL’ pixel value in the corrected cube. The addition of 

this program was found to help reduce the seams that result fi*om the overlapping o f  

individual frames within a single orbital strip (Tammy Becker, personal 

communication).

automos: The automos program takes a list o f files and automatically runs mosaic 

(Section 2.1.5 Step 9) on them, reading the latitude and longitude boundaries in each 

file and producing a base mosaic that is large enough to house all o f the fi*ames in the 

list. The latitude and longitude boundaries are kept constant across each filter so that 

ratioing o f the mosaics can be carried out.

2.3 Production of Other Clementine Cubes for Analyses

There are three other main images that can be produced for analyses from the 

Clementine U W IS  camera data. These are a ‘true colour’ approximation frame and a 

map of the FeO and TiOz abundance o f the lunar soils. It is important to produce and 

analyse all three o f these frames where possible in order to avoid misinterpretation of 

the dataset, as discussed in Chapters 3 to 5. The closest the Clementine dataset can 

come to producing a true colour image o f the lunar surface is in a stack o f the D, B and 

A single filter mosaics placed in the red, green and blue channels respectively. This 

image is useful in the identification o f different coloured units across a region, such as 

the enigmatic lunar red spots.

Lucey et al. (1995) developed a method for deriving FeO abundance from reflectance 

spectra based on the properties o f an iron-bearing silicate soil on an airless body. In this 

method, the spectral changes in a soil are related to variations in the relative abundance 

of ferrous iron (Fe^^, submicroscopic metallic iron (SMFe), titanium, and spectrally 

neutral opaque (SNO) phases. The effects o f each o f these are reviewed below:
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•  Fe  ̂ : increasing this component will reduce a soil’s albedo and strengthen the 1 pm 

absorption band.

•  SMFe; this is a result o f  agglutinate formation and exposure to the solar wind

(Section 1.2.1). An increase in SMFe will darken and redden a soil and reduce the

strength o f  any 1 pm band.

•  Titanium: when present in silicate minerals and glasses formed through 

micrometeoroid impact, titanium (Ti'̂ )̂ in combination with Fe^  ̂will result in the 

darkening and reddening o f  a soil.

•  SNO: these are primarily ilmenites on the Moon, and result in a darker and bluer 

soil (Section 1.2.1)

These effects can therefore be measured using a combination o f  the 950/750 nm ratio 

(representing the 1 pm band strength) and 750 nm reflectance (representing albedo) in 

the Clementine UVVIS data. Lucey et al. (1995) plotted these values for several 

laboratory measured Apollo soils (Fig 2.5a). Materials rich in FeO plot towards the

In c re a s in g  m a lu r i t /

E

i  0.8
In c re a s in g  Fe

0.6

0.00 0 .10 0.30 0.400.20 0.50

1
®  0.5

0.0
10 12 14 162 4 6 8

Reflectance at 750 nm

Fig 2.5: Plots of a) the 750 nm reflectance vs. 950/750 nm values 
(triangles) soils examined by Lucey et al. (1995). Soils o f equal iron 

plot along a line pointing towards a hypothetical highly mature end 
represents the angle between horizontal and the line connecting each 

allows for the effects o f maturity to be decoupled from composition 
parameter 0 with the FeO wt% for the Apollo soils studied 

(Graphs from Lucey et al., 1995)

FcC) (wt%)

for Apollo 15 (boxes) and 16 
abundance but different maturity 
member. The Fe parameter (0) 
point to the optimized origin, and 
; b) the correlation of the spectal 
by Lucey et al. (1995).

bottom o f  the graph as a result o f  their low 950/750 nm value, while the darker and 

redder mature soils plot towards the upper left o f  the graph due to their lower 750 nm 

reflectance. Materials o f  similar FeO content but different maturity therefore plot along 

a line pointing towards a common origin represented by a hypothetical highly mature 

end member (Fig 2.5a). From this point, the angle between the horizontal and the line 

o f  maturity can be used to decouple the effects o f  maturity from the data. This angle is 

known as the Fe parameter (0), and was found to be highly correlated with the FeO 

abundance o f  the lunar soils observed (Fig 2.5b; Lucey et al., 1995).
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A later study by Blewett et al. (1997) refined these parameters using improved 

photometric corrections for the UVVIS data (identical to those used in this study; 

Section 2.1.4 and Table 2.2). In addition, the Clementine data were used to observe 

several Apollo landing sites and to resolve some Apollo 15, 16 and 17 sampling 

stations. The measured FeO wt% at each o f  these were used to improved the 

identification o f  the optimised origin and the derivation o f  the Fe parameter (0) and FeO 

(wt%) algorithms. The resulting equations were:

0 = -1.0 X atan ((950/750 nm ratio - 1.22) / (750 nm reflectance - 0.04)) 

FeO = (2292^ x - 6.07J 7

[2 .1]

[2.2]

In addition to the calculation o f  wt% FeO, Blewett et al. (1997) used the effects o f  SNO  

phases to develop an equation from which the TiO: wt% can be derived. In a plot o f  the 

415/750 nm ratio vs. 750 nm reflectance (Fig 2.6), two trends are clear: a highland trend 

related to FeO and maturity changes, and a mare trend related to SNO ilmenite 

variations. The presence o f  the highland trend restricted the calculation o f  wt% TiO: 

using this method to the maria. Ilmenite rich soils in the mare trend are blue, with a 

high 415/750 nm (U V /V lS) ratio, and plot to the upper left o f  Fig 2.6a, trending toward 

the bottom right as titanium and ilmenite content drop and the soil reddens. In order to 

reproject the SNO mare trend onto the y-axis, Blewett et al. (1997) rotated the trend
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Fig 2.6: Plots of a) 750 nm reflectance vs. 415/750 nm reflectance for Apollo landing sites and 
sampling stations studied by Blewett et al. (1997). A highland and mare trend are seen in the data, with 
the bluer ilmenite rich mare soils plotting toward the upper left o f the graph. The angle a  represents the 

rotation of the mare trend, or SNO parameter onto the y-axis (see main text); b) the average TiO] 
content o f soils from the Apollo site corellated with the SNO parameter calculated by Blewett et al. 

(1997). The failure to completely decouple maturity has resulted in a small amount o f scatter 
remaining in the SNO parameter. (Graphs from Blewett et al., 1997)
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clockwise through an angle represented by a  (calculated to be -32°) in Fig 2.6a. From 

this rotation, the SNO parameter was defined, and this was found to correlate well with 

the Ti02 wt% of the soils returned from each Apollo site surveyed, although the 

algorithm fails to completely decouple the effects o f maturity with a degree o f scatter 

remaining in the SNO parameter (Fig 2.6b).

An improved TiO: algorithm, similar in nature to the FeO equation o f Lucey et al. 

(1995) has been developed by Lucey et al. (1998a) in an attempt to decouple the effects 

of maturity in the titanium rich soils. In a similar 415/750 nm vs. 750 nm reflectance 

plot for small craters from six Apollo sample return sites, an optimised origin was 

defined, as was completed for the FeO algorithms, again representing a highly mature 

end member. The angle (Oxi) between a horizontal line passing through the optimised 

origin and the line between each lunar point and the optimised origin can then be used 

to decouple maturity and derive an algorithm that correlates with wt% TiO] in the same 

fashion as was completed for the FeO equation. The resulting algorithms are:

0Ti = atan ((415/750 nm ratio - 0.45) / (750 nm reflectance - 0.05)) [2.3]

TiOi wt% = X20.79) - (0n x 22.928) + 5.909 (± 2w t% ) [2.4]

Using the algorithms described above, maps showing the distribution o f FeO and TiO: 

in lunar soils and surfaces can be produced from the Clementine data. It is important 

that the same photometric correction is made to the data as was made in the production 

of the algorithms. For this reason, the same normalised albedo photometric fimction 

and ‘average’ coefficients in Table 2.2 as were used by Blewett et al., (1997) and Lucey 

et al., (1998a) are applied throughout this work (Section 2.1.4, Steps 6 and 7). In order 

to produce the iron and titanium abundance images, two programs have been written in 

IDL to apply these algorithms to the input data, producing monochromatic FeO or TiOi 

wt% abundance images. Both FeO and TiOi values become unreliable in regions 

containing a significant abundance o f glass such as impact melts and quenched volcanic 

materials, and should not be used in these regions. For this study, the most recent 

algorithms are used for both TiOz (Equations 2.3 and 2.4; Lucey et al., 1998a) and FeO 

(Equations 2.1 and 2.2; Blewett et al., 1997) as these are considered to be the most 

reliable. Errors are quoted to be within 1 wt% for FeO and 2 wt% for TiO: (Blewett et 

al., 1997; Lucey et al., 1998a). It is often helpful to display the iron and titanium
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frames as stretched false colour images, splitting the monochromatic frames into a 

number of equal blocks to represent a given range o f abundance values and applying a 

colour to each block. This is used for many o f the FeO and TiO] images in this research 

to aid visualisation of absolute wt% values in each study region.

2.3. Summary

The Clementine UVVIS data require reduction to account for frame to frame variations 

in angle o f observation, emission angle, phase angle and albedo as well as flat-fielding 

and the subtraction of dark current. The procedure followed to complete this is 

reviewed in Section 2.1 and requires the use o f the ISIS software package and routines 

specifically written for use with the Clementine data by the USGS (USGS Astrogeology 

Team, 1998). The photometric correction (Section 2.1.4) is continuously being refined 

as improvements in the normalisation and calibration o f the data are made to improve its 

response to phase angle differences over the five UVVIS wavebands. The addition of 

the phase angle correction to the photometric calibration using the IDL routine in this 

work (Appendix 2) has helped to reduce the effect o f phase angle differences seen from 

one month’s orbit to the next (Fig 2.1). As well as this, the refined processing steps 

(Section 2.2), in combination with the standard procedure, have reduced the appearance 

of seams between individual frames in the final images. Algorithms developed by 

Blewett et al. (1997) and Lucey et al. (1998a) to decouple the effects o f maturity from a 

soil’s composition are used to produce monochromatic abundance maps for FeO and 

Ti02 (Section 2.3). The final multispectral cubes, true colour images, and Ti02 and 

FeO abundance maps produced can be reliably used to analyse the spectral character of 

lunar soils across the Moon and apply these results to the geology o f a given region.

This Chapter provides a new user with the basic information required to process the 

Clementine UVVIS data themselves.
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Chapter 3

Multispectral Analyses of Selected Regions of Central and 
South-East Oceanus Procellarum

Oceanus Procellarum is located on the western nearside of the Moon (Fig 3.1), and is 

the largest lunar mare (with an approximate area of 1.7 x 10̂  km )̂, comprising 

approximately 25 % of the total area covered by lunar maria (e.g. Whitford-Stark and

Head, 1980).NEAR 90 C
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Fig 3.1 : Map of the lunar nearside showing the distribution of mare 
deposits and the location of Oceanus Procellarum to the west, 

forming the most widespread continuous mare deposit. (Image 
from Head, 1976)

Tectonic studies by 

Whitford-Stark and 

Head (1977a) 

identified three 

subdivisions within 

the Procellarum 

mare: central 

Procellarum, south

east Procellarum 

and north 

Procellarum, 

flooded to thick, 

shallow and 

intermediate depths 

respectively. The 

sources for many of 

the lavas appears to 

have been within

three large, well studied volcanic complexes (the Aristarchus Plateau, Rlimker Hills and 

Marius Hills).

The most diverse collection of volcanic structures is seen in the Marius Hills region 

(Whitford-Stark and Head, 1977b), including low domes, steep sided domes, cones and
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rilles. It occupies 35,000 km  ̂in central Procellarum (taken from 17.43° N to 9.15° N  

and 300.53° E to 313.02° E in this study; Fig 3.2 and Section 3.2.1) and is home to 

basalts ranging from Imbrian to Eratosthenian in age (McCauley, 1967; Whitford-Stark 

and Head, 1980). The diversity o f volcanic features in the area suggest a wide variation 

in volcanic styles to have occurred at Marius Hills (e.g. McCauley, 1969; Guest, 1971a; 

Whitford-Stark and Head, 1977b). Several authors have studied this region previously 

using photographic and topographic data (e.g. McCauley, 1969; Greeley, 1971; Guest, 

1971a) and more recently using spectral reflectance data returned from the Galileo 

(Sunshine et al., 1992) and Clementine missions (Gillis and Spudis, 1995; Bussey and 

Spudis, 1996; Weitz and Head, 1999).

To the south o f Marius Hills, bordering the highlands on the southern edge of Oceanus 

Procellarum, is the Flamsteed region (for the purposes o f this work, taken to cover the 

area from 0.25° N to 18.83° S and 308.26° E to 317.12° E; Fig 3.2). This area has been 

highlighted by previous studies to contain several distinct, as yet unsampled basalts (e.g. 

Pieters, 1978; Pieters et al., 1980; Sunshine and Pieters, 1990). A point within the 

Flamsteed area (43.5° W, 2.5° S) was selected as the ‘type area’ for one o f these 

unsampled basalts (i.e. the area that best characterises the unit), as it has spectral 

properties that appear to typify the unsampled basalt; the point selected is also relatively 

unaffected by external factors such as impact cratering that could vary the spectral 

signature of a mature mare soil (Pieters et al., 1980). The type area therefore provides 

an excellent source with which to qualify the use of the Clementine data to characterise 

basalt types (Section 3.2.2a). Flamsteed was mapped in detail using reflectance spectra 

from ground-based telescopes (Pieters et al., 1980), and consequently provides an ideal 

point from which to build a picture o f the flow units in south-east Oceanus Procellarum 

using the Clementine data (Section 3.2.2b).

This study aims to investigate both the Marius Hills and Flamsteed regions using the 

Clementine multispectral data. Analyses o f the domes, cones and rilles within the 

volcanic complex at Marius Hills are made (Section 3.2.1) in an attempt to use the 

multispectral data to learn more about the volcanic activity that emplaced these features 

and construct a picture o f the volcanic history o f the area. In addition, the multispectral 

data are used to map identifiable flows across both areas (Section 3.2.2) and search for 

evidence of impacts having excavated through to expose the highland units beneath the
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Fig 3.2: Portion of the shaded relief and surfaee markings map of the lunar nearside 
including the central and south-east sections of Oceanus Procellarum studied in this work. 

The Clementine multispectral image of the region is overlain and roughly aligned to 
illustrate the areas covered by the mosaic. Borders represent the extent of each study area, as 

described in the main text. (Shaded relief map from Department of the Interior, 1992).
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mare basalts. Studies of these craters provide estimates o f basalt thickness across the 

maria (Section 3.2.3) which can be used to refine estimates o f the volume o f lava 

erupted. Previous telescopic reflectance data of Procellarum (e.g. Whitaker, 1972; 

Johnson et al., 1977; Pieters, 1978; Johnson et al., 1991) indicate a large variation in the 

Ti0 2  content o f basalt units across the maria, and the higher spatial resolution of the 

Clementine data now allows for a more detailed map o f these units to be made and used 

to test early pictures o f the regional stratigraphy (Whitford-Stark and Head, 1980;

Section 3.2.4). To provide a better understanding o f the transition o f unit boundaries 

and basalt thickness variations between the Marius Hills, Flamsteed, and the bordering 

highland units to the west, the connecting Cavalerius and Damoiseau regions are also 

examined (Fig 3.2). The total region covered by this study therefore incorporates part of  

both the central and south-east sections o f Oceanus Procellarum, from 17.43° N to 

20.43° S and 289.5° E to 317.12° E (Fig 3.2). The basalts in the southern portion of 

Oceanus Procellarum are noted by previous research to be substantially thinner than 

those to the north (e.g. Whitford-Stark and Head, 1977a, 1980; Horz, 1978; De Hon, 

1979), and this increases the likelihood o f some o f the smaller impacts on the mare 

surface having excavated sub-mare highland basement. Even if this is not the case, 

craters that have not cut through to the highland basement provide lower limit values of 

mare thickness. The Clementine data therefore provide an excellent opportunity to 

refine thickness and hence volume estimates for these basalts. Obtaining accurate 

values for the thickness and volume of mare lavas erupted over time are essential for the 

refinement o f models o f the thermal and physical evolution o f the Moon (e.g. Heather et 

a l,  2000).

3.1 Data

The propensity o f volcanic features to occur in the Marius Hills region led to the return 

o f medium and high resolution photography of the region by Lunar Orbiters IV and V. 

These data provide the base from which Marius Hills is analysed in this work, allowing 

the multispectral data to be placed into their geological context. In addition, low 

resolution topographic data were available for a portion o f Marius Hills (54.4° to 58° W 

and 11.5° to 16° N) in the form of the US Army Topographic Command (TOPOCOM) 

maps produced using the stereoscopic overlapping Lunar Orbiter V photography (US 

DoD, 1971). Finally, a series o f Clementine mosaics were produced o f each area, and of
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the combined section o f southern Oceanus Procellarum. A full listing o f the data used is 

provided in Appendix 3.1.

3.1.1 Multispectral Data Reduction

Clementine data reduction for each region analysed in Oceanus Procellarum was 

completed as detailed in Section 2.2. For Marius Hills, the 157 m/pixel optimum 

resolution o f the data was used, while the Flamsteed, Cavalerius, and Damoiseau 

mosaics were processed at a 200 m/pixel resolution. A further image containing all four 

regions was produced to look at unit boundaries on a larger scale, and this was 

processed at a lower resolution of 500 m/pixel. The coverage o f the mosaics, all close 

to the equator, caused additional problems in the photometric calibration as the phase 

angle o f one month’s data was significantly lower than that from the other month. This 

problem is discussed in Section 2.1.4, and the IDL routine in Appendix 2 was used to 

help correct the problem. As well as the standard multispectral and true colour images, 

FeO and Ti02 maps were produced for each area, using the most recent versions o f the 

algorithms provided in Section 2.3 (Lucey et al. (1998a) for TiO: and Blewett et al.

(1997) for FeO). The final mosaics of the combined study areas produced for this work 

are shown in Figures 3.3a (750 nm image), 3.3b (true colour image), 3.3c (multispectral 

image), 3.3d (FeO abundance map) and 3.3e (TiOz abundance map).

The U W IS  950 and 1000 nm data are not available for part o f two orbits that pass 

through the western edge o f both the Cavalerius and Damoiseau regions. The lack of 

950 nm data in these orbits mean that multispectral and FeO images cannot be made in 

these regions. The missing data are identified in Fig 3.3c, and have been removed from 

all o f the Clementine images provided in Fig 3.3. The orbits in question primarily cut 

through the highland units that border Oceanus Procellarum to the west, so do not affect 

studies o f unit boundaries and basalt thickness in the mare itself.

3.2 Analysis and Interpretation

The photographic data for the regions studied in Oceanus Procellarum were primarily 

used to place the results obtained from the Clementine data into their geological context.
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Fig 3.3a)

40 km 
(approx. scale)

Fig 3.3: Clementine mosaics of the region studied in this work, a) 750 nm (UVVIS B filter) mosaic, 
stretched to highlight features in the mare; b) Clementine ‘true colour’ image stretched to highlight changes 
within the mare. The red channel is controlled by the 950 nm mosaic, the green by the 750 nm image, and 
the blue by the 415 nm image; c) Clementine multispectral image, where red=750/415 nm, green=750/950 

nm, blue=415/750 nm; d) FeO abundance map produced using the algorithm of Blewett et al., (1997); 
e) TiOi abundance map produced using the algorithm o f Lucey et al. (1998a). The missing data for the 

Cavalerius and Damoiseau regions occur in two orbital strips to the west, labelled in c). The scale provided
is applicable to all frames (a to e) in this Figure.
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Fig 3.3c

Orbital strips 
missing in the 950 
and 1000 nm data 
for Cavalerius and 
Damoiseau.

58



Fig 3.3d)

I

0 8 10 12 14 16 18 20 22 24+ 
wt % FeO

59



Fig 3.3e)

%

0 2 4 6 8 10 
wt %  T 1O 2

60



Both Marius Hills and Flamsteed have been analysed extensively by previous 

researchers using photogeological techniques (e.g. Marshall, 1963; McCauley, 1967, 

1969; Guest and Fielder, 1968; Greeley, 1971; Guest, 1971a; Whitford-Stark and Head 

1977a, b, 1980) and results from these studies are incorporated into this research to 

guide analyses using both photogeological and multispectral datasets. Areas whose 

evolution or origin could not be inferred from photogeological work alone or could be 

tested through the addition o f compositional data are o f particular interest to a study of 

this nature; the complex and diverse volcanics within the Marius Hills plateau (Sections 

3.2.1a to d) are a good example o f this. The interpretation o f the photographic and 

multispectral data for Marius Hills is detailed in Section 3.2.1. This is followed by 

analyses o f the unit boundaries (Section 3.2,2) and mare basalt thickness (Section 3.2.3) 

across the section o f central and south-east Oceanus Procellarum covered by this 

research. Results from these studies are then applied to the regional stratigraphy 

determined by Whitford-Stark and Head (1980) (Section 3.2.4; see also Appendix 6.1).

Basalts across the region are Eratosthenian or older (e.g. McCauley, 1967; Whitford- 

Stark and Head, 1980) and all appear spectrally mature in the Clementine multispectral 

data, containing abundant titanium rich agglutinates that have formed as a result o f the 

space weathering process (Section 1.2.1; Gaffey et al., 1993; Pieters, 1993). For the 

regions studied in this work, variations across the lavas within the multispectral data can 

therefore be considered to represent compositional boundaries and not changes in 

maturity. There are two main exceptions: (1) fresh craters, whose soils have not yet 

developed the spectrally neutral opaque phases of the titanium rich agglutinates that are 

present in more mature lunar basalts, and (2) outcrops o f highland materials within the 

maria whose low FeO content make them easily distinguishable from the surrounding 

mare basalts. The titanium map will be used throughout this study to confirm that 

maturity effects are not misinterpreted as compositional differences.

3.2.1 The Marius Hills Volcanic Complex

The Marius Hills region of Oceanus Procellarum (taken from 17.43° N  to 9.15° N  and 

300.53° E to 313.02° E for this study; Fig 3.2) comprises a raised plateau with an area of 

approximately 35, 000 km  ̂(Greeley, 1971; Whitford-Stark and Head, 1977b; outlined 

in Fig 3.4), rising several hundred metres from the surrounding plains (McCauley,
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1967). The mare flows in the region are predominantly Eratosthenian in age, although 

volcanic activity on the plateau is thought to extend from the Imbrian through to the 

Eratosthenian period (McCauley, 1967; Whitford-Stark and Head, 1980; Section 3.2.4). 

The plateau contains the highest concentration of volcanic structures in Oceanus 

Procellarum, including low domes, steep sided domes, cones and rilles (e.g. McCauley, 

1967; Greeley, 1971; Guest, 1971a). A positive gravity anomaly (+65 mgal) over the 

Marius Hills plateau indicates that almost no isostatic adjustment occurred during 

basaltic flooding, and that the volcanic features in the region are supported by the lunar

crust (Taylor, 1982). A

survey of more than 200 

lunar domes by Head and 

Gifford (1980) recognised 

a unique class of dome in 

Marius Hills, with complex 

surface features, irregular 

borders with the 

surrounding mare, and few 

summit craters. The wide 

variation in dome 

morphology led McCauley 

(1969) to suggest that the 

region could show 

evidence for igneous 

differentiation (Section 

3.2.1a). However, it is also possible that variations in effusion rate have caused the 

diversity now seen in the volcanic structures (e.g. Whitford-Stark and Head, 1977b; 

Gillis and Spudis, 1995; Weitz and Head, 1999). In order to investigate the nature of 

the volcanism that has occurred in the region to form the wide variety of volcanic 

features now seen, the study of Marius Hills is divided into its three morphological 

volcanic constituents (for the purposes of this research these are domes, cones and rilles) 

and discussed in the following Sections (3.2.1a to 3.2.1c). The collated results for all 

features and their implied styles of volcanism are detailed in Section 3.2. Id. Flow units 

and crater analyses for the region are combined with the other study areas and detailed 

separately in Sections 3.2.2 to 3.2.4.

Fig 3.4: The boundary of the 35, 000 km^ Marius Hills plateau mapped by 
Whitford-Stark and Head ( 1977b) overlain on the Clementine multispectral 
image. The head o f the rille that sourced the Marius Basalt (Section 3.2.2b) 

is circled. For scale, Marius crater, labelled ‘M ’ in the Figure, is 
approximately 40 km in diameter from rim to rim.
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3.2.1 a) Domes

Marius Hills contains 262 domes (Whitford-Stark and Head, 1977b), falling into two 

main classes: low domes and steep sided domes (McCauley, 1967). The plateau 

contains 135 low domes, which are a maximum of 25 km in diameter and between 50 

and 200 m high; the 127 steep sided domes are between 2 and 15 km in diameter, and 

rise 200 to 500 m from their surroundings (Whitford-Stark and Head, 1977b). A closer 

view of the morphology of the domes is provided in Fig 3.5. It can be seen in this image 

that steep sided domes are often located on the low domes, and that low domes are 

commonly truncated by adjacent mare plains (arrows in Fig 3.5), implying that they 

represent an older stage of volcanism and have been embayed by younger flows. The 

alternative explanation of the features as the surface expression of a rough highland 

terrain beneath a thin overlying mare seems unlikely, considering the abundance of 

apparently volcanic features in the area, and the lack of underlying highland material 

excavated by craters (Weitz and Head, 1999; Section 3.2.3).

Domes on the Moon are thought to develop through the slow eruption of low gas 

content or low temperature lavas (Wilson and Head, 1981). Each of these factors will

Fig 3.5: Examples of domes in Marius Hills in a section of Lunar Orbiter V image 215M, 
outlined on the right to illustrate their division into steep sided (S) and low (L) domes. The 

arrows on the photograph are examples of the truncation of the domes by the younger flows of 
the surrounding mare plains. (Adapted from Mutch, 1970)
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encourage the build-up o f extruded lavas around a vent. The unique steep sloped 

morphology o f the domes at Marius Hills (Head and Gifford, 1980) therefore suggests 

lunar volcanism with an unusually low effusion rate and low gas content, erupting high 

viscosity, low temperature lavas to form short flows. A lava’s high viscosity could 

result from a low temperature and higher crystal content or from an increased silica 

content (e.g. Head et al., 1978a). The last o f these factors led to the suggestion by 

McCauley (1969), that the steep sided domes in Marius Hills represent the eruption o f  

more evolved felsic magmas. However, later work by Rutherford et al. (1974) showed 

it to be unlikely that igneous differentiation occurred in the lunar basalts to form more 

evolved lavas, so the slow effusion o f a low temperature, high crystal content lava is the 

preferred hypothesis for the materials that formed the domes in Marius Hills (Weitz and 

Head, 1999). The short flow length suggested by this is difficult to verify using the 

Clementine or Lunar Orbiter data. The multispectral studies show localised flows 

around some o f the domes (Section 3.2.2), but embayment by younger units, uniformity 

of composition between the domes and background mare (see next paragraph), and the 

lack o f flow fronts in the Orbiter photography preclude the direct measurement o f flow 

lengths.

The Clementine data (Figs 3.6a to Fig 3.6c) confirm the observations o f Gillis and 

Spudis (1995) and Weitz and Head (1998; 1999) that the domes do not correlate with 

distinct compositional boundaries, and that they are o f a similar composition to the 

surrounding mare basalt units. The locations o f the domes mapped by Whitford-Stark 

and Head (1977b) are shown in Fig 3.6a, superimposed on the standard Clementine 

multispectral image. The compositional uniformity between the domes and surrounding 

mare plains is supported by the five-point spectra averaged from measurements o f a 5x5 

pixel box on 40 typical domes (Fig 3.7). The spectra display a subtle 950 nm absorption 

and a match between the steepness o f the continuum slope for mare flows and domes of  

similar colours. The features are therefore confirmed as being basaltic, and do not 

represent the more felsic eruptions suggested by McCauley (1969). Fig 3.6a also shows 

some examples o f domes which display a sharp truncated boundary with the 

surrounding plains (labelled ‘X ’ in Fig 3.6a), as was also seen in the photographic data 

(Fig 3.5), supporting their relatively old age compared to the youngest Eratosthenian 

flows in the region. The domes themselves are not o f a uniform composition, and 

display a variety o f titanium contents in the Clementine data (Figs 3.6a and 3.6c) and
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Fig 3.6; Clementine images of the Marius Hills region studied in this research, a) Multispectral image 
(red=750/415 nm ratio, green=750/950 nm image and blue=415/750 nm image); b) Greyscale FeO 
map (values range from 18 to 24 wt%); c) Greyscale TiO: image (values range from S t o l l  wt%). 
These were left as greyscale in order to more easily observe changes in composition, with brighter 

pixels representing a higher value. See Fig 3.3d and 3.3e for quantitative false colour FeO and TiOz 
maps. The plateau boundary (dotted line), domes (solid borders) and cones (pink dots) are overlain on 

the multispectral image and do not conform to a specific composition in any o f the images shown. 
The example domes (labelled ‘X’ in a) have been truncated by younger mare basalt flows of different 

titanium content For scale, the crater labelled ‘M ’ has a rim to rim diameter o f 40 km.
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Fig 3.7: Five-point spectra o f the domes and mare plains in Marius Hills 
normalised to unity at 415 nm to accentuate differences in the UV/VIS slope. 

The signature o f  the domes cannot be distinguished from the background 
mare, both displaying spectral characteristics o f mature mare soils.

five-point spectra (Fig 3.7), 

similar to the variation of the 

surrounding mare plains. This 

suggests that either the domes 

developed from a number of 

localised sources of various 

compositions, or that they formed 

from a single large source region 

over a period of time long 

enough for the titanium content 

of the magma to evolve. The low 

effusion rate, low temperature 

and high crystal content of the 

lavas required to form the domes 

are most likely to result from the 

terminal stages of volcanic 

activity (Weitz and Head, 1999); 

this would support dome

formation from a number of localised sources such as dykes, that have transported 

magma to shallow depths.
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3.2.1 b) Cones

There are 59 cones on the raised plateau of Marius Hills and these are up to 3 km in 

diameter and 300 m high (Whitford-Stark and Head, 1977b). Lunar cones are broader 

and lower than their terrestrial counterparts as a result of the lower gravity and lack of 

atmosphere on the Moon, which causes a wider dispersal of the clasts than is seen on 

Earth (Wilson and Head, 1981). Outside of this, the cones in Marius are 

morphologically similar to the cinder cones of Hawai’i and the Snake River Plain (e.g.

Weitz and Head, 1998), 

and commonly display a 

horseshoe appearance 

resulting from the 

breaching of one side of 

the cone by a lava flow; 

examples of cones in the 

Marius Hills are shown in 

Fig 3.8, with breaches 

identified by the brown 

arrows. Cones occur on 

the domes, close to the 

head of at least one rille 

(Greeley, 1971; Section 

3.2.1c) and on the plains 

between domes, showing 

no linear alignment that 

would suggest that they 

have formed from 

degassing of near-surface 

dykes, such as those offset from the Rima Parry V rille (Head and Wilson, 1993). The 

locations of the cones as mapped by Whitford-Stark and Head (1977b) are shown by the 

pink dots in Fig 3.6a. As with the domes (Section 3.2.1a), the cones of Marius that 

occur on the plains are truncated by the Eratosthenian lavas of the mare (white arrows in 

Fig 3.8) and must therefore represent an older phase of volcanic activity in the area. The

•(

10 km
approximate scale

Fig 3.8: Section o f Lunar Orbiter V frame 215M showing examples o f 
cones in Marius Hills. Many cones are breached on one side by a lava 

flow, shown by the brown arrows, and as with the domes (Fig 3.5), they 
are older than, and truncated by, the Eratosthenian flows o f the 

surrounding mare plains (white arrows).
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superposition o f several cones on top o f the domes implies that the cones are younger, 

and may have exploited the same channels to the surface as the magmas that formed the 

domes.

The formation o f lunar cones demands a fast rate o f cooling and the development of 

coarse (larger than submillimetre) clasts (Wilson and Head, 1981). Smaller clasts will 

typically be widely distributed to form mantling deposits, and slower cooling may allow 

for the formation o f a lava flow if  the dispersed clasts are able to accumulate rapidly 

enough. Cones will therefore develop from strombolian activity in the form of 

intermittent explosive bursts and the eruption of coarse clasts (Weitz and Head, 1999). 

On Earth, cones and domes typically form from the eruption o f an evolved magma from 

a shallow magma reservoir; this is unlikely to be common on the Moon however, as the 

low density crust inhibits the development o f a shallow neutral buoyancy zone (e.g.

Head and Wilson, 1991; 1992). This has resulted in the majority o f lunar eruptions 

being fed from deep-seated sources to produce effusive activity, precluding the 

formation of pyroclastic constructs such as those seen at Marius Hills. It is therefore 

suggested that the shallow reservoirs that fed the domes in Marius Hills were refilled by 

the magmas that formed the cones. This would replenish the volatile content o f the 

materials and allow for the disruption o f the magma into coarse clasts, and would 

support the development o f strombolian volcanism. This also explains the 

preponderance o f cones on top o f the domes, if  the same channels to the surface were 

exploited by the magmas that formed both constructs. Several o f the cones display lava 

flows, and Weitz and Head (1998; 1999) suggest that these may have resulted from the 

rapid coalescence o f dispersed clasts that landed hot. However, such processes are more 

typical o f highly effusive fire fountain eruptions from which cones would be unlikely to 

form. A more reasonable suggestion is that the flows are simply the result o f late stage, 

low effusion eruptions from the strombolian activity that formed the cones themselves.

As for the low and steep sided domes (Section 3.2.1a), the cones are indistinguishable 

from their surroundings in the standard Clementine multispectral image. The locations 

of the cones mapped by Whitford-Stark and Head (1977b) are shown in Fig 3.6a, 

superimposed on the standard Clementine multispectral image. Recent analyses o f 

Marius Hills by Weitz and Head (1999) using the Clementine data have identified a 

correlation between the cones and dark spots (often partly surrounded by bright red
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Fig 3.9:Clementine image o f the Marius Hills region (red=750/415 nm, green=750/950 nm and blue=750 nm; 
Weitz and Head, 1999). Cones generally appear as black spots, and are often flanked by bright red lava flows. 

Examples o f cones displaying these spectral characteristics are indicated by the unlabelled arrows. Exceptions are 
labelled X (cones with no identifiable dark spot) and Y (representing dark spots in areas where no corresponding 
cone is seen in the photographic data). See Fig 3.6a for an image showing the location o f all cones in the region.

units) in an image stack comprising the 750/415 nm ratio in the red, 750/950 nm in the 

green and the 750 nm image in the blue; this image cube is shown in Fig 3.9, with 

selected cones located by the arrows. While there is a correlation between the majority 

of cones and dark spots in the image, there are cases where the dark spots are not clearly 

visible although a cone is present (e.g. points labelled X in Fig 3.9). In some, but not all 

cases, this is most likely to be the result of the presence of an associated red flow 

covering the darker spectral units, and the red flanks of the cone are still visible. 

Conversely, points labelled ‘Y’ in Fig 3.9 demonstrate there to be a number of clear 

dark spots in regions where no cone can be identified. Weitz and Head (1999) put this 

down to a significant fraction of the cone being destroyed to preclude its identification 

from photogeological observations. However, it is difficult to envisage a process that 

would destroy the morphology of a cone enough to render it unidentifiable from high 

resolution photographic materials while maintaining its spectral character. The 

abundance of dark spots in Fig 3.9 not associated with domes, and the few examples of 

cones with no associated dark spots argue for (1) a more diverse spectral signature for 

the cones than is recognised by Weitz and Head (1999), and (2) the localised presence 

of dark materials (of similar spectral characteristics to the dark spots in the multispectral 

stack shown in Fig 3.9) in regions with no associated pyroclastic construct.

69



The spectral signatures of a representative sample o f 20 cones both with and without 

distinct dark spots are shown in a plot of their 415/750 nm and 750/900 nm values (Fig 

3.10), designed to show variations in colour and the 1 pm absorption band strength (the 

750/950 nm ratio is more typically used to indicate the 1 pm band strength, but the 

750/900 nm value is used here to allow comparisons between these results and those of 

Weitz and Head, (1999)). As the spectral signatures are often localised in Fig 3.9, 

measurements were taken as an average of a 3 x 3 pixel box for each cone. Values are 

compared with those for various units within the mare (Section 2.3) but cannot be 

compared directly with those obtained by Weitz and Head (1999) (their Fig 7) due to 

differences between the photometric calibration used in the production of their data and
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Fig 3.10: Plot o f  UV/VIS (415/750 nm) and I pm band strength (750/900 nm) for the dark spots and red flanks o f  20 cones in 
Marius Hills compared to mare flows in the area. Dark spots show the bluest signatures and the weakest absorptions. Red 

flanks have stronger absorption bands, and are typically o f  comparable colour to the mare flows. These are generalisations and 
there is considerable scatter in the results for both the dark spots and red flanks.

that used throughout this project. However, similar patterns are seen in the distribution 

of the most extreme dark spot/red cone data points in Fig 3.10 with the selected spectral 

points of Weitz and Head (1999). As noted by Weitz and Head (1999), the dark spots 

are by far the bluest features in the region, considerably bluer than the most titanium 

rich flows, and with a weaker absorption in the 1 pm region. Also noted by Weitz and 

Head (1999), the red flanks of the cones are typically of comparable colour to the mare 

units, and display a stronger 1 pm absorption than the dark spots. The points in Fig 3.10 

cover a similar range in both colour (415/750 nm) and absorption (750/900 nm) to the 

limited sample studied by Weitz and Head (1999), but the majority of cones in Fig 3.10 

are intermediate to these and are not characterised by their analyses. This supports the 

inference that the cones display a more diverse spectral character than implied by the
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results o f Weitz and Head (1999), and in several cases are difficult to distinguish from 

the surrounding mare basalts, particularly for the red signatures.

The origin of the dark spots is suggested by Weitz and Head (1999) to be an abundance 

of spatter and cinder with a microlitic structure. These microlites would be pulverised 

to a fine grained component o f the soil during regolith formation and then act to darken 

the soils and reduce the strength o f the 1 pm absorption feature in a similar fashion to 

the agglutinitic glasses produced via space weathering (Section 1.2.1); the microlites do 

not redden the soils as agglutinitic glass does, however, allowing for the differentiation 

between the two. The wider variation in spectral character o f the cones in this study 

indicates that not all o f the cones have produced this microlite structure, and that some 

have a higher microlite abundance than others. The additional presence o f dark spots in 

Fig 3.9 outside regions in which cones have been recognised from the photographic data 

suggest localised spatter to have occurred in short effusive episodes to produce materials 

with a similar microlitic structure to that on the cones. The lack of a recognisable cone 

implies the activity in these areas to have been shortlived. Alternatively, the materials 

(often accompanied by red flanks or flows in Fig 3.9) may represent the localised 

dispersal of submillimetre clasts to form mantling deposits in shortlived fire fountain 

eruptions. Their dark appearance would make them difficult to differentiate from the 

background mare in photographic data and the vents may be covered by the mantle. 

Weitz and Head (1999) suggest that the annular red deposits common to the cones 

represent submillimetre glasses produced during eruptions and deposited on the cone 

flanks. The variation in absorption strength in the 1 pm region indicated for the red 

flanks in Fig 3.10 may be the result o f the combination of the glassy spectral signatures 

with those o f the microlitic materials on the cone. This interpretation is supported by 

the results from this study.

Overall, the Clementine analyses presented in this study indicate a broad range o f  

compositions for the cones o f Marius Hills. The majority o f cones are extremely blue 

and display a weak absorption band in the 1 pm region, thought to represent a microlitic 

structure in the erupted units (Weitz and Head, 1999). Associated with many of these 

microlites are redder units with stronger absorption features, suggested to represent the 

dispersal of submillimetre glasses onto the flanks o f the cones (Weitz and Head, 1999). 

The range of spectral characteristics demonstrated for the cones in this study indicates a
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large degree o f variability within these parameters, and the bulk sample appears to 

indicate intermediate properties compared with the few extreme cases presented by 

Weitz and Head (1999). In addition, it is thought that the additional dark spots seen in 

areas with no recognisable cone are more likely to represent localised mantles of 

microlites and glasses than collapsed cones. The clarity of the spectral signature for 

these deposits and the complete lack o f any related structure in the photographic data 

argue against the features representing the simple degradation o f a cone.

3.2.1 c) Rilles

The Marius Hills plateau contains 20 sinuous rilles (Whitford-Stark and Head, 1977b), 

some o f which appear to have fed some of the basalts in the central and south-eastern 

sections of Oceanus Procellarum studied in Sections 3.2.2 and 3.2.4 (Whitford-Stark 

and Head, 1980). The nature o f lunar sinuous rilles is not well understood, and there are 

two main possibilities as to their formation. Greeley (1971) suggested a purely 

constructional origin for the rilles in Marius Hills as lava channels or collapsed lava 

tubes. A second possibility is that they may be erosional features resulting from 

turbulent flows of lava fed by highly effusive, long duration eruptions (Hulme, 1973); 

models for the erosional activity o f lavas are still being refined (e.g. Ciesla and 

Keszthelyi, 2000; Fagents et aL, 2000). As an example o f the erosional mechanism, 

Hulme (1973) used one o f the rilles in Marius Hills (Rille A in this study and in Greeley, 

1971) to calculate an effusion rate o f 4 x 10"̂  m̂ s'̂  for a year, producing 1200 km  ̂of  

lava. Therefore, if  an erosional origin is accepted, the large number o f rilles in the 

Marius Hills area argues for the mare basalts in this region having been produced in 

high effusion rate eruptions. The two most prominent rilles in the Marius Hills area 

designated for this detailed study are shown in Fig 3.11, labelled Rille A and Rille B 

after Greeley (1971) with sources at 13.7° N, 304° E and 14.2°N, 304.3° E respectively. 

Greeley (1971) completed a thorough study o f several sinuous rilles in the Marius Hills 

area including both o f these features.

Rille A

At 48 km, Rille A is the longest o f the two (Greeley, 1971) with its source to the east of  

a wrinkle ridge, cutting through it as it trends westwards and downslope. The elevation 

of the rille is maintained through its passage across the ridge, and the rille is therefore
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Fig 3.11 : Section from Lunar Orbiter V frame 215M showing the two most prominent rilles in the area, labelled 

‘A ’ and ‘B’ after Greeley ( 1971 ). The two white arrows indicate 90° comers in the channel o f Rille A, suggesting 
structural control during rille formation. A similarly sharp junction in Rille B is shown by the pink arrow. The 

circled area shows a section o f Rille A that has been embayed by a younger mare flow.

most likely to have formed after the tectonic activity that resulted in the ridge, with the 

effusive lava flow breaching the ridge to erode the channel. The sharp 90° junction to 

the west (white arrow in Fig 3.11) demonstrates a high degree of structural control of 

the rille. Greeley (1971) quotes an average depth for the whole rille as being 56 m, but 

with a marked difference between the upper portion to the east of the ridge (80 m 

average depth) and the lower portion to the west of the ridge (29 m average depth). The 

source head of the rille is 50 m deep. Part of the rille in the western region has been 

shallowly flooded by a younger mare flow (circled in Fig 3.11), which is areally 

extensive but thin (less than 29 m), as demonstrated by its failure to completely fill the 

channel produced by the rille.

The rille’s source crater shows evidence of slumping from an adjacent volcanic dome, 

explaining a compositional change seen on the southern wall in the multispectral image 

(Fig 3.12). In this area, its colour changes from a cyan/green to a dark blue colour 

(identical to that of the adjoining dome) in Fig 3.12b. Slumping of material from the 

dome down the rille wall would explain the localised nature of the spectral shift and is 

supported by the presence of boulders up to 40 m in diameter (Greeley, 1971) seen on 

the floor of the rille source. Although Greeley (1971) demonstrates the profile of the 

rille on the eastern side of the ridge to have a ‘V’ shape compared to the flat bottomed
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section to the west, this is indicative of the partial mare flooding to the west. The 

eastern section of the rille is still relatively flat, and supports the suggestion that 

slumping has occurred in the area.

Rille B

Rille B is 35.7 km long, also trending downslope to the west and cutting through the 

wrinkle ridge. The sharp junction at this point (pink arrow in Fig 3.11) again 

demonstrates structural control, but the depth of the channel is maintained throughout its 

passage across the ridge and the rille must therefore have formed after the development 

of the ridge. The rille has an average depth of just 29 m but, as was seen for Rille A, it 

displays a significant change in depth as it trends from east to west, with the eastern part 

of the rille having a much larger average depth of around 95 m (Greeley, 1971). The 

source of Rille B also extends to a depth of 95m, and has an unusual elongate shape.

The western portion of the rille does not show clear signs of having been embayed by 

the same thin flow that partially flooded Rille A, although the large decrease in the 

depth of the channel in this region suggests some infilling to have occurred. This may 

take the form of slumping, however, which is evident in many places along the rille and 

has produced a relatively flat floor (Greeley, 1971). If this is the case, then the rille will 

be younger than its counterpart to the south, and may have formed either after or 

concurrent with the emplacement of the mare flow that embays Rille A.

Fig 3.12: The source head of Rille A (see Fig 3.11). a) Section from Lunar Orbiter V image 213H2. 
The arrow indicates the direction of slumping, and boulders are strewn across the surrounding rim 

and wall, b) Corresponding section of the Clementine multispectral image, showing a distinct 
compositional change from the cyan/green rille wall to a dark blue of the adjacent dome in the 

slumped area. The rille head is approximately 2 km across from its north-east to south-west edge.
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Fig 3.13: Clementine images of Rilles A and B (see Fig 3.11). a) Standard multispectral 
image, showing a cyan signature for the walls of Rille A and a yellow/green signature for 

Rille B. b) Greyscale FeO image (light areas are iron rich) showing the walls of both rilles to 
be rich in iron, similar to the fresh basalts of young craters on the mare plains.

The Clementine multispectral image o f  the rilles (Fig 3.13a) shows Rille A to display a 

bright cyan signature in its walls whereas Rille B appears a more yellow/green colour, 

as was noted by Gillis and Spudis (1995) and Bussey and Spudis (1996). The FeO map 

(Fig 3.13b) o f  the area shows the walls o f  both rilles to contain abundant iron, similar to 

the fresh exposures o f  basalt seen in the impact craters across the area. The 

corresponding cyan signature for Rille A in the multispectral image was previously 

thought to be consistent with a feldspathic composition (e.g. Gillis and Spudis, 1995; 

Bussey and Spudis, 1996), but the addition o f  the FeO data and five-point spectra show  

this to be an incorrect assumption; this demonstrates the need to analyse all available 

data, including the FeO maps (and TiO] maps where appropriate), to gain a complete 

understanding o f  an area. Therefore, contrary to the suggestions o f  Gillis and Spudis 

(1995) and Bussey and Spudis (1996), neither rille has eroded deep enough to expose 

highland bedrock, and the mare basalts in the regions must extend to depths greater than 

the rilles (i.e. an average o f  56 m for Rille A and 29 m for Rille B). The deeper eastern 

sections o f  both rilles (80 m for Rille A and 95 m for Rille B) provide lower limits for 

the thickness o f  the lavas in these regions (Section 3.2.3).

3.2.1 d) Summary o f the Nature o f the Volcanism in Marius 

Hills

The diversity and density o f  volcanic features seen in the Marius Hills region support a 

similar diversity in the nature o f  the volcanic activity that structured the region. The 

domes and cones in the area are truncated by younger (primarily Eratosthenian;
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McCauley 1967) mare flows, and represent the oldest visible volcanic features in the 

area. The formation o f the domes in Marius Hills is most likely to have been through 

low effiision rate eruptions o f low temperature crystalline lavas (Weitz and Head, 1999). 

The wide variation in titanium content o f the domes suggests that either they developed 

from a number o f localised sources of various compositions, or they formed from a 

single large source region over a period o f time long enough for the titanium content of 

the magma to evolve. The cones in Marius Hills also suggest a low effusion rate 

eruption, and require the production o f large (larger than submillimetre) clasts (Wilson 

and Head, 1981). The cones erupted quenched materials in the form of microlites and 

glasses (Weitz and Head, 1999), and these are now seen in varying concentrations on 

their flanks and summits (Figs 3.9 and 3.10). Localised mantles o f glassy and microlitic 

materials are also seen in the multispectral data, with no corresponding pyroclastic 

construct in the photographic data, suggesting either (1) eruptions that were too short

lived to allow for the development o f a cone or (2) extremely low effusion rate eruptions 

of submillimetre clasts. The similar characteristics required to form both the domes and 

cones in the area, and the location o f many cones on top of the domes, imply re-filling of 

shallow magma chambers to have occurred after the dome-forming eruptions. This 

allows for the replenishment o f volatiles in the magma chamber, required to disrupt the 

magmas during the strombolian activity that formed the younger cones, and would 

explain the location o f some cones on top of the domes (if the same reservoir-surface 

channels are exploited).

The low effusion rates required to form the cones and domes at Marius Hills contrast 

with the extremely effusive activity required to form the large number o f sinuous rilles 

in the region, if  these are erosional features (e.g. Hulme, 1973). Some o f the rilles fed 

many of the Eratosthenian mare lavas in this region o f Oceanus Procellarum (Whitford- 

Stark and Head, 1980; Section 3.2.2) and therefore developed from a later phase of 

volcanic activity. Overall, the domes and cones at Marius Hills are most likely to be the 

result o f low effusion rate eruptions fed by numerous dykes and shallow magma 

reservoirs. The later highly effusive eruptions more typical o f the Moon (Head and 

Wilson, 1991) occurred in the Eratosthenian epoch (3.2 to 1.2 Ga) and resulted in the 

formation o f the sinuous rilles.

76



3.2.2 Flow Boundaries in Central and South-East Procellarum

There has been a lot o f effort placed into mapping the extent o f the flows in the nearside 

maria using reflectance spectroscopy data obtained from ground-based telescopes (e.g. 

Adams et al., 1981). Studies o f the western nearside basalts o f Oceanus Procellarum 

(e.g. Whitaker, 1972; Pieters and McCord, 1976; Johnson et al., 1977; Pieters, 1978; 

Pieters et al., 1980; Sunshine and Pieters, 1990; Johnson et al., 1991; Weitz and Head, 

1999) have indicated a large variation in TiOi content across the mare and an extremely 

high (17 to > 25 wt%) FeO abundance; these observations are confirmed by this study, 

as can be seen in Figs 3.3d and 3.3e, with approximate ranges o f 2 -1 2  wt% TiO] and 8 

to 24 wt% FeO in the central and south-east region o f Procellarum studied. Telescopic 

studies by Pieters (1978) and Pieters et al. (1980) highlight the presence o f several 

unsampled basalt types, and indicate Flamsteed to be the type area o f one o f these (the 

‘Flamsteed Basalt’ type area, located at 43.5° W, 2.5° S). Results from some o f these 

studies were used in combination with photogeological and photometric observations to 

map the surface flows in Procellarum (Fig 3.14) and construct a stratigraphie column for 

the basalts therein (Whitford-Stark and Head, 1980; Table 3.1). The high spatial 

resolution o f the Clementine multispectral data now allows for the construction o f a 

more detailed unit map o f the region which can be used to test and refine the 

stratigraphy developed by Whitford-Stark and Head (1980) (Section 3.2.4).

3.2.2 a) Analytical Techniques

For the purposes o f mapping the basalts in this study, the multispectral and TiO: images 

are first used to search for all ‘potential flows’ visible in an area. The spectral character 

of a mature mare basalt in the Clementine data is primarily governed by its UV/VIS 

ratio, which itself is empirically related to the abundance of titanium in the soil (Charette 

et al., 1974; Section 1.2.1). Variations in the multispectral image will therefore 

correlate with changes in composition, provided soils are of a similar spectral maturity. 

Away from the fresh craters in the titanium map, all o f the basalts in the region can be 

considered as equally mature in the Clementine data (Sections 3.2 and 1.2.1) and 

variations in these areas therefore correlate with compositional boundaries, allowing for 

the delineation o f potential flow units in a mare. Additional boundaries can be placed 

around units with a different nature in the Clementine data, such as mottled
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Fig 3.14: Distribution of the Oceanus Procellarum Group Formations mapped by Whitford- 
Stark and Head (1980). Numbers on the axes are longitude west (x) and latitude (y). The 
region studied in this work is highlighted, and the basalts from the stratigraphie column are 
located where possible (see Table 3.1). (Adapted from Whitford-Stark and Head, 1980).

78



Member Defined Spectra* Age (10* years)*

Roris Basalt
Sharp Formation (2.7+0.7) 

hDSA 3.2 ± 0.2
Damoiseau Basalt mottled 3.2 ± 0.2
Hansteen Basalt mottled 3.2 ± 0.2
Zupus Basalt 2.7 ± 0.7
Flamsteed Basalt HDSA, hDSA 2.5 ± 0.5
Humorum Basalt hDSP 3.2 ± 0.2
Kunowsky Basalt hDSP 2.5 ± 0.5
Schiaparelli basalts hDSA, HD_ 2.5 ± 0.5
Ulugh Beigh basalts 3.2 ± 0.2
East Nubium basalts HD and mottled 2.7 ± 0.7

Delisle Basalt
Hermann Formation (3.3 ±0.3) 

LBS 3.2 ± 0.2
Marius Basalt mISP 3.3 ± 0.3
Cognitum Basalt mlG 3.3 ± 0.3
Lavoisier basalts mISP 3.5 ±0.1
Nubium basalts mIG 3.5 ±0.1

Dechen Basalt
Telemann Formation (3.6 ±0.2) 

LBG 3.6 ± 0.2
Aristarchus Basalt LBG 3.65 ± 0.05
Dark mantle materials 
South Procellarum Basalts LBSP, LI_

Gerard Basalt
Repsold Formation (3.75 ±0.05) 

hDW 3.75 ± 0.05
Dark mantle materials

See Table 3.2 for description of defined spectra. Age estimates are from Whitford-Stark and Head 
(1980), based on the techniques of Boyce and Johnson (1978).

Table 3.1 : The stratigraphy of the ‘Oceanus Procellarum Group’ defined by Whitford-Stark and 
Head (1980). Basalt Members listed in bold type are those present in the area analysed in this 
study according to previous mapping, and are discussed in the following Sections (3.2.2 to 
3.2.4). Further explanation of the regional stratigraphy is provided in Section 3.2.4.

and spectrally uniform basalts. With these boimdaries located, it is then necessaiy to 

test their validity and remove those that cannot be confirmed from quantitative analyses 

o f the Clementine data. For these purposes, a set o f criteria is required that will allow 

for the qualification o f a spectral boundary. The criteria used to classify spectrally 

distinct basalts from telescopic reflectance data were derived by Pieters and McCord 

(1976) and comprise measurements o f their UV/VIS ratio, normal albedo (i.e. 

percentage reflectance at zero degrees phase angle), and 1 }rm and 2 pm absorption 

bands; the resulting classification scheme consists o f a four letter designation for each 

basalt, as shown in Table 3.2. UV/VIS ratios in this classification system are compared 

with that o f a standard site in Mare Serenitatis to give the values in Table 3.2.

The Clementine data allow for corresponding measurements o f UV/VIS (415/750 nm) 

ratios, 1 pm absorption strengths, and TiOz wt% values (using the algorithms of Lucey 

et al., 1998a), but lack albedo or 2 pm band observations. This, in combination with
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Values UV/VIS Ratio’ Albedo 1 pm band 2 pm band

High H: High (>1.05) B: bright (> 9.5%) S: strong P: present

h: med. high (1.02 - 1.05) I: intermediate (8 - 9.5%) G: general average

m: medium (.99 - 1.02) D: dark (< 8%) W: weak A: absent

Low
*

L: low (< .99) unknown

quoted (Pieters, 1978)

Table 3.2: Parameters used to characterise and distinguish mare basalt types from telescopic 
spectral reflectance studies. For example, an HDSA basalt has a High UV/VIS ratio, is Dark, 
displays a Strong 1 pm absorption and the 2 pm band is Absent. (Table from Pieters, 1978)

differences in spectral resolutions, precludes a direct quantitative comparison o f the 

telescopic and Clementine datasets and the transfer o f the telescopic classification 

scheme to Clementine analyses. Therefore, a set o f criteria that will allow for the spatial 

recognition of basalt types in the Clementine data must be empirically derived. To 

obtain these criteria, the multispectral image was used to measure the differences in 

UV/VIS and 1 pm band strength across several distinct spectral boimdaries. In order to 

put these measurements into context with the telescopic classification, boundaries 

between five spectrally distinct basalts recognised from the telescopic studies were 

included in the sample: the Flamsteed, Marius, Southern Procellarum, Damoiseau and 

Zupus Basalts (Pieters et a l,  1980; Whitford-Stark and Head, 1980). Several 

measurements were taken of each o f these units from the Clementine data, and the 

average values are shown in Table 3.3, including the UV/VIS ratio (415/750 nm), 1 pm 

band depth (750/950 nm) and TiOz wt% of each basalt. Measurements o f all units 

throughout this analysis were taken as an average value o f a 5 x 5 pixel box, and 

avoided fresh impact craters which could alter the spectral character o f a soil. Also 

shown in Table 3.3 is the telescopic classification for each basalt. Comparison o f these 

classifications with the Clementine values allows for the first order determination o f the 

variation in UV/VIS and 1 pm band strength values required to identify basalts of  

different telescopic classifications. To aid recognition o f these values, measured 

differences in the Clementine UV/VIS and 1 pm band strength values for each basalt are 

shown in Table 3.4. The selection o f a ‘boundary condition’ that will indicate the 

amount by which the UV/VIS ratio or 1 pm band strength has to differ in order to 

recognise basalts of different spectral classification, is subjective. In this study, a value 

of 0.015 is chosen to represent a clear spectral distinction, as this represents all major 

spectral variations measured in the multispectral image, and has already been
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successfully used to recognise basalts in a study o f a localised portion o f Oceanus 

Procellarum (C. L. Dandy, personal communication). A value o f 0.010 is selected as a 

lower boundary, below which there is no recognisable spectral distinction, and 

differences between these limits are deemed uncertain, so:

• A difference in the UVA^IS ratio and/or 1 pm strength o f > 0.015 indicates a 

compositional boundary from one basalt type to another.

• A difference of <0.010 indicates basalts o f indistinguishable spectral properties.

• A difference between 0.010 and 0.015 is treated as being uncertain.

All o f the basalts in Table 3.3 are distinguishable by their UV/VIS or 1 pm band 

strength properties using these criteria (Table 3.4). It should be noted that the

Basalt® Telescopic Spectral 
Classification*

Clementine wt % 
Ti02(±2)

Clementine 
415/750 nm 
(UV/VIS)

Clementine 
750/950 nm 
(Ipm band)

Flamsteed HDSA / hDSA 11 0.605685 0.957551
Marius mISP 6 0.584542 0.952411

S. Procellarum LBSP / LIG- 3 0.55977 0.943552
Damoiseau Mottled 6-11 (mottled) 0.590485 0.929091

Zupus -/vit*’ 1" 0.536331 0.933811
See Table 3.1; Section 3.2.4.

* See Table 3.2 and Pieters and McCord (1976), Pieters et al. (1980) and Whitford-Stark and Head (1980).
No quantitative spectral data were obtained by telescopic studies, but the Zupus basalt was recognised 

as a possible very low titanium (vit) deposit by Whitford-Stark and Head, (1980). The ± 2 wt% error of 
the TiOz algorithm places the Zupus basalt outside accuracy limits, and the 1 wt% value quoted can not 
therefore be regarded as absolute. The figure does however demonstrate it to be very low in titanium.

Table 3.3: The spectral character o f five basalts in Oceanus Procellarum as seen from analyses 
of telescopic and Clementine data.

Marius S. Proc. Damoiseau Zupus

Flamsteed
0.021143 0.045915 0.0152 0.069354 DifTerence in UV/VIS ratio

0.00514 0.013999 0.02846 0.02374 Difference in 1 jjm hand

Marius
X 0.024772 0.005943 0.048211 Difference in UV/VIS ratio

X 0.008859 0.02332 0.0186 Difference in 1 fjm band

S. Proc.
X X 0.030715 0.023439 Difference in UV/VIS ratio

X X 0.014461 0.009741 Difference in 1 fjm band

Damoiseau
X X X 0.054154 Difference in UV/VIS ratio

X X X 0.00472 Difference in 1 fjm band

Table 3.4: Differences in the UV/VIS ratio and 1 pm band strength of the basalts in Table 3.3 
as measured from the Clementine data. Values above the 0.015 boundary condition are red, 
those below 0.010 are green, and figures between 0.010 and 0.015 are blue. See main text for 
explanation.
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measurement o f differences in the 1 pm band strength is less certain than the UVA^IS 

ratio as a result of the photometric calibration problems, which fail to completely 

account for the wavelength dependence on phase corrections (Section 2.1.4). However, 

the additional processing undertaken to help correct for this (Section 3.1.1) reduces the 

resulting errors, and the 1 pm absorption is still considered to be a valid parameter for 

the distinction o f compositional boundaries in the area. In regions where the additional 

processing is less successful, these techniques can still be used to detect boundaries 

within individual orbital strips, and these can then be pieced together to form a map of 

spectrally distinct units.

The parameters discussed above can be used to test the validity o f all o f the potential 

boundaries originally mapped from the multispectral and Ti02 images. To complete 

this, measurements are taken from the five-band Clementine U W IS  data along all flow 

boundaries and within each unit, and differences in UV/VIS ratio and 1 pm absorption 

measured for each boundary. Any difference greater than 0.015 is treated as a true 

border between units o f different composition, all boundaries with differences o f less 

than 0.010 are removed, and anything between 0.010 and 0.015 is left on the map as a 

dotted line to represent an uncertain border.

The mapping o f basalts across the larger section o f central and south-east Procellarum in 

this study will help to further qualify the use of these techniques; the Flamsteed region is 

of particular interest for this as a detailed spectral flow map has already been produced 

from telescopic data (Pieters et al., 1980). The major advantage the Clementine data 

have over the telescopic measurements is in spatial resolution (200 m/pixel data or 

better are available for most regions on the Moon), and these techniques can therefore 

be used to map basalts that are recognisable over smaller regions than the units seen in 

telescopic studies.

3.2.2 b) Results

The techniques described in Section 3.2.2a have been used in each o f the study areas to 

construct maps o f the units that can be recognised from the spectral data alone. The 

Flamsteed and Marius Hills regions have both been investigated by previous researchers 

(e.g. Whitford-Stark and Head, 1980; Pieters, 1980; Sunshine et al., 1994; Weitz and
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Head, 1999), and the spectral and physical characteristics of the basalts present in 

central and south-east Procellarum from these studies are summarised in Table 3.5 for 

comparison with the following analyses. Flamsteed is o f particular interest, as it has 

been mapped in detail from previous telescopic spectral studies (Pieters et al., 1980), 

and this therefore provides an excellent point from which to begin the construction o f a 

new spectral unit map and test the techniques described in Section 3.2.2a. Results from 

Flamsteed and Marius Hills are then combined with the Damoiseau and Cavalerius 

regions to form maps o f central and south-east Procellarum. Differences in the UVAH[S 

ratio and 1 pm band strengths across each border are listed in Appendix 4 for each area.

Basalt Spectral Characteristics Physical Characteristics

Damoiseau
Mottled and 
uncharacterised.

Dated to approximately 3.2 ± 0.2 b.y. and a Member of 
the Sharp Formation. This is a thin unit that erupted 
near the highland/mare boundary, and appears to have 
buried its source.

Hansteen

Mottled and 
uncharacterised.

Dated to 3.2 ± 0.2 b.y. and a part of the Sharp 
Formation. This basalt was sourced near the 
highland/mare boundary crater Hansteen, probably as a 
single flow, and appears to have been blocked to the 
north by a barrier of highland material.

Zupus
Uncharacterised Sourced within the crater Zupus in the highlands to the 

south of Procellarum. This unit is dated to 2.7 ± 0.7 b.y. 
and is part of the Sharp Formation.

Flamsteed

hDSA/HDSA, with a high 
UV/VIS ratio, strong 1 (im 
absorption and 6 to 8 wt% 
titanium. The Flamsteed 
Basalt type area is located 
in Flamsteed P.

Part of the Sharp Formation, and dated to 2.5 ± 0.5 b.y., 
there are at least two spectrally distinct flows in this 
basalt. The units extent from the Marius Hills region 
down to terminate in the Flamsteed P.

Marius

Classified as an mISP 
basalt, with a medium 
UV/VIS and strong I pm 
band. The basalt contains 
approximately 3 to 4 wt% 
titanium.

Dated to 3.3 ± 0.3 b.y., and part of the Hermann 
Formation. This basalt occupies the majority of the 
region studied in this work and originated from sources 
on the western side of Marius Hills. The basalt is buried 
by the Sharp Formation Basalts on the Marius Hills 
plateau, and along the western edge of Procellarum, 
shows evidence of perhaps having been emplaced in 
two distinct episodes.

Cognitum

Classified as mIG, with an 
intermediate UV/VIS ratio 
and I pm absorption, and 
approximately 3 wt% 
titanium.

Member of the Hermann Formation and dated to around 
3.3 ± 0.3 b.y. This basalt occurs only locally in the 
region studied in this work, and has poorly defined 
boundaries in previous maps due to lack of spectra.

South Procellarum

Classified as LBSP, LIG 
with low UV/VIS values 
and strong/intermediate 
bands at 1 pm. Noted as a 
possible very low titanium 
(vit) basalt with < 1.5 wt% 
titanium.

A Member of the Telemann Formation (3.6 ± 0.2 b.y.), 
these basalts are seen only in isolated patches of high 
ground, particularly in highland/mare boundary areas 
and on mare ridge crests to the south. The preservation 
of these basalts on ridge crests surrounded by younger 
units is interpreted to result from the deformation of the 
Telemann Formation. This indicates the units to pre
date a period of extensive deformation in Procellarum.

Table 3.5: Summary of the spectral and physical characteristics of the Oceanus Procellarum 
Group Members present in central and south-east Procellarum (see Table 3.1). All data are 
taken from Whitford-Stark and Head (1980) and Pieters et al. (1980).
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The stratigraphy of the ‘Oceanus Procellarum Group’ developed by Whitford-Stark and 

Head (1980), and the Formations and basalt Members therein, will be referred to 

throughout these discussions; the stratigraphie column of this Group is shown in Table

3.1 for reference.

The Mare Basalts in Flamsteed

The Flamsteed region has been mapped in some detail by Pieters et al. (1980) using 

telescopic reflectance spectra, and results from this were incorporated into the 

stratigraphie column of Oceanus Procellarum by Whitford-Stark and Head (1980). The

telescopic data of Pieters
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K unow*ky *##«1$ (hOŜ )
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FormationHtfflfiorwm 

(hOSA)

Hermann
Formation

M a riw t • • •■ (» C *«n itum  l« M t l
(m IO )

I l o  (SouthProcellarum Telem ann  
Basalts) Formation

R epsold
Formation

IS S P .L S S  ■

|W m m | m a ta r la l

I Ux ) ( r * d  s p o t )  I I A a ja c ta  k la n k a t i

Fig 3.15: Geological units of the Flamsteed region as mapped by 
Pieters et al. (1980). Spectral classifications for each basalt are 

provided as defined in Table 3.2 and Pieters and McCord (1976). 
The axes are longitude west and latitude; the area incorporated into 

this study is highlighted. (Adapted from Pieters et al., 1980)

et al. (1980) extend 

farther east and north (30° 

to 52° W, 15°Sto 10° N) 

than the region covered in 

this study (42.88° to 

51.74° W, 0.25° N to 

18.83° S; incorporating 

south-eastern Cavalerius), 

and successfully 

identified seven distinct 

basaltic units in the mare 

and two in the 

surrounding highlands 

(Fig 3.15). A total of five 

Members of the 

stratigraphie column 

constructed by Whitford- 

Stark and Head (1980) are 

present in the smaller 

region studied in this 

research: the Flamsteed, 

Hansteen and Zupus 

Basalts of the Sharp 

Formation and the Marius
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and Cognitum Basalts o f the Hermann Formation (Table 3.1). The Hansteen and Zupus 

Basalts form localised units in the highlands and were sourced on the border o f or 

within the highlands (Whitford-Stark and Head, 1980). The Flamsteed Basalt covers a 

much larger area, estimated at 60, 000 km  ̂by Pieters et al. (1980) in their mapping 

region alone (Fig 3.15). The basalt extends beyond the limit o f Fig 3.15 to the north, 

and was fed primarily by a rille near the south-eastern edge o f Marius Hills (Whitford- 

Stark and Head, 1980; outside the region studied in this work), reaching down to 

terminate in Flamsteed P (a 112 km diameter circular structure o f mountains; Fig 3.16). 

The type area for the Flamsteed Basalt (43.5° W, 2.5° S) lies just within Flamsteed P, 

and was selected as the best exposed portion o f the basalt Member, relatively unaffected 

by features such as crater rays and ejecta, and therefore providing an uncontaminated 

signature. The Cognitum Basalt is restricted to a localised area in the south o f the 

region studied in this work, with a poorly defined boundary in Fig 3.15 as few spectra 

were available for that section o f the map (Pieters et al., 1980). The Marius Basalt, fed 

largely by the 210 km long rille on the south-western edge o f the Marius Hills plateau 

(Whitford Stark and Head, 1980; Fig 3.4), dominates the Flamsteed region and extends 

into the Damoiseau and Cavalerius regions to the west and north-west. The physical 

and spectral characteristics o f each o f these basalts as defined by Pieters et al. (1980) 

and Whitford-Stark and Head (1980) are provided in Table 3.5.

The maps generated for the Flamsteed region in this study are shown in Figs 3.16 to 

3.18. The original unit boundaries (Fig 3.16) compare favourably with those from the 

telescopic work of Pieters et al. (1980), although the Flamsteed Basalt (unit 15) shows 

no clear boundary between the hDSA and HDSA types seen in Fig 3.15. A total of 26 

units are originally mapped in Fig 3.16, some o f which (1, 4, 5, 8 ,1 2 ,1 4  and 16) were 

not identified by Pieters et al. (1980). Some of the borders within the complex 

incorporating flows 18 to 22 are also missing fi’om the telescopic results. After the 

calculation o f differences in UV/VIS ratio and 1 pm band strength along the unit 

borders (listed in Appendix 4.1) as described in Section 3.2.2a, some o f these additional 

boundaries are lost to leave 19 flows that can be spectrally distinguished from their 

neighbours using the Clementine data. All o f the remaining units are re-numbered and 

given a prefix o f ‘f  to designate their mapping fi-om the Flamsteed region. The final 

flow map (Fig 3.17) retains all o f the major compositional boundaries recognised by 

Pieters et al. (1980), and those that are uncertain generally correspond to a border with
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undifferentiated materials in Fig 3.15. Six units remain that were not recognised in the 

telescopic study o f Pieters et al. (1980) or the mapping o f Whitford-Stark and Head 

(1980), labelled f l, f4, f7, flO, fl7  and fl9  in Fig 3.17. The remaining 19 basalts are 

grouped and characterised in Table 3.6 and compared with the corresponding units 

measured by Pieters et al. (1980) and Whitford-Stark and Head (1980). The final 

compositional units are mapped stratigraphically in Fig 3.18.

From these data, it can be seen that there are ten localised Telemann Formation units in 

the region (fl, f4, f5, f7, f8, fl 1, fl3  to fl5  and fl9), all o f which are characteristic of 

the South Procellarum Basalt Member (Table 3.5) and occur on highland/mare 

boundaries, raised ridges and crater rims. These units all have low UV/VIS ratios and a

Flamsteed Unit 
number (Fig 3.17)

Clementine
characteristics

Corresponding unit from 
telescopic data

Stratigraphie placement and 
comments

fl,f4 ,f5 , f7, f8 ,n i,  
f l3 ,f l4 ,f l5 ,f l9

Low UV/VIS ratio, 
extremely low TiO; wt%, 
medium to strong 1 pm 
bands

LBSP flows of the South 
Procellarum Basalts in 
Flamsteed (Fig 3.15).

fl, 14, f7 and fl9  
unrecognised

South Procellarum Basalts 
(Telemann Formation).
The titanium content is 
below the accuracy limits of 
the algorithm used in this 
study, suggesting these 
units may be very low 
titanium (vit) basalts.

f2, f9, fl7, f is Intermediate, tending to 
high UV/VIS values and 
medium to strong 1 pm 
bands. Approximately 6 
to 8 wt% TiOa and 
mottled.

Undifferentiated HDSA 
and hDSA units. Poorly 
deflned boundary to the 
south (19). fl7 is the 
Hansteen Basalt and is 
not classified spectrally.

Undifferentiated part of the 
Sharp Formation. Unit fl 7 
is the Hansteen Basalt 
Member, also seen in the 
Damoiseau area.

G Extremely low UV/VIS 
value and TiOz wt%, 
weak 1 pm band

Zupus Basalt, recognised 
from photogeological 
work, but not spectrally 
classified.

Sharp Formation Member. 
Titanium contents are 
below the accuracy of the 
algorithm, suggesting a very 
low titanium basalt.

f6 ,fl2 Mottled with medium 
tending toward low 
UV/VIS values and 4 to 
6wt%Ti02. F6 has a 
medium 1 pm band 
strength, while fl2 has a 
weaker band.

The mISP Marius (16) 
and mIG Cognitum (fl2) 
basalts.

Hermann Formation 
Members, only separable by 
their I pm band strengths in 
the Clementine data.

flO,fl6 High UV/VIS values, 8 
to 11 wt% TiOz, and 
strong 1 pm bands.

HDSA and hDSA 
Flamsteed Basalt (fl6). 
19 not previously 
recognised.

Sharp Formation basalts of 
Flamsteed (fl6) cannot be 
separated into the hDSA 
and HDSA subgroups using 
the Clementine data. Unit 
flO is most likely a section 
of the hDSP Kunowsky 
Basalt extending to the east 
of the mapped area (Fig 
3.15)

Table 3.6: Characteristics of the basalts identified in the Flamsteed region using the Clementine 
data, and their relation to the units mapped by Pieters et al. (1980) and Whitford-Stark and 
Head (1980). See Tables 3.1 and 3.5 for the characteristics o f the Oceanus Procellarum Group 
basalts in the regional stratigraphie column.
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titanium abundance below the accuracy limit o f  the algorithm used in this study. This 

suggests (but cannot unequivocally prove) that the units are very low titanium (vit)

basalts, with <1.5 wt%

Flamsteed

0

Fig 3.16: Map showing the original units in the Flamsteed region 
delineated through observations of variations in the multispectral and 
titanium images of Clementine. The unit outlines are superimposed 

upon the multispectral image. Areas shaded white are highland 
materials. Flamsteed P is approximately 112 km in diameter.

TiO], as suggested by 

Pieters et al. (1980).

Units f6 and fl 2 

correspond respectively 

to the Marius and 

Cognitum Members o f  

the Hermann 

Formation, previously 

classified as mISP and 

mIG basalts. The 

Clementine data 

support these 

observations, and both 

units are mottled and o f  

intermediate tending 

toward low UV/VIS 

value, with TiO] 

contents o f  4 to 6 wt%. 

The Cognitum Basalt 

can be recognised from 

the Marius Member 

only by its weaker 1 pm 

band.

The Sharp Formation 

Units in the region are 

dominated by the 

Flamsteed Basalt (fl6 ), 

with a high UV/VIS
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value, 8 to i l  wt%

TiO], and strong 1 gm  

band, fitting the HDSA  

classification from the 

telescopic work. A 

similar high titanium 

basalt (8 to 11 wt% 

TiO]) is seen further 

south (flO), and was 

unrecognised in the 

telescopic data. It 

seems likely that this 

represents an extension 

o f  the Kunowsky 

Basalt, mapped as an 

hDSP unit to the east o f  

Flamsteed in Fig 3.15 

with a poorly defined 

south-western 

boundary. Other than 

these, f2, f9, fl 7 and 

f l 8 show an 

intermediate UV/VIS 

value and 1 pm band 

strength, tending 

toward the bluer and 

higher values. These 

units have a mottled 

appearance and TiO] 

values o f  the order o f  6 

to 8 wt%, and are

classified as undifferentiated hDSA following the nomenclature o f  Pieters et al. (1980). 

Unit f l7  was not included in the map o f  Pieters et al. (1980), but was recognised by 

Whitford-Stark and Head (1980), and forms the Hansteen Basalt Member o f  the Sharp

0

' m m

Fig 3.17: Units remaining after the calculation of differences along 
each border in Fig 3.16. Solid lines represent definite spectral 

boundaries, while dotted lines are uncertain boundaries. A total of 
19 units remain in the area. See main text for a discussion of these.
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UnH '

H i g h l a n d s

Mamsteed Basalt
High I'V/VIS value, strong 1 gm
absorption band and 8 to 11 wt*-o

SHARP
FORMATION

liOi
Kunovvsk\’ Basalt
High tIV.'ViS value, strong 1 gm
absorption band and 8 to 11 \vt?'o TiOi

IJiiditTerentiated High l itaniuin Basalt 
Mottled basalt with medium to high 
HV/\HS value. 6  to 8 wt% TiOj and 
a medium to strongl gm band

Hansteen Basalt
Mottled high titamum basalt with 6 to 8 wt° b TiOi, 
a strong 1 gm absorption and intermediate to high 
UV/VIS values. Not characterised spectrally in 
previous work

Ziipus Basalt
Extremely low UWVIS ratio and TiO; (possibly 
a very low titanium basalt) Medium to strong Igm 
band Not characterised spectrally in previous work

Marius Basalt 
Mottled basalt with medium to 
low U W I S  value, 4 to 6 wt" »
TiO: and a medium strength 
1 gm absorption band

Cognitum Basalt 
Mottled basalt with medium to low 
t ■ VV\TS ratio, 4 to 6 wt"o TiO,, and 
a weak 1 gm absorption band.

HERMANN
FORMATION

SoulhPr.Kellorum t o Rm a T O N
Basalts
Low UV/VIS ratio, with e.xtremely low TiOj wt"o 
(possibly a very low titanium basalt), and a medium 
to sgong 1 gm absorption

I lighland units and ejecta 

M ens Hansteen

20 km 
(approx. scale)

Fig 3.18: Final map of the units in the Flamsteed region showing the characteristics of the 
basalts in the region and their placement in the stratigraphy of the Oceanus Procellarum

Group.

Formation. Finally, unit f3 corresponds to the Zupus Basalt o f  the Sharp Formation, for 

which no spectral data were previously available (see Table 3.5). The Clementine 

analyses demonstrate the unit to have an extremely low UVA/^IS number and a titanium 

abundance below the accuracy limit o f  the algorithm used in this study, suggesting it to 

be a very low titanium (vit) basalt.

O f the six units unrecognised by Pieters et al. (1980), only f7 and f l7  display a border 

which is uncertain for its entirety in Fig 3.17. The f l7  unit (representing the Hansteen 

Basalt recognised from photogeological work by Whitford-Stark and Head, 1980), is 

located on the western edge o f  the image and adjoins the Damoiseau region; further
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evidence o f this unit and the reliability o f the fl7  boundary will be examined during 

analyses o f the Damoiseau area. Units f l, f4, f7 and fl9  are all very low titanium 

basalts o f the Telemann Formation, and occur over localised regions beyond the spatial 

resolution of the telescopic data (e.g. f l , f4 and f7) and/or in regions where few spectra 

were available. Similarly, the flO unit, suggested here to be part o f the Kunowsky 

Basalt Member of the Sharp Formation, occurs in a region o f undifferentiated hDSA 

with poorly defined boundaries in Fig 3.15, due to the lack of spectra available (Pieters 

et a/., 1980). Overall, the lack o f small flows identified in the region (bar those 

representing localised exposures o f the Telemann Formation), supports the formation of  

the Hermann and Sharp Formation basalts via effusive fissure eruptions as opposed to 

the smaller dome and cone eruptions seen at Marius Hills (Section 3.2.1).

It is clear from this study that although the spectral resolution o f data from the 

Clementine U W IS  camera limits the extent to which basalts can be recognised from 

their spectral character alone (boundaries between basalts of similar character, such as 

the hDSA and HDSA boundary in the Flamsteed Basalt cannot be detected), all 

boundaries between major basalt Members are detected. The characters o f the basalts in 

the final map are also similar to those developed from the higher spectral resolution 

telescopic studies. The techniques employed in this research are therefore viable for the 

detection o f major compositional boundaries in the maria, and will be o f particular 

interest in regions such as Marius Hills where little high spatial resolution flow mapping 

has been attempted. The resulting maps o f the Flamsteed Region will be used to 

produce regional maps o f central and south-east Procellarum which are then tied in with 

the stratigraphy o f the Oceanus Procellarum Group in Section 3.2.4.

The Mare Basalts in Marius Hills

Whitford-Stark and Head (1980) identified two major basalt Formations on the outskirts 

of the Marius Hills. The units on the northern and eastern edge o f the plateau represent 

some o f the youngest basalts on the Moon and are part of the Sharp Formation, while 

older Hermann Formation units are seen to the south and the west (Fig 3.14; Table 3.1). 

The Hermann Formation basalt Member in the region is the Marius Basalt, and covers a 

large portion o f Oceanus Procellarum to the south and south-west, including much of 

the Cavalerius, Damoiseau and Flamsteed regions. The Marius Basalt was fed largely 

by the 210 km long rille on the south-western edge o f the Marius Hills plateau
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(Whitford Stark and Head, 1980; Fig 3.4), and the rille cuts into, and therefore post

dates, the materials on the rise. Volcanism on the plateau appears to have continued 

long after the formation o f the rise (Section 3.2. Id) and into the Eratosthenian period. 

The Marius Hills volcanic complex was not incorporated into the stratigraphy o f  

Whitford-Stark and Head (1980).

A recent study using the Galileo multispectral data (Sunshine et al., 1992) identified two 

high titanium units in the Marius Hills region, one with a strong 1 pm absorption similar 

to that o f the basalts o f the surrounding mare, and a second with a weaker 1 pm band 

than the surrounding basalts. A far more diverse range o f basalts was recognised by 

Weitz and Head (1999) on the basis of the UV/VIS ratio and 1 pm data from 

Clementine, but they could only clearly identify two main units: a high titanium basalt 

appearing various shades o f blue in the multispectral image, and a lower titanium unit 

appearing redder in the multispectral image. This division left several intermediate 

areas which could not be placed into either o f the two main categories, and no attempt 

was made to delineate boundaries for any mare unit. The high titanium basalts were 

found to be generally darker, but both main units exhibited a wide range o f 1 pm band 

strengths. The global Ti02 and FeO maps of Lucey et al. (1998a) were used by Weitz 

and Head (1999) to give values on the plateau o f 8 to 11 wt% TiO] and 17 to > 25 wt% 

FeO, similar to the surrounding regions o f Oceanus Procellarum, but no high resolution 

FeO or TiO] maps were constructed. The 157 m/pixel maps produced from this study 

(Fig 5.6b and 5.6c) indicate values of 18 to 24 wt% FeO and 8 to 11 wt% TiO] for the 

bulk o f the plateau, with more localised intermediate and low titanium units of up to 8 

wt% TiO]. The boundary o f the raised plateau does not conform particularly well with 

any clear compositional boundary on the multispectral image (Fig 3.4), and Weitz and 

Head (1999) suggested this to be an indication that volcanic activity on the plateau was 

concurrent with the mare basalt eruptions in Oceanus Procellarum. This is confirmed by 

careful study o f the multispectral image (Fig 3.4). The presence o f the source rille for 

the Marius Basalt on the south-western border o f the plateau is a clear indication that 

basalts in the Oceanus Procellarum mare formed after activity on the rise in that region. 

Conversely, basalts fed by two prominent rilles in western Marius Hills (Rilles A and B 

in Section 3.2.1c) are seen to post-date the western mare basalts, and extend beyond the 

western plateau boundary. Activity on the rise was therefore concurrent with the 

eruption of the mare basalts in Oceanus Procellarum.
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The maps o f the Marius Hills region constructed from this study are shown in Figs 3.19 

to 3.21. The original flow map constructed from variations seen in the multispectral and 

Ti02 maps consisted o f 35 discrete units (Fig 3.19). As was seen by Weitz and Head 

(1999), there are two main compositional units o f contrasting titanium content on the 

plateau: a mottled high titanium unit (flow 25) and several discrete lower titanium 

basalts (e.g. units 1 to 11). Apart from these, a large portion o f the central plateau is 

dominated by a generally red, low titanium mottled lava (unit 16), and isolated patches 

of intermediate composition are seen within each o f the mottled units. On the north

western border o f the plateau is an extremely blue, high titanium lava (unit 35) forming 

one o f the most distinct borders in the region. After the calculation o f differences in 

UV/VIS ratios and 1 pm band strength along each border (Appendix 4.2), a total o f 27 

units remain that can be spectrally distinguished from their neighbours (Fig 3.20).

These are renumbered and prefixed with an ‘m’ to denote their presence in Marius Hills 

when comparing flows with other areas. The remaining units are characterised in Table 

3.7 and a map o f the compositional information is provided in Fig 3.21.

The oldest units in the region belong to the Hermann Formation and form two discrete 

groups: (1) mottled high titanium units (e.g. m l5 and m l9) with 6 to 11 wt% TiOz, high 

UV/VIS values and strong 1 pm bands, and (2) units m3 to m7, all o f which are mottled 

and o f intermediate tending toward low UV/VIS value, with 4 to 6 wt% Ti02 and 

intermediate 1 pm band strengths. Both o f these groups are inferred to represent the 

Marius Basalt, the high titanium basalts representing an earlier phase of emplacement, 

underlying the younger medium to low titanium units that are dominant elsewhere. The 

younger units represent the basalt that was spectrally characterised in the Flamsteed 

region by Pieters et al. (1980), and were partly fed by the rille on the south-western edge 

of the Marius Hills plateau in the m5 unit. However, the Marius Basalt is known to 

have been emplaced in several phases over a considerable period (Whitford-Stark and 

Head, 1980). The stratigraphie relationship o f the Hermann Formation with ejecta from 

the crater Cardanus (74° W, 10° N, just beyond the western edge o f the Cavalerius 

region) shows different units to predate and postdate the formation o f the crater. Several 

partially buried rilles in the Marius Basalt were also recognised by Whitford-Stark and 

Head (1980) to have been embayed by later phases o f emplacement from the Hermann 

Formation. For these reasons, the mottled high titanium basalts in the region are
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Marius unit number 
(Fig 3.20)

Clementine
characteristics

Corresponding unit from 
telescopic data

Stratigraphie placement and 
comments

ml, m2, mS to ml3 Uniformly low titanium 
basalts (1-4 wt% TiOz), 
displaying low UV/VIS 
ratios and weak 1 pm 
bands.

None. These units are seen to 
border the Marius plateau, 
and do not fit with the 
characteristics of the Sharp 
Formation Members noted 
by Whitford-Stark and 
Head (1980) and Pieters et 
a l (1980) (Tables 3.1 and 
3.5).

m3 to m7 Mottled and of 
intermediate tending 
toward low UV/VIS 
value, 4 to 6 wt% TiO; 
and intermediate 1 pm 
band strengths.

The mISP Marius Basalt, 
as seen by Pieters et a l 
(1980) in the Flamsteed 
area.

Hermann Formation Marius 
Basalt Member.

ml4, ml7 and mlS Mottled (6 to 8 wt% 
Ti0 2 ) and display an 
intermediate tending 
towards high UV/VIS 
value and 1 pm band 
strength.

Undifferentiated high 
titanium basalt, as seen 
by Pieters et a l (1980) in 
the Flamsteed area. Not 
identified previously in 
the Marius Hills region.

These Sharp Formation 
units are spectrally similar 
to the undifferentiated high 
titanium basalts mapped in 
the Flamsteed region by 
Pieters et a l (1980).

ml5, ml6, ml9, m22 
and m24

Mottled basalt with high 
UV/VIS values and 
strong 1pm bands, 
containing 6 to 11 wt% 
TiOz.

Early Marius Basalt, not 
classified spectrally.

This is considered to 
represent an early phase of 
the Marius Basalt Hermann 
Formation Member.

m20, m21, m23, m25 
to m27

High UV/VIS values, 8 
to 11 wt% TiOz, and 
strong 1 pm bands.

HDSA and hDSA 
Flamsteed Basalt and 
Schiaparelli Basalt.

Sharp Formation basalts of 
or similar to the Flamsteed 
Basalt. Flow 27 on the 
north-west edge of the 
plateau is most likely a 
section of the hDSA 
Schiaparelli Basalt 
extending to the north of 
the mapped area.

Table 3.7: Characteristics o f the basalts identified in the Marius Hills region using the 
Clementine data, and their relation to the units mapped in Oceanus Procellarum by Pieters et a l  
(1980) and Whitford-Stark and Head (1980). See Tables 3.1 and 3.5 for the characteristics of 
the Oceanus Procellarum Group basalts in the regional stratigraphie column.

considered to represent an old phase Marius Basalt emplacement (for further evidence 

of the stratigraphie placement o f these basalts also see unit c8 in Table 3.8 and Fig 3.26 

in the Cavalerius study area).

The region is dominated by Sharp Formation units. Units m20, m21, m23 and m25 are 

all high titanium basalts (8-11 wt% TiO]) similar to the Flamsteed Basalt, with a high 

UVA/^IS ratio and strong 1 pm absorption. As was seen with the hDSA/HDSA 

boimdary in Flamsteed P (Fig 3.15), it is possible that minor compositional boundaries 

within these imits have gone undetected in the Clementine data. However, the m20 unit
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( ip p r o x  scale;

Fig 3.19: Original boundaries o f the basalts mapped in the Marius Hills region from the Clementine 
multispectral and titanium abundance images. The boundaries are overlain onto the multispectral 
image. See main text for discussion. Units labelled ‘R’ represent Reiner Gamma swirl material.

ni5

(approx. sca le )

Fig 3.20: The final unit map in the Marius Hills region after measuring UV/VIS and 1 pm band 
strengths along all borders. Solid lines represent a definite spectral boundary, while dashed lines are 

uncertain borders. See main text for discussion. Units labelled ‘R’ are part of Reiner Gamma.
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Fig 3.21 : Final map of spectrally distinguishable units in the Marius Hills region and their relation 
to the stratigraphy of the Oceanus Procellarum Group defined by Whitford-Stark and Head (1980).

See main text for discussion.

is contiguous with the Flamsteed Basalt in the Cavalerius region (see next section) as 

mapped by Pieters et al. (1980) on the north-western edge of Fig 3.15. To the north

west of the plateau, m27 forms a discrete unit of similar character to these HDSA 

basalts, and is most likely to be the Schiaparelli Basalt Member (Whitford-Stark and 

Head, 1980). Units m l4, m l7 and m l8 are mottled (6 to 8 wt% TiO]) and display an 

intermediate tending towards high 1 pm band strength and UV/VIS value. These are 

spectrally similar to the undifferentiated high titanium flows recognised by Pieters et al. 

(1980) in the Flamsteed region (Fig 3.18), and had not been previously identified in the 

Marius Hills area. One group of Sharp Formation flows remains that cannot be easily 

classified into the existing Members of the stratigraphie column. These are uniformly 

low titanium units (1-4 wt% TiO]) bordering the Marius plateau (e.g. m l, m2 and m8 to
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ml 3), displaying low UV/VIS ratios and weak 1 pm bands. These basalts do not fit 

with the characteristics o f the Sharp Formation Members noted by Whitford-Stark and 

Head (1980) and Pieters et al. (1980) (Tables 3.1 and 3.5), and are placed in the 

stratigraphie column noting their characteristics only in Fig 3.21.

As discussed in Section 3.2.1a, basalts around domes are not easily distinguishable from 

the background mare, and this is clear from the final flow map. Domes that are 

embayed by younger units o f a contrasting composition are seen in places (e.g. units 

m25, m23, m22 and m l3), but localised flows around the domes are not recognised by 

the criteria discussed in Section 3.2.2a. The units identified from this work will be tied 

in to the regional stratigraphy in Section 3.2.4, after the construction o f a flow map for 

the entire region o f central and south-east Procellarum.

The Mare Basalts in Damoiseau, Cavalerius, and Central and South-East Procellarum 

The flow map o f Whitford-Stark and Head (1980) for the Damoiseau and Cavalerius 

regions (Fig 3.14) is dominated by a single flow of the Marius Basalt from the Hermann 

Formation, sourced on the south-west edge o f Marius Hills. The only other units in the 

map are those o f the younger Damoiseau, Hansteen and Zupus Basalts o f the Sharp 

Formation. Damoiseau is a localised, thin basalt with no visible source, and is 

suggested by Whitford-Stark and Head (1980) to have been produced from a single 

eruption that buried the source (Table 3.5). The Hansteen Basalt was also seen in the 

Flamsteed region in this study, and was mapped with an uncertain boundary using the 

Clementine multispectral data (fl7  in Fig 3.17). The extension o f the unit into 

Damoiseau provides an opportunity to verify the boundary over a larger area.

The maps for the Damoiseau and Cavalerius regions produced from this research are 

shown in Figs 3.22 to 3.27. Caution was exercised in the tracing o f boundaries for both 

Damoiseau and Cavalerius, as the processing has failed to completely remove the effects 

of variations in phase from one orbit to the next despite the additional corrections made 

(Section 3.1.1). To ensure that these effects were not wrongly incorporated into the unit 

map, each orbital strip was first studied separately for signs o f compositional boundaries 

and these were then fitted together to form the boundaries in Figures 3.22 and 3.25, 

indicating 21 units in Damoiseau and 26 in Cavalerius. The boundary o f the Damoiseau 

Basalt is recognised in this map, but has been separated into three units (labelled 8, 16
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Cavalerius Overlap

15 km
(approx. scale)

Flamsteed
Overlap

Fig 3.22: The original boundaries mapped in the Damoiseau region using the 
Clementine multispectral and titanium frames. The overlaps between Damoiseau and 
the Flamsteed area to the east and Cavalerius to the north are indicated. Areas in solid 

white are swirl materials. See main text for discussion.

and 17 in Fig 3.22). This is a result of the mottled appearance of the basalt, with two 

large regions of exclusively high titanium basalt, mapped in Fig 3.22 as separate units (8 

and 17). The Zupus and Hansteen Basalts are also present in the Damoiseau region 

(units 21 and 4 respectively in Fig 3.22). In addition to these, there are several possible 

compositional boundaries seen within the Marius Basalt that were not mapped by 

Whitford-Stark and Head (1980). These appear as mottled regions of higher titanium 

content than is typical of the Marius Basalt seen in the Flamsteed region, and are present 

in both Damoiseau (units 10 and 19 in Fig 3.22) and Cavalerius (units 3,11 and 13 to 15 

in Fig 3.25).

After the calculation of differences in UV/VIS ratio and 1 pm band strength along each 

boundary (results listed in Appendix 4.3 and 4.4) and the removal of unrecognised
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Fig 3.23: The boundaries remaining in the Damoiseau area after the calculation of differences in 
UV/VIS ratio and 1 pm band strength along each border in Fig 3.22. Solid lines represent 

definite boundaries while dotted lines are uncertain, and the solid white areas are swirl materials. 
The overlaps between Damoiseau and the Flamsteed and Cavalerius region are indicated. See

main text for discussion.

borders, 16 units remain in Damoiseau and 17 in Cavalerius (Figs 3.23 and 3.26 

respectively). These units are renumbered and prefixed with a ‘d’ for the Damoiseau 

area and ‘c’ for the Cavalerius area. The characters of the remaining units in both 

Cavalerius and Damoiseau are listed in Table 3.8, and mapped in Figures 3.24 and 3.27 

respectively.

The Telemann Formation is represented only in Damoiseau, and is absent from the 

Cavalerius region. The d6 unit in Fig 3.23 is similar to the Telemann Formation units in 

the Flamsteed region, with an extremely low UV/VIS ratio and titanium abundance 

suggestive of a veiy low titanium (vit) composition. The single Telemann unit is located 

on a raised area close to, but not directly adjacent to a highland/mare boundary.
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Unit number (Figs 
3.23 and 3.26)

Clementine
characteristics

Corresponding unit 
from telescopic data

Stratigraphie placement 
and comments

dl,d2, d3,dl4, dl6, 
cl, clB , c4, c6 and 
cl2

Low to medium 
UV/VIS values and 
medium to weak 1 pm 
absorptions.

None. Undifferentiated basalts of 
the Hermann Formation, 
dl and d2 occur within the 
highlands, implying they 
formed from a separate 
source. These were not 
recognised as separate 
units in previous work.

d6 Low UV/VIS ratio, 
extremely low TiOz 
wt%, medium to strong 
1 pm bands

LBSP flows of the 
South Procellarum 
Basalts as were seen in 
Flamsteed (Fig 3.15).

South Procellarum Basalts 
(Telemann Formation). 
The titanium content is 
below the accuracy limits 
of the algorithm used in 
this study, suggesting 
these units may be very 
low titanium (vit) basalts.

d9 to d ll ,  c3, c8*, 
cl2, cl3, cl6  and cl7

Mottled basalt with high 
UV/VIS values and 
strong 1 pm bands, 
containing 6 to 11 wt% 
TiOz.

Early Marius Basalt, not 
classified spectrally.

This is considered to 
represent an early phase of 
the Marius Basalt 
Hermann Formation 
Member.

d2, d5, c2, c5, c l l  
and cl 5

Mottled and of 
intermediate tending 
toward low UV/VIS 
value, 4 to 6 wt% Ti02 
and intermediate 1 pm 
band strengths.

The mISP Marius 
Basalt, as seen by 
Pieters et al. (1980) in 
the Flamsteed area.

Hermann Formation 
Marius Basalt Member.

dl5 Extremely low UV/VIS 
value and Ti0 2  wt%, 
weak 1 pm band

Zupus Basalt, 
recognised from 
photogeological work, 
but not spectrally 
classified

Sharp Formation Member. 
Titanium contents are 
below the accuracy of the 
algorithm, suggesting a 
very low titanium basalt.

d4 Intermediate, tending to 
high UV/VIS values and 
medium to strong 1 pm 
bands. Approximately 
6 to 8 wt% Ti0 2  and 
mottled.

The Hansteen Basalt, 
also seen in the 
Flamsteed region.

Undifferentiated part of 
the Sharp Formation. 
Mapped with an uncertain 
boundary in the Flamsteed 
region, this basalt is 
represented as a definite 
unit in the Damoiseau 
area.

d7, d8,dl3 Mottled high titanium 
basalt (6 to 11 wt% 
Ti0 2 ) with high 
UV/VIS ratio and a 
weak 1 pm absorption.

Damoiseau Basalt, not 
spectrally characterised 
in previous work.

Sharp Formation basalt 
divided into three due to 
its large-scale mottling 
with two large areas of 
uniformly high titanium (8 
to 11 wt% Ti0 2 ).

c8 represents the raised rim and ejecta of Reiner crater, not a separate mare flow. The unit is spectrally 
distinct from the background mare basalts and is mapped here as a stratigraphie marker (see main text).

Table 3.8: Characteristics of the basalts identified in the Damoiseau and Cavalerius regions 
using the Clementine data, and their relation to the units mapped in Oceanus Procellarum by 
Pieters et al. (1980) and Whitford-Stark and Head (1980). See Tables 3.1 and 3.5 for the 
characteristics of the Oceanus Procellarum Group basalts in the regional stratigraphie column.
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Fig 3.24; The final map of the basalts in the Damoiseau region recognised and characterised using the 
Clementine data, and their placement in the stratigraphy of the Oceanus Procellarum Group defined by 

Whitford-Stark and Head (1980). See the main text for a discussion of the units present.

The dl, d2, d3, dl4, dl6, c l, clB , c4, c6 and c l2 units in Figs 3.23 and 3.26 show low 

to medium UV/VIS values and medium to weak 1 jam absorptions. At first glance, these 

appear to fit with the Telemann Formation basalts, but they are uncharacteristically large 

in area for exposures of these old units, and occasionally appear in regions apart from
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Fig 3.25: The original spectral boundaries mapped in the Cavalerius region using the Clementine 
multispectral and titanium frames. The solid line in the region lacking data represents the 

mare/highland boundary located using the airbrush map. Solid white areas are swirl materials.

the highland/mare boundaries and raised ridges (e.g. unit c6). In addition, the titanium 

contents of these units are similar to those of the Marius Basalt at 4 to 6 wt% TiOi, and 

they were not recognised to have a significantly different age from the surrounding 

Marius Basalt during the photogeological analyses of Whitford-Stark and Head (1980). 

For these reasons, the units are classified as undifferentiated basalts of the Hermann 

Formation. Two of these (dl and an isolated section of d2) are localised and occur 

within the highlands, implying they formed from a separate source. The remaining 

Hermann Formation units in the areas are inferred to be comprised of different phases of 

Marius Basalt emplacement, as discussed in the mapping of the Marius Hills region.

The majority o f the boundaries remaining in the Marius Basalt area mapped by 

Whitford-Stark and Head (1980) are uncertain using the parameters and techniques 

described in Section 3.2.2a. However, the region displays a far wider range of titanium 

contents (4 to 11 wt% TiO]) than the Marius Basalt (4 to 6 wt% TiO]) characterised by 

Whitford-Stark and Head (1980), and the boundaries that remain in Figs 3.23 and 3.26 

have isolated several discrete high titanium units within the Marius Basalt. Units d9 to 

dl 1 and c3, c8, cl2 , cl3 , c l6  and c l 7 are all recognised as high titanium (6 to 11 wt% 

TiO]) basalts with corresponding high UV/VlS values and strong 1pm bands. Their 

spectral characteristics and mottled appearance are similar to the ‘MH’ units mapped in 

the Marius Hills area (Fig 3.21), considered to represent an early phase of the Marius 

Basalt. Unit c8 is particularly important in confirming this as it represents a portion of 

the ejecta blanket and raised rim of the crater Reiner, not a separate ‘surface flow’, and 

can be used as a stratigraphie marker for the mottled high titanium basalts. The crater
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Fig 3.26: Unit boundaries remaining after the calculation of the differences in 1 pm band strength 
and UV/VIS ratio along each border in Fig 3.25. Solid lines represent definite boundaries, while the 

dotted lines are uncertain bounderies. Solid white areas are lunar swirl materials.

has excavated the high titanium units from beneath the more dominant Marius Basalt 

that covers much of Cavalerius and Damoiseau (units d5, c2, c5, c l l  and cl 5). The 

high titanium units must therefore predate the lower titanium basalts, and represent an 

early phase of the Marius Basalt Member of the Hermann Formation. The use of mature 

crater ejecta to study subsurface flows is discussed further in Section 3.2.3 and Fig 3.35.

The Sharp Formation basalts in the regions have all been represented in either Flamsteed 

or the Marius Hills, except for the Damoiseau Basalt. This is still recognised as three 

separate units as a result of its mottled appearance (d7, d8 and dl3 in Fig 3.23), and is a 

mottled high titanium basalt with high UVA/IS ratio and a weak 1 pm absorption. The 

basalt displays a wide range of titanium contents (6 to 11 wt% TiOi). The Hansteen 

Basalt, also seen in the Flamsteed region where it was mapped with an uncertain 

boundary, is represented as a definite unit in the Damoiseau area (flow d4 in Fig 3.23). 

This unit has an intermediate, tending to high UV/VIS value and medium 1 pm band 

strength. It contains approximately 6 to 8 wt% TiO] and is mottled. The Zupus basalt 

boundary (dl5 in Fig 3.23) is continued from the Flamsteed region and is covered in its 

entirety in Damoiseau.

In order to combine the regional maps to provide a unit map of the entire region of 

central and south-east Procellarum studied, all units and boundaries that border 

adjoining regions were compared using the same criteria described to recognise each 

flow within a region. The differences in UV/VIS and 1 pm band strength from this are
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Fig 3.27: Final map of the basalts in the Cavalerius region as recognised by the Clementine data, 
and their placement in the stratigraphy of the Oceanus Procellarum Group defined by Whitford- 
Stark and Head (1980). The starred unit (c8 in Fig 3.25) represents the raised rim and ejecta of 
Reiner crater, not a mare basalt flow. The unit is spectrally distinct form the background mare 

basalts and is mapped here as a stratigraphie marker (see main text for discussion).

shown in Appendix 4.5. All adjoining units showed a spectral match, and no conflicts 

were found between signatures from one region to the next. The final map of the 

region of central and south-east Procellarum studied is shown in Fig 3.28. Unit 

boundaries fit well with those of Whitford-Stark and Head (1980) and Pieters et al. 

(1980), and the most significant difference seen is within the Marius Basalt area. A total 

of 13 basalts remain, 10 of which are spectrally distinct in the Clementine data.

103



17.43 N 
289.5"C

17.43"N
317.12"C

: Xffl :

:...vui :
MH ..

\  : ; : M
UnM ••

d : - ~ .M il

hlands

20.43 S

20  km
(^ p ro x . scale)

20.43'S
289.5"C 317.12 E

Fig 3.28: Final unit map of the portion of central and south-east Procellarum studied in 
this work and their placement into the stratigraphy of the Oceanus Procellarum Group 
defined by Whitford-Stark and Head (1980). The map key is provided overleaf, and the 
units are discussed in the main text. The starred unit (c8 in Fig 3.26) represents the 
raised rim and ejecta of Reiner crater, not a mare basalt flow. The unit is spectrally 
distinct from the background mare basalts and is mapped here as a stratigraphie marker 
(see main text for discussion).
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The Flamsteed, Schiaparelli and Kunowsky Members are separated through their 

location. These results will be applied to the stratigraphy o f the region, as devised by 

Whitford- Stark and Head (1980), in Section 3.2.4.

3.2.3 Craters and Basalt Thickness in Central and South-East

Procellarum

An understanding of the thickness of mare basalts is important for many reasons.

Firstly, for this study it will allow for a better understanding of regional stratigraphy, 

and the testing o f Whitford-Stark and Head (1980) basalt thickness estimates for the 

stratigraphie column (Section 3.2.4). In addition, improved thickness values will allow 

for the refinement of estimates o f the volume o f basalt produced throughout the mare- 

filling episode o f lunar history, and this is an important constraint in models o f the 

thermal evolution o f the Moon (e.g. Horz, 1978). Previous investigations of basalt 

thickness in Oceanus Procellarum (e.g. De Hon, 1978, 1979; Horz, 1978) have used 

measurements o f the exposed rim height o f partially buried craters to infer the depth of 

burial using morphometric relations o f fresh impact craters (e.g. Pike, 1974,1977). The 

resulting isopach map o f De Hon (1979) is shovm in Fig 3.29 and indicates an average 

625 m thickness in the region studied here, with localised lenses more than 1500 m 

thick. These values are upper limits, as the technique assumes all craters to be relatively 

fresh prior to flooding and that the infilling process has not significantly altered the 

crater morphology (De Hon, 1979). The map also demonstrates the limited sample of 

partially flooded craters available in the western maria, with areas containing 

insufficient data for thickness calculations to be made highlighted by diagonal rules. Fig 

3.29 provides an excellent base from which to develop a map o f thickness estimates 

using the high spatial resolution data available from Clementine to fill the gaps and 

sample smaller craters across the entire region.

3.2.3a) Analytical T echniques

The Clementine data can be used to constrain estimates o f basalt thickness in Oceanus 

Procellarum by searching for evidence o f an impact crater having excavated highland 

materials from beneath the basalts. The spectra o f any feldspathic highland materials on 

the surface will contrast sharply with the signature o f a basaltic lava (Fig 3.30). A value
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Fig 3.29; Isopach map of the basalts in the western lunar nearside from DeHon (1979). The region 
covered extends well beyond the 17.43° N to 20.43° S and 289.5° E to 317.12° E area covered in 

this work, which has been highlighted. The isopach interval is 250 m, and regions with insufficient 
data are ruled. The values are upper limits, as discussed in the main text.

for the crater depth can then be calculated from known relations; all of the craters on the 

surface of the mare in the region studied are less than 15 km in diameter, so the 1:10 

excavation depth:diameter ratio for simple craters (Croft, 1980) can be used throughout 

this analysis. The calculated depth can then be considered to represent an upper limit 

for the thickness of basalts at that location. Conversely, the depth of a crater that has not 

excavated the underlying highland material can be used to represent the smallest 

possible basalt thickness at that point. Combined, these can be used to provide a range 

of possible thicknesses that will complement the values calculated by De Hon (1979), 

and includes regions which could not be represented in the earlier analyses through lack 

of data. For this study, crater diameters are measured from the Clementine images, and
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Fig 3.30; Example five-point spectra o f a fresh mare basalt and fresh 
lunar highland materials.

the boundary between a crater’s rim 

and ejecta is often not clear in these 

images. For the purposes of 

maintaining precision, these were 

disregarded for this work, and 

measurements were only taken for 

those craters whose diameter could be 

clearly measured from rim to rim in 

the Clementine data. A good example 

of such a crater is the example used in 

Fig 3.31.

A fresh basaltic signature will result in 

a yellow, green or cyan colour (or a 

combination thereof) in the 

multispectral image. Fresh highland

materials will also appear light blue or cyan, so the identification of a feldspathic 

signature in the ejecta of a crater can not be made through study of the multispectral 

image alone. In addition, most impacts that have exposed highland materials will not 

show a pure feldspathic signature, but will incorporate a degree of the basaltic character 

as well. These subtle mixes should still be detectable in the Clementine data, as the 

addition of a feldspar to the fresh basalt signature will result in a weakening of the 1 pm 

absorption band, and a complimentary drop in the FeO abundance. However, an 

apparent low FeO content can also be the product of a glassy impact melt. This will 

display a steep and featureless continuum in the five-point spectra and will be red in the 

multispectral image compared to a highland or basaltic signature. As a result, a 

combination of the multispectral image, FeO map and five-point spectra must be used to 

identify those impacts that have exposed highland soils in their ejecta. An example of 

this is shown in Fig 3.31 with an 8 km crater in the Flamsteed region. The example 

crater displays a fresh basaltic signature with a clear 950 nm absorption in its south wall 

and ejecta, while the absorption in the north wall and ejecta is far weaker. The northern 

deposits are also relatively low in FeO, and probably represent a mix of basaltic and 

highland materials. The crater is 8 km in diameter, so will have excavated to a depth of
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Fig 3.31 : An example o f an 8 km crater in the Flamsteed region that has excavated highland materials from beneath the basalts, a) FeO 
image, showing a distinct drop in iron on the northern crater wall; b) multispectral frame, showing a dark blue signature in low iron 

regions; c) five-point spectra demonstrating the north wall to be feldspathic compared to the south wall and ejecta. The thickness o f the 
basalts in the north must therefore be no greater than 800 m (assuming the 1 ; 10 depth:diameter ratio for simple craters; Croft, 1980)

800 m; this is therefore an upper limit to the thickness of the basalts at the crater’s 

northern edge and a lower limit for those to the south.

Since any impact that has incorporated feldspathic highland materials must have a lower 

iron abundance than the surrounding basalts, the FeO map is a reasonable place to begin 

surveying the craters. Any that show a sign of a drop in iron content can then be studied 

in further detail using the multispectral and five-point spectra for confirmation of a 

highland nature. Caution is exercised in the location of the points sampled for use in the 

five-point spectra, particularly when sampling an apparent feldspathic signature in a 

crater’s ejecta (as opposed to a crater wall), as it is important not to incorporate the 

signature of the mature mare background. The maturation of a basalt will also produce a 

weakening of the absorption near 1 pm, and this is easy to confuse with the weakening 

resulting from the addition of feldspathic materials. Because of this, all ejecta 

measurements were carefully located in those areas displaying the lowest iron content, 

and restricted to those portions by limiting the size of the pixel box sampled by the 

measurement. For example, if a portion of low iron ejecta covered a box of nine pixels, 

then an average value of a 3 x 3 pixel box would be taken from the centre of the box.

For ejecta covering regions smaller than this, or forming a pattern that is not easily 

constrained to a pixel box measurement, individual pixel values were taken and 

averaged. To reduce the possibility of misinterpretation of a signature, measurements 

were not taken of any compositional feature that did not clearly cover at least four
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pixels. This value was chosen to represent the minimum number o f pixels from which a 

signature can be satisfactorily characterised. Because o f the poor continuity of 

signatures in ejecta blankets and the problems avoiding sampling the background mare, 

a low iron signature on a crater wall would be measured and used in preference to those 

from crater ejecta wherever possible. The appearance of such a signature on a crater 

wall would also suggest that the impact has cut well into the underlying bedrock, while a 

signature restricted to the ejecta indicates a thickness closer to the depth o f the crater.

To differentiate between these scenarios, the resulting upper limits for basalt thickness 

are all accompanied by a bracketed two figure caption, comprising an indication of 

whether the measurement was taken from a crater’s ejecta (e) or wall (w), and the 

number o f pixels sampled. For example, the 8 km diameter crater in Fig 3.31 shows 

signs o f a feldspathic signature in the crater wall, and an average value from a 3 x 3 

pixel box was taken (a total o f 9 pixels); the upper limit for basalt thickness at that point 

is therefore 800 m (w9).

The spectral resolution of the UVVIS data does not allow for the recognition of different 

basalt compositions within fresh crater ejecta. However, if  an impact is old enough to 

have allowed its ejecta to mature then the ejecta’s spectral characteristics can be used to 

determine upper limits for the thickness o f the unit upon which it sits. These impacts 

are best recognised in the multispectral image, and will only be seen if the subsurface 

unit exposed is spectrally distinct from the surface flow. Measurement o f the ejecta of  

these impacts are made following the same guidelines as for those that have exposed 

highland materials (i.e. all measurements avoid incorporating the background mare 

basalts and cover a minimum o f 4 pixels).

3.2.3 b) Results

The criteria set in Section 3.2.3a have been used to measure a total sample o f 914 craters 

in the central and south-eastern sections o f Oceanus Procellarum covered by this study. 

Of these, only 13 show clear indications o f having excavated highland materials. These 

are all located in Flamsteed and Damoiseau, as shown in Fig 3.32, and are generally 

close to the mare/highland boundaries. As this upper limit sample is so limited, both in 

the number o f data points available and in their spatial distribution, these values cannot 

be reliably used to produce a thickness map. The upper limits for the thickness o f the
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Fig 3.32: The location of ail of the craters in the region studied that show definite signs of having 
excavated through the basalts to expose highland materials below. The craters are shown on the 

Clementine FeO map and are appended with the upper limit for the basalt thickness at that point (in 
metres), and an indication of the size and location of the measurement taken, as described in Section

3.2.3a.

basalts are instead indicated in Fig 3.32 and appended to selected lower limits generated 

from the remaining sample in Fig 3.34, providing a range of possible thickness values at 

these points.

The latitudes, longitudes, diameters and excavation depths of the remaining 901 craters 

measured to provide lower limit thickness values in this study are listed in Appendix 5.

A total of 183 craters were measured in Marius Hills, 174 in Cavalerius, 199 in 

Damoiseau and 345 in Flamsteed. The sample points are plotted in Fig 3.33, and are not 

evenly distributed. This is simply a result of the sample available that fit the criteria 

drawn in Section 3.2.3a, and of the relative ages of the basalts, the youngest of which 

show fewer craters and are therefore poorly sampled in this study. A final map of the 

region produced from these analyses is shown in Fig 3.34, listing selected thickness 

values from the sample (chosen to represent the highest value for the lower limit in that 

region) and comparing them to the upper limit values in Fig 3.32. Although the 

thickness map is relatively crude, it is clear that there is a variation in basalt thickness 

ranging from tens to hundreds of metres in localised regions bordering the highlands
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whereas, further from the highlands, the basalt thickness is consistently greater than 

several hundred metres. An average lower limit o f 160 m is seen from all the 901 data 

points measured across central and south-east Procellarum.

A total of 8 craters were sampled that show evidence of exposing a mature ejecta 

blanket o f a contrasting spectral character to the surface basalt. These provide an 

indication of the maximum thickness for the surface basalt and of the stratigraphie 

relationships at each crater. The sampled craters are identified in Fig 3.35, and occur in 

only the Flamsteed Basalt. All of the craters have a red halo of 4 to 6 wt% TiO], 

medium to low UVA/ ÎS value and intermediate 1 pm band strength (similar to the 

underlying Marius Basalt), and their excavation depths therefore provide upper limits 

for the thickness of the Flamsteed Basalt. The results demonstrate the Flamsteed Basalt 

to be considerably thinner than the average 400 m value suggested by Pieters et al.

Crater D (267)

Crater E (127)

Crater F (239)

Crater G (190)

Crater H (261)

Crater A (295)

/  Crater C (591)
^  /

Crater B (281)

Fig 3.35: Section from the Clementine multispectral image showing the location of craters in the 
Flamsteed Basalt that display mature halos of a similar character to the Marius Basalt, and therefore 
provide an upper limit for the thickness of the Flamsteed unit. The thickness values are provided in 

brackets and are calculated using the 1:10 depth:diameter ratio for simple craters (Croft, 1980).
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(1980), with upper limits o f the order o f 150 to 300 m across the Basalt. These results 

are applied to the volume estimates and stratigraphy o f the area in Section 3.2.4.

3.2.4 The Stratigraphy of Central and South-East Oceanus Procellarum

Whitford-Stark and Head (1980) used photogeological data, telescopic spectral 

reflectance data and photometric information to construct the regional stratigraphy for 

Oceanus Procellarum. The ‘Oceanus Procellarum Group’ basalts derived from their 

study are divided into four Formations which themselves are separated into basalt 

Members, as shown in Table 3.1. The basalt Members that are present in the area 

studied in this work according to prior mapping efforts are shown in bold in the table, 

and where applicable, are located in the flow maps o f Whitford-Stark and Head (1980) 

and Pieters et al. (1980) (Figs 3.14 and 3.15); the characteristics o f the basalts described 

in these studies have been summarised in Tables 3.6 to 3.8. The unit map and basalt 

thickness values derived from the Clementine data can be used to refine this 

stratigraphy, and demonstrate there to be several previously unrecognised basalts in 

central and south-east Procellarum (Fig 3.28).

The earliest units visible in the region mapped are those o f the Telemann Formation 

(aged at 3.6 ± 0.2 b.y.), consisting o f the South Procellarum Member o f the stratigraphie 

column (Whitford-Stark and Head, 1980; Table 3.1). These units are consistently found 

in small exposures bordering the highlands, and were classified as LIG or very low 

titanium basalts (<1.5 wt% Ti02) by Johnson et al. (1977) and Pieters (1978). This is 

confirmed in the Clementine analyses, as the units display titanium contents below the 

accuracy limits of the algorithm and an exceedingly low UV/VIS ratio and weak 1 pm 

band.

Overlying these units are the basalts o f the Hermann Formation (3.3 ± 0.3 b.y.), 

dominating the majority o f the region studied. The Members exposed in the region are 

the Marius and Cognitum Basalts, although the latter is present only in a localised 

region on the eastern edge o f Flamsteed (Pieters et al., 1980). The Marius and 

Cognitum Members can only be differentiated in the Clementine data using their 1 pm 

band strengths, as both have a mottled appearance with Ti02 contents o f 4 to 6 wt%.

The Marius Basalt, fed by several rilles on the western side of Marius Hills, in particular
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a 210 km rille on the south-western edge o f the plateau (Whitford-Stark and Head,

1980), extends across the largest area o f any Member in the region studied. Within this 

unit, particularly to the west, are several higher titanium units (8 to 11 wt% Ti0 2 ) with 

corresponding high UV/VIS values and strong 1 pm bands. These were not recognised 

in previous studies and are interpreted to represent an older phase o f Marius Basalt 

emplacement. Similar mottled high titanium basalts are present on the Marius Hills 

plateau, and underlie the younger Flamsteed Basalt o f the Sharp Formation. These 

mottled high titanium units are also seen to underlie the lower titanium episodes o f the 

Marius Basalt in regions raised above the surrounding plains (e.g. the raised rim of 

Reiner Crater in the Cavalerius region). Several regions o f undifferentiated medium 

titanium (4 to 6 wt% TiO:) units displaying weak 1 pm bands are also seen in the region 

and were previously unrecognised. The failure to identify any significant variation in 

age across the Marius Basalt using crater density and degradation studies (Whitford- 

Stark and Head, 1980) suggests these units to be a part o f the Hermann Formation.

The youngest basalts seen in the region are those o f the Sharp Formation (with ages of  

2.7 ± 0.7 b.y.), and the Damoiseau, Hansteen, Zupus, Flamsteed, Kunowsky and 

Schiaparelli Members are all present. The Hansteen and Zupus Basalts both form 

localised units in the southern highlands sourced at or near the mare/highland boundary 

(Whitford-Stark and Head, 1980) and are low titanium deposits. No spectral 

classification was available for these units in the stratigraphie column shown in Table

3.1, so their low UVVIS ratio, weak 1 pm band and probable <1.5 wt% TiO: (vit) 

characteristics measured in this study can now be added. The Damoiseau Basalt forms a 

localised unit overlying the Marius Basalts on the western edge o f Oceanus Procellarum, 

and was most likely sourced close to or within the highlands and buried its source 

(Whitford-Stark and Head, 1980). As with the Zupus and Hansteen Members, no 

spectral classification was available in the original stratigraphy (Table 3.1). The basalt 

is mottled and shows a wide range of titanium content (6 to 11 wt% TiO:) with a 

generally high UV/VIS ratio and a weak 1 pm band. This information can now be 

added to the stratigraphie column. The most extensive Member o f the Sharp Formation 

visible in the area studied is the Flamsteed Basalt, which has a high titanium content (8 

to 11 wt% TiO:) and UV/VIS value, and a strong 1pm band. This basalt extends from 

the Flamsteed P region up to and into the south-eastern edge o f the Marius Hills plateau 

as mapped by Pieters et al. (1980) and discussed by Whitford-Stark and Head (1980).
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The Clementine data shows basalts with these characteristics to extend across the entire 

plateau o f Marius Hills, and the units in this region represent some o f the youngest mare 

basalts on the Moon (Whitford-Stark and Head, 1980). A small unit o f similar spectral 

character is seen on the eastern edge o f the Flamsteed region, unrecognised by the 

telescopic work o f Pieters et al. (1980) owing to a lack of spectral data. This is possibly 

a section of the Kunowsky Basalt, fed from a rille well outside the region studied in this 

work. The Schiaparelli Basalt is seen on the north-western edge o f the Marius Hills 

area, also displaying high UV/VIS and titanium values (8 to 11 wt% Ti02) and a strong 

1 pm absorption, similar to the Flamsteed Basalt further south. Undifferentiated high 

titanium basalts, recognised in the Flamsteed region by Pieters et al. (1980), are also 

seen in the Marius Hills, with 6 to 8 wt% TiÛ2, an intermediate tending towards high 

UV/VIS value and 1 pm band strength. Finally, in the eastern reaches o f the Marius 

Hills plateau are a group o f uniformly low titanium units (1-4 wt% Ti02), displaying 

weak 1 pm bands and low UV/VIS ratios. These were previously unrecognised, and do 

not correlate with known spectral characteristics o f the Sharp Formation basalts noted 

by Whitford-Stark and Head (1980) and Pieters et al, (1980). The refined stratigraphie 

column o f the Oceanus Procellarum Group, including the properties o f all basalts 

measured in this study and the additional Member’s is illustrated in Table 3.9.

The approximate area covered by this research is 445, 000 km ,̂ and the average lower 

limit thickness for the basalts across the region is 160 m, while the average upper limit 

calculated from the data points o f De Hon (1979) is 625 m. These provide a range of 

basalt volume in the region of 0.7 to 2.8 x 10̂  km .̂ With the extreme variations seen in 

thickness from one region to the next, it would not be realistic to extrapolate these 

values across the entire basin, especially since the northern reaches o f Oceanus 

Procellarum are considered to be more deeply flooded than the south (Whitford-Stark 

and Head, 1977a). However, if  these volume limits are accepted, then the basalts in the 

regions studied using the Clementine data form 8-32 % of the total volume in Oceanus 

Procellarum, calculated by Whitford-Stark and Head (1980) at 8.7 x 10̂  km .̂

3.3 Summary

The Clementine data have been used to investigate a 445, 000 km  ̂area of central and 

south-east Oceanus Procellarum, incorporating the Marius Hills, Flamsteed, Damoiseau
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Member Defined Spectra’ Age (10" 
years)*

Clementine Results

Sharp Formation (2.7 ± 0.7)
Roris Basalt hDSA 3.2 ± 0.2
Damoiseau Basalt mottled 3.2 ±0.2 Mottled 6 to 11 wt% TiO2 basalt with a 

high UV/VIS ratio and a weak 1 fjm

Hansteen Basalt mottled 3.2 ±0.2
absorption 

Mottled basalt with intermediate, tending 
to high UV/VIS value and medium to

Zupus Basalt 2.7 ±0.7
strong 1 pm band. 6 to 8 wt% TiÛ2. 

Extremely low UV/VIS value and wt% 
TiÜ2, weak I pm band.

Flamsteed Basalt HDSA, hDSA 2.5 ±0.5 High UV/VIS ratio, 8 to 11 wt% Ti02,

Humorum Basalt hDSP 3.2 ± 0.2
and strong 1 pm bands.

Kunowsky Basalt hDSP 2.5 ±0.5 High UV/VIS value, 8 to 11 wt% TiO],

Schiaparelli basalts hDSA, HD_ 2.5 ±0.5
and strong 1 pm band.

High UV/VIS value, 8 to 11 wt% TiO],

Ulugh Beigh basalts 3.2 ± 0.2
and strong 1 pm band.

East Nubium basalts HD and mottled 2.7 ± 0.7
Undifferentiated High mottled Mottled basalt with 6 to 8 wt% TiO] and
Titanium Basalt medium to strong 1 pm band
Medium - Low Titanium Low titanium basalt (I to 4 wt% TiO2)
Basalt with low UV/VIS ratio and weak I pm 

band.
Hermann Formation (3.3 ± 0.3)

Delisle Basalt LBS 3.2 ± 0.2
Marius Basalt mISP 3.3 ±0.3 Mottled with medium tending toward low 

UV/VIS value, 4 to 6 wt% TiO] and

Marius Basalt 2
medium 1 pm band strength. 

Mottled with high UV/VIS values, a 
strong I pm band and 8 to II wt% TiO2.

Cognitum Basalt mIG 3.3 ±0.3 Mottled with medium tending toward low 
UV/VIS value, 4 to 6 wt% TiO] and

Lavoisier basalts mISP 3.5 ±0.1
medium 1 pm band strength.

Nubium basalts mIG 3.5 ±0.1
Undifferentiated Medium to 
Low Titanium Basalt

4 to 6 wt% DO2 basalt with low to 
medium UV/VIS value and medium to 

weak I pm absorption band.
Telemann Formation (3.6 ± 0.2)

Dechen Basalt LBG 3.6 ± 0.2
Aristarchus Basalt LBG 3.65 ± 0.05
Dark mantle materials
South Procellarum Basalts LBSP, LIG Low UV/VIS ratio, extremely low wt% 

TiO], medium to strong 1 pm band.
Repsold Formation (3.75 ± 0.05)

Gerard Basalt 
Dark mantle materials

hDW 3.75 ± 0.05

* Also see Table 3.1; Whitford-Stark and Head (1980); Pieters et al. (1980)

Table 3.9: Refined stratigraphy of the units in Oceanus Procellarum using the results from this 
study. Members in italics have been newly defined or characterised from this work (Adapted 
from Whitford-Stark and Head, 1980)
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and Cavalerius regions (Fig 3.2). The Marius Hills region has been studied in detail, 

using the Clementine data to study the nature of the volcanism in the area. In addition, 

techniques have been developed that allow for the mapping o f spectrally distinct units 

within a mare and the derivation o f limits for mare basalt thickness using the Clementine 

data. These techniques were tested and used to produce flow maps and thickness 

estimates for the basalts o f central and south-east Procellarum. These data were then 

used to test and refine the stratigraphy o f the area as derived by Whitford-Stark and 

Head (1980). This summary is divided into a review o f the results from the in-depth 

analyses of Marius Hills (Section 3.3.1) and an overview of the techniques and results 

from the mapping o f central and south-east Procellarum (Section 3.3.2).

3.3.1 Summaiy of Volcanism in the Marius Hills Complex

The Marius Hills area (Section 3.2.1) forms a raised plateau covering an area of 

approximately 35,000 km ,̂ and contains the densest and most diverse collection of 

volcanic structures on the Moon. The presence o f 262 domes, 59 cones and 20 rilles 

implies the area to have experienced contrasting styles of volcanism over time. The 

formation of the rise itself was followed by the volcanic activity that formed the domes 

and cones; these now represent the oldest phase of volcanism visible in the area, 

probably in the Imbrian era (Whitford-Stark and Head, 1977b), and are truncated by the 

younger Eratosthenian units (Fig 3.5).

The domes (Section 3.2.1a) are spectrally indistinguishable from the background mare 

basalts in the Clementine data (Fig 3.7), and are therefore basaltic, and do not represent 

the eruption o f more felsic lavas developed via igneous differentiation. Instead, dome 

formation is most likely to have been through low effusion rate eruptions o f low 

temperature crystalline lavas from shallow magma reservoirs (Weitz and Head, 1999). 

The wide variation in titanium content o f the domes (Fig 3.6) suggests that either they 

developed from a number of localised sources o f various compositions, or that they 

formed from a single large source region over a period o f time long enough for the 

titanium content of the magma to evolve. The eruption conditions described would 

support their development from a number o f sources at a shallow depth.
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The Marius Hills cones (Section 3.2.1b) are considered to have formed from the slow 

eruption o f large (larger than submillimetre) clasts, allowing for the accumulation of 

dispersed materials close to the vent and the development o f a cone (Wilson and Head,

1981). The location o f several cones on top o f the domes suggest re-filling o f the 

shallow magma reservoirs that formed the domes to have occurred. This would 

replenish the volatile content o f the magma, allowing for the disruption o f magmas to 

produce clasts and, in the right circumstances, would provide a natural channel to the 

surface that had previously been exploited by the magmas that formed the domes. The 

majority o f cones are extremely blue and display a weak absorption band in the 1 pm 

region (Fig 3.10), thought to represent a microlitic structure in the erupted materials 

(Weitz and Head, 1999). Associated with many o f these are redder units with stronger 

absorption features, representing the dispersal o f submillimetre glasses and the 

combination o f their spectral signatures with those o f the microlitic lavas on the flanks 

of the cones (Weitz and Head, 1999). The Clementine data display a large degree of 

spectral variability within these end members (Figs 3.9 and 3.10), suggesting the 

microlitic and glass concentrations to vary considerably between cones. Localised 

mantles o f glassy and microlitic materials are also seen in areas with no corresponding 

pyroclastic construct (Fig 3.9), implying either (1) eruptions of too short a duration to 

allow for the development o f a cone or (2) extremely low effusion rate eruptions of 

submillimetre clasts.

The rilles (Section 3.2.1c) represent the most recent phase of volcanism in the Marius 

Hills and sourced many o f the Eratosthenian mare lavas in Oceanus Procellarum 

(Whitford-Stark and Head, 1980). Rille formation through erosional activity demands 

extremely effusive activity (Hulme, 1973), contrasting the low effusion rate volcanism 

that fed the domes and cones.

3.3.2 Summary of Mapping Techniques and Results

The techniques used to map spectrally distinct basalts within a mare using the 

Clementine UVVIS data, as derived from this study (Section 3.2.2a), can be divided into 

four steps:
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1. Delineation o f initial boundaries from observations o f variations in spectral 

character in the multispectral image, or in titanium or iron content in the Clementine 

images, avoiding those variations resulting from differences in maturity (i.e. impact 

craters and highland ejecta).

2. Measurement o f spectral reflectance in each waveband at several points along each 

boundary and within each unit.

3. Calculation o f UV/VIS values (415/750 nm) and 1 pm band strength (750/950 nm) 

for each measurement taken in step 2, and the computation o f differences in these 

values either side o f each boundary.

4. For either ratio (415/750 nm or 750/950 nm), differences above 0.015 represent a 

distinct boundary and the border is left on the map. Differences below 0.010 caimot 

be distinguished from these data, and the corresponding boundary is removed. 

Values between 0.010 and 0.015 are uncertain, and the corresponding boundary is 

left as a dotted line on the final map.

These techniques have been used to independently map the units in the Flamsteed 

region, previously mapped in detail using telescopic data (Pieters et al., 1980; Fig 3.15). 

The resulting maps (Figs 3.17 and 3.18) successfully identify all major compositional 

boundaries recognised from the telescopic work, and highlight six additional units that 

were unrecognised by Pieters et al. (1980) due to a lack o f available spectra. The 

character o f the units in the Clementine data, including Ti02, FeO, 1 pm band and 

UV/VIS details, also compare favourably with the results o f Pieters et al. (1980) (Tables 

3.5 and 3.6). Similar maps have been produced for the Marius Hills, Cavalerius and 

Damoiseau regions (Figs 3.19 to 3.27) and combined with the Flamsteed results to form 

a regional unit map (Figs 3.28). A total o f 13 basalts, 10 of which are spectrally distinct 

in the Clementine data are present in the portion o f central and south-east Procellarum 

covered by the mapping. The basalts range in titanium content from below the 2 wt% 

accuracy limits o f the algorithm t o l l  wt% Ti0 2  and are generally consistent in location 

and character with those mapped by Whitford-Stark and Head (1980) (Fig 3.14 and 

Tables 3.5 to 3.8). The exceptions to this are in the Marius Hills complex where no 

previous attempt has been made to map the basalts, and in the western Marius Basalt 

unit, where several previously unrecognised high titanium units and undifferentiated 

basalts are detected.
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The technique employed to measure thickness limits o f basalts in the region uses 

analyses o f impact craters across the mare flows, searching for evidence o f an impact 

having excavated through the basalts to expose the highland materials below (Section 

3.2.3a). If highland materials are present, the depth o f the crater provides an upper limit 

for the thickness o f basalts at that point; otherwise, the depth o f the crater represents a 

lower limit. The 1:10 excavation depthidiameter ratio for simple craters (Croft, 1980) 

was used throughout this work. Evidence o f highland materials in a mare crater is best 

recognised through a corresponding drop in iron content seen in the Clementine FeO 

images. Confirmation is then provided by analyses o f the impact’s five-point spectra. 

Measurements for the five-point spectra always cover a minimum of four pixels, are 

carefully located to avoid incorporating the background mare, and are taken fi-om a 

crater wall where possible. Furthermore, only those craters whose rims are 

distinguishable from their ejecta in the Clementine data (and for which a clear rim to rim 

diameter can therefore be measured) are included in the survey.

With these restrictions, a total o f 914 craters were sampled. Just 13 of these provide 

upper limits for the basalts (Fig 3.32), and the remaining 901 craters were used to 

produce a lower limit map (Fig 3.34). In connection with upper limits obtained by De 

Hon (1979) this provides an estimate o f thickness limits across the mare. Basalt 

thickness ranges from tens to hundreds o f metres in localised regions bordering the 

highlands, while further from the highlands, the basalt thickness’ are consistently greater 

than several hundred metres. The average thickness o f the Flamsteed Basalt has been 

observed to be o f the order o f 150 to 300 m (Fig 3.35), well below the 400 m value 

suggested from previous work (Pieters et al., 1980; Whitford-Stark and Head, 1980).

Results from the mapping fit well with the stratigraphie column derived by Whitford- 

Stark and Head (1980) (Table 3.9; Section 3.2.4). The earliest units visible in the region 

are the South Procellarum basalts o f the Telemann Formation (3.6 ± 0.2 b.y.). These 

form localised units bordering the highlands, and display exceedingly low titanium 

contents and UV/VIS ratios, and weak 1 pm bands. These may be very low titanium 

basalts with <1.5 wt% TiOz.

Dominating the region is the Marius Basalt o f the Hermann Formation (3.3 ± 0.3 b.y.). 

The Cognitum Basalt o f the Hermann Formation is also present, but only in a localised
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region on the eastern edge of Flamsteed (Pieters et al., 1980). These two basalt 

Members both have a mottled appearance, with Ti02 contents o f 4 to 6 wt% and 

intermediate 1 pm band strengths. Within the Marius Basalt unit are several high 

titanium basalts (8 to 11 wt% Ti02) with high UV/VIS values and strong 1 pm bands. 

Despite their clear distinction in the Clementine data, these were unrecognised in 

previous studies and are suggested to represent an early phase o f emplacement o f the 

Marius Basalt from this work (Table 3.9).

The youngest basalts are those o f the Sharp Formation (2.7 ± 0.7 b.y.), o f which the 

Damoiseau, Hansteen, Zupus, Flamsteed, Kunowsky and Schiaparelli Members are 

visible. The Hansteen and Zupus Basalts are localised low titanium units in the southern 

highlands sourced at or near the mare/highland boundary (Whitford-Stark and Head, 

1980). Both basalts exhibit a low UVVIS ratio, weak 1 pm band and <1.5 wt% Ti02. 

The Damoiseau Basalt overlies the Marius Basalts on the western edge o f Oceanus 

Procellarum, and was sourced close to or within the highlands (Whitford-Stark and 

Head, 1980). The Damoiseau Basalt is mottled and shows a wide range o f titanium 

content (6 to 11 wt% Ti02) with a generally high ÜV/VIS ratio and a weak 1 pm band. 

The most extensive Member of the Sharp Formation in the map area is the Flamsteed 

Basalt, with a high titanium content (8 to 11 wt% Ti02) and UV/VIS value, and a strong 

1 pm band. This unit extends from the Flamsteed P region up to the south-eastern edge 

o f the Marius Hills plateau (Pieters et a l ,  1980; Whitford-Stark and Head, 1980), and 

from there across the entire plateau. A small section o f what is likely to be the 

Kunowsky Basalt, spectrally similar to the Flamsteed Basalt, is seen on the eastern edge 

of the Flamsteed region and was not previously recognised in this area. The Schiaparelli 

Basalt is seen on the north-western edge o f the Marius Hills area, also displaying high 

UV/VIS and titanium values (8 to 11 wt% Ti02) and a strong 1 pm absorption, similar 

to the Flamsteed Basalt further south. Finally, a mottled (6 to 8 wt% Ti02) basalt with 

an intermediate tending towards high UV/VIS value and 1 pm band strength forms an 

undifferentiated high titanium unit seen in Flamsteed (Pieters et al., 1980) and Marius 

Hills. In addition to the previously recognised Members above, one unrecognised Sharp 

Formation basalt is seen in the eastern reaches o f the Marius Hills plateau. This forms a 

group o f uniformly low titanium units (1-4 wt% Ti02), displaying low UV/VIS ratios 

and weak 1 pm bands, and does not correlate with known spectral characteristics o f the
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Sharp Formation Members noted by Whitford-Stark and Head (1980) and Pieters et al., 

(1980).

The refined stratigraphie column of the Oceanus Procellarum Group is provided in 

Table 3.9. The thickness limits calculated from this work provide a range o f basalt 

volume in the region o f 0.7 to 2.8 x 10̂  km ,̂ and comprise 8 to 32 % of the total volume 

in Oceanus Procellarum, calculated at 8.7 x 10̂  km  ̂by Whitford-Stark and Head 

(1980).

3.4 Future Work

The Clementine NIR camera data are almost ready for use in spectral analyses (Lucey et 

al., 1998b; Le Mouélic et al., 1999), and in combination with the U W IS  data used in 

this research, will allow for the refinement of the science undertaken in this study. For 

example, the full 11 waveband dataset will allow for the additional observation of the 

nature o f the 2 pm absorption band. This parameter can be added to those used in the 

detection of flow units in the maria (Section 3.2.2a) and will greatly enhance the 

accuracy o f the boundaries mapped. Chemical data from Lunar Prospector will also 

provide additional data for the mapping o f mare basalts and for inter-mare comparisons.

The extrapolation o f the mapping techniques developed in this work to all lunar maria 

will provide information that is key to furthering our understanding o f the thermal and 

physical evolution o f the Moon (Heather et al., 2000). There is evidence from lunar 

samples that the partial melt source depths increased with time (e.g. Taylor, 1982), 

raising a key question: does this greater depth correlate with the composition o f the 

melts (and hence their ability to reach the surface), or with a greater excess pressure in 

the source region required to force the dense magma through the evolving low-density 

crust (Head and Wilson, 1992)? If this can be answered it will tell us whether the mare 

source regions evolved chemically through time or whether it was the evolution o f the 

solid crust that resulted in the halting o f magmas before they were able to reach the 

surface. The resolution o f this problem requires measurements o f the composition and 

relative maturity o f individual flows within the maria, and the use and refinement o f the 

techniques illustrated in this work will allow for the production o f such a map.
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During this research, a technique developed for terrestrial use by Kruse et al. (1993) has 

been illustrated for use in lunar studies by Budney and Lucey (1998). They ran 

constrained, two and three component unmixing models on Clementine data to measure 

the thickness o f the basalts in Mare Humorum. End members were selected and tested 

based on knowledge of the geology o f the area. For example, running a 2 component 

model with fresh and mature mare basalt on a mare crater, fresher material would be 

expected to appear on the crater slopes. In this way, craters were sampled across the 

area to see if they have excavated underlying bedrock. The depth o f each impact that 

penetrated through the mare basalt then provided a lower limit for the thickness o f the 

unit. Furthermore, the relative concentrations o f mare basalt and bedrock material in the 

ejecta gave a first order estimate o f the depth to which the bedrock had been excavated, 

refining the calculation o f the depth o f basaltic materials. When the adapted software 

becomes available, similar work on the basalts o f Oceanus Procellarum would provide 

improved estimates o f the upper limits for basalt thickness across the mare. In 

combination with lower limit analyses illustrated in this work, tight constraints on the 

true thickness and hence volume o f the lunar basalts could be obtained.
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Chapter 4

Tsiolkovsky Crater -  Multispectral and Photogeological 

Analyses

Tsiolkovsky (Fig 4.1) is a late-Imbrian crater on the lunar farside (128° E, 22° S; Plate 

4.1) within the 700 km pre-Nectarian basin Tsiolkovsky-Stark (Wilhelms and El-Baz,

1977). It has a rim 

to rim diameter of 

180 km, and exhibits 

many features typical 

of a complex crater 

including a central 

peak, terraced walls, 

and pools of impact 

melt. The floor of 

the crater is covered 

by smooth mare 

basalts, providing a 

stark contrast to the 

surrounding 

highland region that 

contains craters 

ranging in age and 

condition from near 

complete structures 

through to almost 

totally degraded.

This is clearly

n

Fig 4.1 : Lunar Orbiter III medium resolution image of Tsiolkovsky 
crater and its environs. The coverage is approximately that of the 

Clementine mosaics produced for this research. Tsiolkovsky is 180km 
in diameter (rim to rim). Note the large degraded impact crater (Fermi) 

to the west of Tsiolkovsky. North is up. (Frame LOIII-121M).

illustrated in a sketch map (Fig 4.2) and airbrush map (Fig 4.3) of the area.
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Plate 4.1: Location map of the two impact craters studied in this thesis, Tsiolkovsky (this Chapter) and King (Chapter 5), which are separated by 

approximately 550 km. a) location shown on a Clementine 750 nm mosaic of the region (Section 5.5; see also Figure 5.59); b) Location on a sketch

map of the farside of the Moon (adapted from Vaniman et a l,  1991).
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Fig 4.2: Distribution of craters in the Tsiolkovsky area. Craters larger than 10.6 km in diameter are 

shown with dotted lines. Most smaller impacts occurring in the annulus around Tsiolkovsky are 
probably secondary craters. Note the location of the large crater Fermi (250 km diameter) to the 

west of, and partially destroyed by, Tsiolkovsky. (Diagram from Guest, 1971b).

An overview of the regional geology is provided in Figure 4.4, showing the stratigraphie 

dating of the crater and its environs. Of particular interest to this study is a 250 km 

diameter pre-Nectarian crater called Fermi, upon whose eastern rim Tsiolkovsky is 

superposed, and whose presence will have had a strong effect on the structure and 

morphology of the units in and around Tsiolkovsky. The remainder of Fermi’s rim is 

expressed as a heavily cratered raised ridge, and terraces on the inner wall have been 

largely obliterated by later cratering. The floor is almost completely covered by ejecta
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Fig 4.3: Overview map o f the Tsiolkovsky area showing relief and surface 
markings. Letter designations are applied to unnamed craters using the scale 
provided on the left. As an aid to identifying the parent crater, letters are 
placed on the side o f the given crater that is closest to the parent crater. EMI, 
EM2 and EM3 are areas which contain mare deposits external to Tsiolkovsky, 
as do the craters ‘Bolyai’, ‘Waterman’ and ‘Langemak’ (Section 4.2.2 a). 
Section o f the lunar farside map 1-1218-A (Department o f the Interior, 1980a).

from Tsiolkovsky, and elsewhere yields a significantly higher count of craters than the 

floor of Tsiolkovsky (Guest and Murray, 1969).

Tsiolkovsky is o f interest to photogeological and multispectral studies because of its size 

and location in the highlands of the farside. An impact of this scale will have excavated 

the lunar crust to a maximum depth of between 20 and 35 km (Melosh, 1989;
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Fig 4.4: Section from the geologic map of the east side of the Moon, showing the units present in and around Tsiolkovsky crater and their stratigraphie 
dating. Unit designations and scale are provided. (Map section from Wilhelms and El-Baz, 1977).
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Cintala and Grieve, 1994; Section 4.2.1), providing an excellent window into the 

composition and nature of the deep seated crystal layers in the area. Crystal thickness 

maps of the area produced from Clementine gravity data (Zuber et a l, 1994) suggest 

that the upper crust in the area is likely to be of the order o f 50 km thick, so the peak 

may have originated from the lower portion of the upper crust. Improved gravity and 

crystal thickness data from Lunar Prospector will help refine this estimate.

In a previous study. Guest and Murray (1969) used morphological, stratigraphie and 

structural criteria to divide Tsiolkovsky into seven geological units (Fig 4.5): central 

peak, dark floor material, edge of floor material, inner wall material, rim material, ejecta

blanket, and ejecta 

flow (referred to 

here as ‘ejecta 

slide’). Since these 

generally pertain to 

features which 

formed through a 

separate process or 

different stage of 

the overall impact 

event, they are also 

expected to show a 

difference in 

composition or 

maturity in 

multispectral data. 

The same divisions 

are therefore also 

used during the 

multispectral

or Fermi

Fig 4.5: The location o f units within the 180 km crater Tsiolkovsky. 1 = central 
peak (Section 4.2.1); 2 = dark mare floor (Section 4.2.2); 3 = edge o f floor units 

(Section 4.2.3); 4 = inner wall (Section 4.2.4); 5 = raised rim (Section 4.2.5);
6 -  continuous ejecta (Section 4.2.7); 7 = ejecta slide (Section 4.2.6).

analyses undertaken in this work. For several of these units, previous photogeological 

research raised questions that could not be satisfactorily answered from photographic 

data alone. These areas are therefore of particular interest, and analyses of the 

multispectral data is directed towards their investigation in more detail:
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1) The presence o f a heavily cratered platform on the central peak. This could be the 

result o f volcanic activity and it has been suggested that the peak itself may therefore 

be some sort o f volcanic edifice (Erlich et a l,  1970) (Section 4.2.1).

2) The mare basalt on the crater floor exhibits a low Ti02 abundance in comparison to 

the nearside maria (Pieters et a l ,  1995). The sheer volume o f materials on the floor 

suggests it resulted from several generations o f flow (Guest and Murray, 1969), but 

there has been no observational evidence (e.g. flow boundaries or fronts) to support 

this (Section 4.2.2).

3) Two ‘edge o f floor’ units on Tsiolkovsky’s floor are younger than the terracing but 

older than the mare flooding. Although these units show contrasting morphology, 

both have been interpreted as being o f impact melt origin (Guest, 1971b) (Section 

4.2.3).

4) A lobate ‘ejecta slide’ unit on the north-western rim, suggested by Guest and Murray 

(1969) to be the result o f mass wasting (Section 4.2.6).

This chapter aims to study these areas as part of a geological analysis o f Tsiolkovsky 

and its environs using both photographic and multispectral datasets. Initial 

photogeological investigations identify and examine the major units seen within 

Tsiolkovsky and these are followed by interpretations o f their origin and evolution. This 

information is then combined with the Clementine data, allowing for a more complete 

geological investigation and providing evidence o f the localised evolution and 

stratigraphy o f the lunar crust.

4.1 Data

Tsiolkovsky appears on several Lunar Orbiter frames and many o f the Apollo program 

photographs. As well as the high resolution images used for primary photogeological 

work (restricted to the western side o f the crater using Lunar Orbiter III photographs 

I2 I-H2 and I2 I-H3), medium and low resolution images were used to view the area 

from various perspectives. Regional geologic and shaded relief maps allowed for 

observations o f the immediate surroundings o f the crater, and Apollo topographic ortho

photomaps provided details on the relative heights o f features in the area. Finally, a
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series of Clementine images were produced for analyses. A full listing of the mapping 

products used is provided in Appendix 3.2.

4.1.1. Multispectral Data Reduction

Clementine data reduction for the Tsiolkovsky area was completed as detailed in 

Chapter 2. Each frame within the main mosaic was processed at a 250 m/pixel 

resolution, with a separate image including just the central peak (Section 4.2.1) and 

crater floor (Section 4.2.2) processed at 188 m/pixel (the highest resolution possible in 

this area) to look for impact craters on the mare and small scale compositional divisions 

on the uplift. Tsiolkovsky’s distance from the lunar equator meant that there were no 

major problems with the photometric corrections made to the data. Despite this, the 

introduction o f the mask and coreg procedures in the refined processing (Section 2.2) 

still produced a significantly improved mosaic, with fewer seams (Fig 4.6) and

Fig 4.6: Standard multispectral images o f  the 180km diameter crater Tsiolkovsky (red=750/415nm , green=750/950nm , 
blue=415/750nm ). The left hand image was processed with standard techniques, w hile the right hand frame used the refined

methods (Section 2 .2) and shows much improvement.

improved registration between single filter mosaics. Three frames from all filters had to 

be discarded as they did not successfully run through matchpt (see Section 2.1.2b, Step 

3c and coreg in Section 2.2). The missing frames were on the north-west border of the 

final mosaic and were not vital to the geological investigation of the region.
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As well as the standard multispectral cube and true colour image, FeO and TiOj maps 

were produced using all o f the algorithms provided in Section 2.3. The most recent 

versions o f each algorithm (Lucey et al. (1998a) for Ti02 and Blewett et al. (1997) for 

FeO) are used throughout this analysis, as these are expected to be the most reliable.

The complete Clementine mosaics of the Tsiolkovsky region produced for this work are 

shown in Figures 4.7a (750 nm image), 4.7b (true colour image), 4.7c (multispectral 

image), and 4.7d (FeO wt% map). The algorithm used to produce the TiO] map is not 

sensitive enough to detect accurate unit boundaries in the highland regions around 

Tsiolkovsky, so the TiO: images are only provided for the mare floor (Section 4.2.2).

4.2 Analysis and Interpretation

Wherever possible, the photogeological investigation was guided to highlight areas that 

could be expanded upon using the multispectral work, such as units where a large 

degree o f ambiguity was possible in photogeological interpretation or in which several 

lithologies are likely but could not be determined from photogeological work alone (the 

central peak is a good example o f both of these). The definition and geological 

interpretation of each unit from both the photogeological and multispectral work is 

detailed in the following Sections (4.2.1 to 4.2.8).

Multispectral analyses of most o f the soils in the Tsiolkovsky region are inhibited by 

their age. Relative maturity studies o f the soils are not possible in most areas, as 

highland surfaces on the Moon are know to ‘mature out’ (i.e. reach a ‘steady state’ point 

where the maturation process ceases to effect the spectral character o f a soil), in a 

timescale somewhere between 100 Ma and 800 Ma (Hawke, personal communication). 

This is different from the maturation o f mare soils, whose spectra depend upon the 

abundance of ilmenite and the formation o f Ti-rich agglutinates (Sections 1.2.1, 3.1 and 

4.2.2) over more substantial (but still unknown) timescales. Because o f this, the 

highland soils in Tsiolkovsky will have had time to ‘mature out’ several times over, and 

it is only possible to infer stratigraphie ages for most of the units. Although maturation 

inhibits studies o f relative maturity in Tsiolkovsky, it does provide a less ambiguous 

measurement o f the intrinsic glass content o f a soil prior to maturation. Differences in 

slope between fully matured soils will generally result from differences in the inherent
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Fig 4.7a: Clementine 750 nm (UVVIS B filter) image of the 180 km diameter crater
Tsiolkovsky and its environs.
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Fig 4.7b: Clementine ‘true colour’ image o f the 180 km diameter crater Tsiolkovsky and its 
environs. The red channel is controlled by the 950 nm mosaic, the green by the 750 nm frame and

the blue by the 415 nm image.
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Fig 4.7c: Clementine multispectral image o f  the 180 km diameter crater Tsiolkovsky and its 
environs. The red channel is controlled by the 750/415 nm ratio, green by 750/950 nm and

blue by 415/750 nm.
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10 12 14 16 18+
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Fig 4.7d; Clementine FeO abundance map o f  the 180 km diameter crater Tsiolkovsky and its 
environs. The most recent algorithm (Blewett et al., 1997) was used to produce the values 

(Section 2.3 and Section 4.1.1).
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glass content of the original soils. This will be observed throughout analysis o f the 

mature soils in Tsiolkovsky.

4.2.1 Central Peak

The materials in Tsiolkovsky’s central peak represent the most deep seated units to have 

been exposed by the impact, uplifted from a depth of between 20 and 35 km (values 

calculated from the equations of Melosh (1989) and Cintala and Grieve (1994) 

respectively). Analysis of this unit will therefore provide invaluable evidence of the 

area’s stratigraphy. The central peak structure (Fig 4.8) lies to the north-east of

Fig 4.8: A mosaic of Tsiolkovsky’s central peak from Apollo 15 photographs AS15-96-1307, 
1308 and 1309 (from Pieters and Tompkins, 1999). The heavily cratered platform enclosed by 

the south pointing ‘V’ is approximately 16 km across (see also Fig 4.9).

Tsiolkovsky’s centre (Guest and Murray, 1969) and slopes down to the north, dropping 

approximately 2 km from its southern to its northern edge. The steep walls of the peak 

are bright and show signs of creep, displaying a smooth, fresh, high albedo surface; the 

creep is probably quite slow, as suggested by the small scale of the apron at the base of 

the peak, extending onto the dark mare floor (Schultz, 1976).
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The southern end o f  the peak embodies two ridges topped by rocky outcrops; the ridges 

form a south pointing ‘V ’, housing a raised platform approximately 16 km across (Fig 

4.9). This platform has the highest crater density in Tsiolkovsky, leading to the early 

suggestion o f  volcanism having occurred in the region, and the possibility o f  the peak

Fig 4.9: The cratered platform on the central peak o f Tsiolkovsky. The platform is approximately 
16 km across, enclosed by two ridges (topped by rocky outcrops) forming a south pointing ‘V ’, and 
displays the highest crater density in the entire structure, On the mare floor to the north of the peak 

is a sublinear depresion, suggested by Wilbur (1978) to be a source for the mare basalts on the 
crater floor. (Apollo 15 frame AS 15-1301).

itself being a volcanic edifice (Erlich et a i ,  1970) or having propagated sources for the 

dark fill on the crater floor (Wilbur, 1978; Section 4.2.2). The northern end o f  the peak 

thins to develop a narrow neck surrounded by the mare floor. Small outcrops o f  

material with a similar texture and albedo to the central peak rise from the mare on 

either side o f  the narrow neck and to the north o f  the peak, connecting the unit to a range 

o f  low lying hills on Tsiolkovsky's northern wall. These outcrops may represent more
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low lying areas in the northern end o f  the central uplift that have been partially covered 

by the subsequent mare flows.

At a glance, the Clementine images show three major units within the peak, visible as a 

bright cyan, dark blue, and dark red/blue respectively on the standard multispectral 

image (Fig 4.10c). However, closer inspection shows an additional blue unit in the true 

colour image (Fig 4.10b), coincident with the borders o f  the cyan areas in the 

multispectral cube and the rocky outcrops atop the mountain ridges. Several 5 x 5  pixel

0 2 4 6 8 10 12 14 16 18+ 
wt% FeO

Fig 4.10: C lementine mosaics o f the central peak o f Tsiolkovsky (the peak is approx. 38 km across from east 
to west), a) 750 nm image; b) ‘True colour’ frame; c) standard multispectral composite; d) FeO abundance 

map. Note the consistently brighter northern slopes in the 750 nm frame. The bluer patches on the true colour 
frame have a higher FeO abundance than the generally anorthositic lithologies that represent the bulk peak.

box measurements were taken from each o f  these units in all five wavebands available 

from the UVVIS data, and the mean obtained for each unit in each band. These values 

were then used to produce the five-point spectra in Fig 4.11 a. Caution must be used in 

the interpretation o f  the Clementine data on the steep slopes o f  the peak, as they deviate 

significantly from the spherical digital elevation model (DEM) assumed by the 

radiometric calibration (Section 2.1.2). An adverse effect is suggested by the consistent 

location o f  brighter north facing slopes (Fig 4.10a). Although this has an effect on the 

overall reflectance o f  a unit, its impact is minimised during normalisation o f  the five- 

point spectra and the overall signature o f  each lithology is still present, allowing for 

general inferences o f  composition and maturity to be made.

The five-point spectra (Fig 4.1 la) show the peak to be generally anorthositic in 

character, containing a number o f  discrete lithologies. This is consistent with the results 

from a survey o f  central peaks made by Tompkins and Pieters (1999) using Clementine 

data, in which Tsiolkovsky’s peak is noted to contain A (anorthosite, containing less 

than 10 wt% mafic minerals), G N TA l (anorthositic units with 85 - 90 wt% plagioclase), 

GNTA2 (anorthositic units with 80 - 85 wt% plagioclase) and AT (anorthositic

141



1.15

1 .10

.05

.00

0.95
Tsiolkovsky cyan CP

0.90

Tsiolkovsky blue CP 
(true colour)y  0.85

Tsiolkovsky dark 
red/blue CPC  0.80

Tsiolkovsky blue CP% 0.75

o  0.70 Highland outcrops

0.65
Cratered platform on 
CP

0.60

0.55

400 450 500 550 600 650 700 750 800 850 900 950 1000

W avelength (nm)

b)
Example Spectra

Olv

AT

Plagioclase

GNTAl A

GNTA2
<0
o

o

<0
N

flj

AG

AGN
§0 c

1<ao0)

AN

2
GN

0.8 Pyroxene

0.6

400 500 600 700 800 9Q01 000 
wavelength (nm)

Fig 4.11: a) Five-point reflectance spectra o f  Tsiolkovsky's central peak (CP) lithologies. b) Comparison laboratory 
spectra from Tompkins and Pieters (1999); see Fig 1.5 (Section 1.2.1) for the key to the mineralogical abbreviations

used in b).

142



troctolite); Figure 4.1 lb  shows the laboratory signature o f  these assemblages. It is clear 

from the five-point spectra in Figure 4.11a that the dark blue and dark red/blue areas in 

the multispectral image represent anorthositic material, while the isolated cyan outcrops 

and blue areas in the true colour image show a slightly more mafic signature. However, 

using Figure 4.11a alone, it is not possible to be more precise with the identification o f  

the mineral assemblages present. The Clementine five-point spectra do not match the 

laboratory spectra, as the latter were obtained in laboratory conditions from clean and 

pure samples o f  the given mineral assemblages. Direct identification o f  the units given  

by Tompkins and Pieters (1999) therefore requires the application o f  a procedure in 

which observations o f  the spectral properties o f  minerals in the laboratory are used to 

calibrate techniques that can increase the number o f  minerals identifiable through 

observations o f  Clementine five-point spectra. Measured features are the ‘spectral 

curvature’ and ‘key ratio’, both directed towards observing finer details o f  the shape and 

structure o f  the absorption feature near 1 pm. The spectral curvature is a measure o f  the 

angle between the 750, 900 and 950 nm points in the spectra, while the key ratio is the 

ratio o f  either the 900, 950 or 1000 nm with 750 nm. The key ratio selected is the one 

that produces the strongest absorption (and therefore approximates to the deepest part o f  

the absorption band). These values are then plotted and compared with those for known 

mineral assemblages analysed in the laboratory. Currently, the technique is limited to 

use on fresh central peaks, as the effects o f  the soil maturation process on the shape and 

structure o f  the absorption band for different minerals are not w ell understood 

(Tompkins and Pieters, 1999).

The spectral curvature and key ratio values for Tsiolkovsky’s central peak units (from  

Fig 4.11a) are plotted in Figure 4.12 and compared with the values o f  a larger sample 

taken by Tompkins and Pieters (1999). The results show the same A , G N T A l, GNTA2 

and AT mineral assemblages suggested to be present by Tompkins and Pieters (1999). 

The cyan outcrops on the peak produce values consistent with AT, w hile the blue in the 

true colour image is GNTA2, the dark blue peak is A , and the dark red/blue units and 

highland outcrops match the G N T A l assemblage. The olivine absorption expected in 

the AT signature can be more precisely located in images o f  the inverse ratios taken for 

the key ratio measurement (i.e. 750/900 nm, 750/950nm  and 750/1000 nm; Figs 4.13a to 

4.13c). Olivine is expected to show a continual decline in reflectance from 750 nm to 

1000 nm, while pyroxenes w ill have additional structure at or around 900 or 950 nm.
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Therefore, any olivine should show a consistent increase in brightness through the ratio 

plots o f  900, 950 and 1000 nm with 750 nm, while pyroxenes will level o ff  or dim 

(providing all images are displayed with an equal stretch). This technique was 

employed by Pieters and Tompkins (1999) to locate the olivine on the peak o f  

Tsiolkovsky. Figures 4.13a to 4.13c show the ratio images o f  the peak and the 

consistent increase in brightness expected for the olivine outcrops. When plotted as a
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Fig 4.12: The spectral curvature and key ratio plot for the units in Tsiolkovsky’s central peak, compared to 
those produced from a larger sample by Tompkins and Pieters (1999). The coloured points are those taken 
from the five-point spectra o f Tsiolkovsky in Fig 4.1 la. The AT signature coincides with the cyan CP, the 

GNTA2 with the blue CP in the true colour frame, A with the dark blue, and the GNTAl with the remaining 
units (dark red/blue CP, cratered platform and highland outcrops). See main text for definitions o f these

assemblages.

colour ratio (Fig 4.13d), the olivine (appearing bright blue/purple) can be seen to 

coincide with the pockets o f  blue in the true colour image (Fig 4.10b), and some o f  the 

rocky outcrops in the photographic data. The FeO map (Fig 4.10d; Fig 4.7d) produced 

using the Blewett et al. (1997) algorithms supports these inferences, showing the 

majority o f  the peak to have a low (anorthositic) FeO content (2 to 6 wt%), while the 

outcrops o f  olivine rich materials yield a relatively high FeO content (8 to 14 wt%). It is 

not possible to unambiguously identify olivine using the images in Fig 4.13 alone, and 

this visualisation is used only to aid the location o f  the units identified using the key 

ratio and spectral curvature methods o f  Tompkins and Pieters (1999).
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The cratered platform area seen clearly in the photographic data (Figs 4.8 and 4.9) is 

difficult to differentiate on the Clementine images, but appears to be in an area of 

anorthositic dark red/blue material in the multispectral mosaic (Fig 4.10c). All dark 

red/blue areas across the peak appear identical in the five-point spectra (Fig 4.11), true 

colour (Fig 4.10b) and ratio images, but the platform alone exhibits the high crater 

density. The unit therefore only appears to differ from the remainder of the ‘dark

Fig 4.13: Clementine frames showing the location o f the olivine on the central peak o f Tsiolkovsky. The peak
is approximately 38 km across from east to west, 

a) 750/900 nm ratio image; b) 750/950 nm image; c) 750/1000 nm image; d) colour composite o f ratios 
(red = frame a; green = frame b; blue = frame c); e) 750 nm frame to aid the location o f units on the peak. 

The olivine units consistently brighten through figures a) to c), and appear a bright blue/purple in the colour 
frame d). The olivine outcrops are localised and unconsolidated, scattered along the peak crests.

red/blue’ peak in morphology, and the composition and maturity are uniform within the 

resolution of the Clementine data. It is unlikely then, that the anomalously high crater 

density on the platform is caused by volcanism on the peak, as was first surmised by 

Erlich et a l,  (1970). Instead, it may either be the result of fallback from the formation 

of Tsiolkovsky, clustered secondary impacts from large, distant external craters, or a 

combination of the two. In the first scenario, material thrown from Tsiolkovsky as part 

of a vertical ejecta column during impact would fall back into the newly formed crater, 

and the entire region would have been swamped by an equal density of ‘secondary’ 

craters. The second hypothesis involves the emplacement of secondaries on the 

platform from a large impact or a number of impacts external to Tsiolkovsky. It is 

believed that many of the craters on the mare floor represent secondaries (Section 4.2.2), 

supporting this theory. The topography around the platform, with the steep ridges of the
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‘V ’ to the east, west and south may also be a minor factor in trapping material ejected by 

external impacts. In both cases, the lower density o f craters on the floor, and the almost 

total lack o f craters elsewhere on the peak and wall can be explained through the late 

mare fill and post impact slumping and creep movements. There is strong evidence for 

slumping and creep in the crater wall (Section 4.2.4) and on the steep faces of the peak.

Both o f these hypotheses have drawbacks: the fallback theory suffers since the ejecta 

blanket o f Tsiolkovsky clearly indicates that it formed from an oblique impact (Section 

4.2.7). The proportion o f ejecta that would be thrown perpendicular to the transient 

cavity in this situation is not clear, but it seems unlikely that the crater density on the 

platform could have been produced from fallback alone. The density is also prohibitive 

for a purely secondary impact origin, and there is no obvious primary crater nearby that 

is sizeable enough to have produced such prolific cratering. However, the lack o f a 

nearby primary can be accounted for upon closer inspection o f the cratering on the mare 

floor (Section 4.2.2). The secondary craters on the dark floor material are similar in 

morphology, size and distribution to those that would be expected within ray material 

(Guest and Murray, 1969), making the identification o f a primary crater difficult; the 

same inference can be made for the secondaries on the platform. Even allowing for this, 

on their own, neither of the above mechanisms seem likely to have produced the crater 

density seen on the platform. In order to produce the anomalously high density seen 

today, a combination of both factors must have been at play, in addition to the normal 

cratering over time. Therefore, it is most likely that the platform is an uplifted portion 

of the original crater floor, and maintains a record o f impacts both fi*om vertical fallback 

and fi-om rays produced by impacts external to Tsiolkovsky. The platform is almost 

horizontal, so has not suffered from creep or slumping like the crater walls and steep 

slopes o f the peak which display a far lower crater density. The crater record of the 

original floor has elsewhere been covered by the younger mare flows.

The multispectral image (Fig 4.10c) shows the units cropping out o f the mare floor on 

either side of the central peak’s neck to be o f a similar composition to the blue and 

red/blue peak itself, suggesting they are part of the same body. The five-point spectra 

measurements (Fig 4.11a) clearly illustrate this, showing both units to be of a similar 

composition within the resolution o f the Clementine data (the plots are o f a similar 

shape and structure). The outcrops have a slightly lower reflectance and redder
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continuum than the main body o f the peak; this does not represent a difference in 

composition, but is most likely to result from the continual freshening o f the steep 

slopes on the peak through creep, which the small rounded outcrops in the mare will not 

experience to such a degree. It therefore seems likely that later mare flooding covered 

the topographically lower regions o f the peak, leaving higher points exposed to space.

Overall, analysis o f the central peak has shown that, at a depth o f somewhere between 

20 and 35 km in the Tsiolkovsky target area, there was a layer o f relatively pure 

anorthosite. Within this were pockets or layers o f troctolitic (olivine rich) materials, 

probably emplaced through fractional crystallisation as an igneous body cooled. The 

olivine rich exposures on the peak are localised and incoherent, suggesting that the 

subsurface layer was thin and/or spatially confined. This will be related to the overall 

stratigraphy of the region in Section 4.3, after the studies o f the remaining units in 

Tsiolkovsky.

4.2.2 Dark Floor Material

The low albedo and smooth appearance o f the extensive floor material in Tsiolkovsky 

intimates that it may have a similar composition to that o f the maria seen on the 

nearside. Previous photogeological analyses have estimated the age o f the deposit to be 

between late-Imbrian (Wilhelms and El-Baz, 1977; Fig 4.4) and Eratosthenian (El-Baz 

and Worden, 1972). Accurate estimates are difficult because o f the ‘contamination’ of 

the background cratering record by bands o f secondary impacts cutting roughly east- 

west across the dark floor. As mentioned in Section 4.2.1, these are recognisable as 

secondaries, perhaps within rays from impacts at a great distance from Tsiolkovsky, by 

their distribution (Guest and Murray, 1969). The age estimates provided by Wilhelms 

and El-Baz (1977) and El-Baz and Worden (1972) use counts in quadrants o f the 

southern floor; in general, this region displays a significantly lower crater density than 

the north as a result of the secondary contamination, and provides a more realistic 

approximation o f the primary crater count.

The large surface area of the mare floor, given by Guest and Murray (1969) as 

approximately 11,500 km ,̂ suggests the presence o f more than one flow, although no 

fronts are visible even on the high resolution Lunar Orbiter images, and evidence for a
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visible source for the floor unit is debatable. Photogeological work by Wilbur (1978) 

suggests there to be several areas that may have been sources for flows within the main 

floor unit. Most o f these are represented by linear or sublinear depressions, primarily 

clustered around the central peak (an example is seen in Figures 4.8 and 4.9, to the west 

of the central peak neck), although several are visible at the base o f the northern and 

western walls. Guest and Murray (1969) had previously observed the morphology of 

the depressions to be more suggestive o f a tectonic origin, resulting from post

emplacement isostatic movement. Similarly, a large sinuous furrow cutting through the 

southern crater wall that was considered by Wilbur (1978) to be erosional, resulting 

from the passage o f magma from source vents in the wall to the crater floor, was posited 

as a structural feature by Guest and Murray (1969); a similar, but much larger furrow 

breaches the northern wall (Fig 4.14 shows the two furrows, labelled a and b). Schultz 

(1976) suggested that both furrows may have simply been exploited by mare or melt 

flows as a channel. Five-point spectra o f the furrows show no indication o f the 1 pm 

absorption feature expected from the presence o f mare material (Fig 4.14c). Indeed, the 

southern furrow is indistinguishable from its surroundings in the multispectral image 

(Fig 4.14b), suggesting it is of a similar composition to the rest o f the inner wall 

(Section 4.2.4) and therefore not basaltic or of volcanic origin. The lack of mare 

material on a large enough scale to be detected on the Clementine images (with a 

resolution of 188 m/pixel in this area) suggests both furrows to be structural features 

unrelated to the source o f the mare floor. Neither do the furrows show evidence of 

having been exploited as channels by mare materials on either the high resolution 

photographic images or the Clementine data. The northern furrow does have a redder 

signature than its surroundings however, suggesting in may have channelled impact 

melt. It is likely therefore, that the source vents for the dark floor are not visible within 

the impact structure and have been covered by subsequent flows.

Analysis o f the multispectral image o f the mare floor (Fig 4.15b) confirms earlier 

studies carried out by Pieters et al. (1995), revealing it to have a low titanium content in 

comparison to the nearside maria, and a high clinopyroxene abundance relative to the 

surrounding highlands. The young age of the mare relative to the nearside flows is 

confirmed by its yellow/green appearance in the multispectral cube. The spectrum of a 

mature mare soil is governed by its titanium content (Chapter 3 and Section 1.2.1), 

which has a dominant effect on the steepness o f the continuum slope in the visible.
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Fig 4.14: Two large sinuous furrows, labelled ‘a’ and ‘b’, cutting through the walls o f Tsiolkovsky (for scale, the crater is approximately 180 km in diameter), a) Section from Lunar 
Orbiter III print 121M; b) Clementine multispectral section through Tsiolkovsky; c) Five-point spectra o f the two furrows compared to the mare signature from Tsiolkovsky’s flooded 

floor (Section 4.2.2). The furrows show no indication o f a mare signature, but the feature to the north may have acted as a natural channel for impact melt, as it shows a distinctly
glassy (redder) signature in both the multispectral image and the five-point spectra. North is up in both images.
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producing a blue or red signature in the multispectral image. Fresh exposures within 

these areas were seen to be yellow or green as they had not developed the titanium rich 

agglutinates that are present in more mature soils and allow for the dominance o f the 

spectrally neutral opaque ilmenite phases. The yellow/green appearance of 

Tsiolkovsky’s mare therefore shows it to be young, not yet having formed the large 

agglutinate component o f a mature soil. Over time, the soils will redden to the signature 

typical o f a mature, low titanium mare. The first signs o f this can already be seen in 

portions o f the floor which have remained relatively untouched by rays and secondaries. 

The timescale over which mare soils mature to develop the spectral signatures seen in 

Oceanus Procellarum (Chapter 3) is not well known, but the age estimates o f the mare in 

Tsiolkovsky given by Wilhelms and El-Baz (1977) and El-Baz and Worden (1972) can 

be used to provide a lower limit. If these estimates are correct, the uncratered floor is 

beginning to show signs o f maturation after a time o f between 1.2 and 3.75 Ga. 

However, as seen in Chapter 3, the Eratosthenian soils in Oceanus Procellarum appear 

to be fully mature in the Clementine spectra. This suggests that the mare in Tsiolkovsky 

is in fact Eratosthenian and o f a younger age than the soils o f both Marius and 

Flamsteed. The maturation timescale of mare soils can therefore be fiirther restricted to 

somewhere within the Eratosthenian epoch (3.2 to 1.2 Ga), and is probably closer to the 

younger boundary o f 1.2 Ga. The erratic secondary crater distribution on the floor of  

Tsiolkovsky does not help this estimate, as the spectral signature o f the surface is 

continually refreshed by impacts. While the southern floor holds a better indication of 

the true crater record over time, it is still almost certainly contaminated by a few 

secondary impacts, making both the age estimates and the true spectral signature of a 

soil o f this age difficult to ascertain. It is also important to note that the above 

inferences only hold if the maturation process is unaffected by a mare soil’s titanium 

content. It is possible that titanium content strongly influences the speed o f the 

maturation process, as measured from a mare soil’s spectra. During maturation, it is the 

titanium both as ilmenites and within the glassy agglutinates that produce the spectral 

signature seen in mature maria (Chapter 3). Since the dark floor o f Tsiolkovsky has a 

lower TiOz abundance than the nearside maria (Pieters et al., 1995), it is possible that 

the relative scarcity o f titanium has slowed the spectral maturation, as fewer titanium 

rich agglutinates are formed over time; in this case, the mare floor could be older than it 

first appears from the Clementine data. Further studies o f soil maturation and its affects 

on a material’s spectral signature are required to solve this problem. Even if one

150



Fig 4.15: Views o f Tsiolkovsky’s dark floor material, inner wall and rim. a) Apollo 15 metric camera photograph 
1030; b) Clementine multispectral cube; c) FeO wt% map; d) TiO? wt% map. The contrast has been stretched on 

the Apollo frame to show cratering on the floor. Heavily cratered areas on the mare, particularly close to the peak 
and in the northern floor show a corresponding high FeO content (strong 1 pm absorption band) and low TiO? 
abundance, appearing a bright green/yellow in the multispectral image. For scale, Tsiolkovsky has a rim to rim 

diameter o f 180 km and the peak is 38km across from east to west. North is up in all images.
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ignores this unknown, the lower limit of 1.2 Ga can only be considered as a first order 

estimate of the maturation timescale for mare soils; it does however, demonstrate the 

potential value of a future study of both young and old maria with better known age 

estimates and titanium abundances than that of Tsiolkovsky using these techniques.

Accounting for large uncertainties in the above estimate, the age difference required to 

produce a marked variation in the mare’s multispectral signature is still too great for 

flow generations of a similar composition to differ in Fig 4.15b. Freshly exposed 

surfaces will be spectrally brighter though, making relative estimates of surface age 

possible. This shows through in the multispectral image (Fig 4.15b), with the brighter 

areas particularly close to the peak correlating well with the bands of secondary impacts 

seen on the Lunar Orbiter frames. Conversely, to the south of the central peak where 

there appear to be fewer craters, the floor unit reddens slightly. This relationship is also 

seen in the TiOi and FeO maps (Figs 4.15c and 4.15d), with the more heavily cratered 

floor displaying freshly excavated basalts with a lower TiO] abundance (1 to 2  wt% 

compared to 2 to 5 wt% in uncratered regions) and higher FeO abundance (from 16 to 

18 wt% compared to 12 to 16 wt% in uncratered regions). The high FeO abundance is

the result of the stronger absorption 

at 1 pm expected from a fresh mare 

soil, observed clearly in plots of  

five-point spectra for the floor (Fig 

4.16). The absorption feature is 

deeper than that of a more mature 

soil as it will have undergone little 

degradation through the 

accumulation of agglutinitic glass 

via space weathering. Similarly, 

the lack of weathering causes the 

apparently low TiO] abundance, 

since the spectral signature of a 

mature mare soil requires the 

accumulation of glassy titanium 

agglutinates, and it is this that 

provides the basis of the TiO]
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Fig 4.16: Five point spectra o f  the maria in the 
Tsiolkovsky Region
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algorithm (Section 2.3; Lucey et a l ,  1998a). The fresh ejecta o f impacts on the maria 

therefore provides an unreliable TiO] value and cannot be used for analytical purposes. 

The continuing refinement o f the coefficients used in the FeO and TiO] algorithms is 

illustrated by comparison with a previous study of the Tsiolkovsky mare floor using 

Clementine data by Gillis and Spudis (1998). They derived values for FeO between 12 

and 16 wt% and TiO] between 0.5 and 3.0 wt% using an earlier version o f the 

algorithms (Gillis, personal communication). Values for this study come out to between 

12 and 18 wt% for FeO and 1.0 to 5.0 wt% for TiOj.

Since no individual flows can be identified from any o f the datasets examined, we are 

left with three options for the formation o f the dark floor:

1) The unit may have formed in one large flow with little or no compositional evolution 

of the magma during emplacement. This is thought unlikely considering the 11,500 

km  ̂area covered by the flow, in comparison to the largest confirmed flow of 

approximately 5,600 km  ̂in Mare Imbrium (Guest and Murray, 1969).

2) There may have been a series o f flows, and the final one is all that is seen, 

completely covering the earlier units. This again is thought unlikely considering the 

area covered by the mare, but if it is true, and significant compositional evolution o f  

the magma occurred between flows, then small impacts should show evidence of 

having exhumed subsurface flows o f different composition. The ejecta o f the larger 

craters on the floor would then exhibit the spectral signatures o f these subsurface 

flows. However, it will be difficult to differentiate between the latter two 

hypotheses using the available data if there were no significant evolution in the 

mare.

3) The mare could have been emplaced in a series o f successive flows (again of similar 

composition) over a timescale short enough for maturity effects to remain 

unresolved in the Clementine data.

The determination o f which scenario occurred is complicated by the belts o f secondary 

impacts on the mare floor. This makes it impossible to delineate any flow boundary on 

the multispectral image, as the surface has been refreshed by the recent secondary 

impacts. The immature basaltic soils resulting from this also preclude the measurement 

of variations in titanium content across the floor that may otherwise show evidence o f an 

evolving magma. Consequently, all that can be said for certain is that the sheer scale o f  

the floor suggests a form of the third hypothesis to be most likely; the mare probably
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developed from several generations o f low viscosity flow, whose composition and 

maturity are uniform within the resolution of the Clementine data, or whose 

compositional differences are not detectable as a result of the secondary impacts that 

scatter the floor.

Although the impacts across the floor are a hindrance to the detection of flow 

boundaries, they are potentially useful as a tool to calculate the thickness of the mare 

across Tsiolkovsky’s floor. Measurements of the dimensions of any crater that shows 

signs of having excavated the rock below will provide a lower limit for the mare 

thickness in that area (Section 3.2.3). There have been many attempts to measure the 

thickness of the maria on the Moon using this method (e.g. De Hon, 1974; De Hon and 

Waskom, 1976) with varying results. The most recent attempt to measure the thickness 

of the deposit on the floor of Tsiolkovsky was made by Craddock and Greeley (1988). 

Their technique involved studying the ejecta of impacts on the mare floor using Apollo 

metric photographs. Those with a darker halo were surmised to have excavated nothing 

other than mare material, and their depth was then used to provide a lower limit for the 

thickness of the mare itself. However, there are complications involved in using a 

technique reliant upon differences in ejecta albedo alone, since fresher impacts will be 

naturally brighter than their more mature counterparts, regardless of composition. In an

attempt to counter this.
C en tra l P e a k  C om plex
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Fig 4.17: Isopach map showing the mare thickness within Tsiolkovsky 
calculated by Craddock and Greeley (1988). Numbers in blue are 

upper limits for the mare thickness calculated from studies of impact 
craters in this study (see main text for discussion)

(Adapted from Fig 5 of Craddock and Greeley (1988))

Craddock and Greeley 

measured only those 

craters with a sharp rim 

on the photographic 

data, ignoring those 

with more mature 

morphologies; their 

results are shown in 

Fig 4.17. They 

obtained an average 

thickness of 22.3 m, 

much less than 

previous studies that, 

using crater dimension
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data, arrived at an average of 250 m (Whitford-Stark, 1979) and a maximum of 1.78 km 

(Walker and El-Baz, 1982). The crater dimension method simply compares an observed 

dimension (e.g. the rim to floor depth) with that calculated either from the extrapolation 

of laboratory impact models or from a statistical analysis of other fresh lunar craters.

The difference between the two gives an estimated thickness of any deposit on the crater 

floor, and maximum, minimum and average values of the rim crest height can be used to 

provide limits or mean values. Both Whitford-Stark (1979) and Walker and El-Baz 

(1982) used comparisons with statistical analyses, but acknowledged that errors may be 

significant in the extrapolation of such a database, since it is difficult to account for 

factors such as isostatic redress or the degree of uplift experienced by the crater floor. 

Whichever value is taken, the presence of highland outcrops within the floor unit, most 

notably to the west of the central peak, provide corroborative evidence that the mare is 

not particularly thick, but there is a wide range of possible values given by these studies.

The Clementine data should be able to help restrict the thickness of the mare further, 

since any impact that has excavated the subsurface floor material should show up 

spectrally, with the crater’s ejecta displaying signs of the sub-mare floor signature (i.e. 

feldspathic in comparison to the surrounding mare floor, if the cratered platform on the

peak is taken as

Fig 4.18: Examples of craters excavating both ‘edge of floor’ and mare 
floor material on the boundary of the southern ‘edge of floor’ deposit 

(Section 4.2.3). Craters a, b and c all show a variation in spectral 
character across their ejecta, showing that they have excavated both 

units. For scale, crater b is approximately 3 km in diameter.

representative of the 

crater floor). Clear 

examples of this can be 

seen on the edges of the 

mare, particularly where it 

meets the ‘edge of floor 

material’ (Section 4.2.3); 

several craters can be 

seen to have excavated 

both the mare and edge of 

floor material in these 

areas, displaying 

contrasting signatures in 

the multispectral image 

(Fig 4.18). Most impacts
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across the floor will not be so clear o f course, but a more subtle mix o f materials should 

also be visible in the Clementine data. A weakening o f the 1 pm absorption band and a 

complimentary drop in the FeO abundance or reddening o f the slope in the visible 

should occur, as feldspathic minerals or glasses from the melts that comprise the 

underlying crater floor are incorporated into the ejecta.

A total o f 65 craters were sampled across the entire floor, and measurements o f their 

spectra taken. The 188 m/pixel resolution o f the Clementine data restricted the size of 

the craters that could be measured to around 570 m, using a 3 x 3 pixel box average to 

take the measurements. This made the minimum excavation depth for the sample 

approximately 57 m taking the 1:10 crater depthidiameter ratio o f Croft (1980). Much 

of the sample (primarily the smaller craters) was disregarded as ambiguous in that their 

spectral signatures did not, on their own, provide unequivocal evidence either way of 

whether or not the subsurface floor had been excavated. However, the technique 

showed promise, and many craters did show definite signs o f having excavated the floor 

below the mare. The five point spectra o f some o f these results are shown in Fig 4.19a, 

compared with the cratered mare and ‘edge o f floor’ signature (Section 4.2.3) for 

reference, and the location o f the sampled craters is illustrated in Fig 4.19b. Table 4.1 

shows the dimensions o f the sampled craters used in Fig 4.19a. It is clear from the five- 

point spectra that the 3 km crater ‘a’ on the southern edge o f the mare has excavated a

Crater a e g 1 0 q
Diameter 3.00 km 2.25 km 1.51 km 564 m 1.83 km 1.13 km

Excavation depth 300 m 225 m 151 m 57 m 183 m 113m

Table 4,1: Dimensions of the sample of craters shown in Fig 4.19. Excavation depth assumes 

the 1:10 depth:diameter ratio of Croft (1980)

significant amount o f the crater floor along with the mare, providing an upper limit of 

300 m for the thickness o f the mare in this area. Similarly, craters ‘1’, ‘o’ and ‘q’, to the 

west o f the peak, in the eastern mare and to the south-west of the peak respectively, 

show a clear signature o f the crater floor, giving maximum thickness’ o f 57 m, 183 m 

and 113m in these regions. More subtle combinations o f the crater floor and mare can 

be seen with craters ‘e’ and ‘g’, providing upper limits of the mare thickness near the 

western wall (225 m) and to the north-west o f the peak (151 m). The rejected sample
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Fig 4.19: Sample of craters surveyed across the mare floor of Tsiolkovsky. a) Five-point spectra of craters compared to 
the signature of the cratered floor and the edge of floor material (Section 4.2.3); b) The location of the chosen sample of

craters.

158



made it impossible to delineate boundaries for an isopach map such as that in Fig 4.17, 

taken from Craddock and Greeley (1988). However, for reference, the values from this 

study are plotted on Fig 4.17 and compared to those derived by Craddock and Greeley 

(1988). The values from this study are upper limits, and therefore vary greatly from the 

Craddock and Greeley (1988) measurements, but all thickness measurements are 

consistent as maximum values.

4.2.2 a) External Maria

Outside Tsiolkovsky, there are several regions in the area studied that show similar 

(although less extensive) mare units to that on the floor o f Tsiolkovsky. These occur in 

Waterman (26° S, 128° E) and Bolyai (33° S, 126° E), both craters to the south of 

Tsiolkovsky, Langemak (10° S, 119° E) to the north-west, and an uimamed crater to the 

east of Tsiolkovsky (24.5° S, 138.5° E), labelled ‘EMI’ in the map provided in Fig 4.3. 

Two small patches are also present, one to the north o f Tsiolkovsky (15° S, 130° E) in 

the area o f a cluster o f craters west o f Dobrovol’ skiy, Volkov and Lander, the other to 

the south-east o f Tsiolkovsky (23° S 134° E), labelled ‘EM2’ and ‘EM3’ respectively in 

Fig 4.3. The five-point spectra o f these regions all match remarkably closely and are 

similar to that o f the floor of Tsiolkovsky, as shown in Fig 4.16, suggesting them to be 

o f similar age and composition.

Waterman, housing the closest o f the ‘external’ mare deposits to Tsiolkovsky, has a 

diameter o f approximately 76 km, and contains both impact melt and mare units. Flow 

fronts are easily visible on the Orbiter frames (Fig 4.20a), and it is obvious from 

stratigraphie relations that the mare units post-date the melt, with several examples of 

their having embayed the earlier impact melt flows. The mare units in Waterman are 

generally smooth and relatively free o f craters, but still show a similar colour pattern to 

the mare floor in Tsiolkovsky in the multispectral image (Fig 4.20c), with dark 

uncratered areas and brighter cratered units. As with the main floor o f Tsiolkovsky, the 

young age and fresh cratering o f the maria combine to preclude the spectral detection of 

any flow generations that may be present. The FeO map (Fig 4.20d) shows the units in 

Waterman to be o f a similar iron content (12 to 18 wt% FeO) to the mare floor of 

Tsiolkovsky, but the Ti0 2  map shows a far lower abundance (about 1 to 3 wt%). This is 

too close to the limit o f the TiOz algorithm’s sensitivity o f 1 to 2  wt% to be used
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Fig 4.20: Views of the 76 km diameter crater Waterman, to the south of Tsiolkovsky. a) Section 
from Lunar Orbiter III print 121M. The arrows show two prominent flow fronts; b) Clementine true 

colour frame; c) Clementine multispectral image; d) Clementine FeO abundance map. Note the 
similarity between the maria in Waterman and the dark floor of Tsiolkovsky shown in Fig 4.15. 

The units are identical in spectral character, and have similar albedos FeO abundances. Two cyan 
craters expose noritic material, labelled a and b in the multispectral frame.

conclusively, but a similar relation appears to hold for all of the smaller external maria 

in the Tsiolkovsky region. It is possible that the scale of the units may have something 

to do with this. The deposits in Waterman are localised in comparison to the extensive 

dark floor o f Tsiolkovsky, and contamination through the ejecta of smaller impacts both 

within the mare and from surrounding regions could therefore have caused a marked 

drop in the overall TiO] content. These craters will have exposed more feldspathic 

(lower TiO]) bedrock and immature mare soils, for which the TiO] algorithm becomes
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unreliable, as was seen on the mare floor of Tsiolkovsky (Section 4.2.2). Conversely, 

the flows in Bolyai show a slightly higher TiOa abundance (2 to 4 wt%) than those in 

Waterman, and are similar to the floor of Tsiolkovsky, suggesting that contamination 

has not been so marked in these more extensive flows. The TiO] abundance at the edges 

of all the maria in the region are consistently lower than those near the centres, 

suggesting that mixing has occurred with surrounding low titanium units. This supports 

the contamination theory for deposits in Waterman and, to a lesser extent, Bolyai.

Waterman also contains two craters that appear a bright cyan in the multispectral image 

(labelled ‘a’ and ‘b’ in Fig 4.20c), both lying close to the mare, but upon impact melt 

materials. The cyan signature is perhaps indicative of their having penetrated through 

the melt to excavate the more feldspathic bedrock below, providing limiting values on 

the melt thickness in the region. However, they both have a slightly raised FeO content 

compared to the surrounding melt floor (Fig 4.20d), and their spectral signature varies 

greatly from that of the highland soils in Tsiolkovsky (Fig 4.21). Despite this, five-point 

spectra of the craters still show a generally feldspathic signature, but with an inflection 

around the 0.95 pm region. This weak absorption implies the presence of a minor

clinopyroxene (iron bearing) 

component, which will also 

produce the slightly raised FeO 

abundances of these soils. In all, 

the spectral characteristics are 

indicative of noritic anorthosite. 

This material is also present in the 

walls and rim of Tsiolkovsky 

(Sections 4.2.4 and 4.2.5), and 

craters and fresh outcrops of a 

similar composition are clustered to 

the north-east of Waterman (Fig 

4.20c). This is strongly supportive 

of a preponderance of noritic 

anorthosite in the Tsiolkovsky 

locale, and the presence of a noritic 

layer near the surface of this
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Fig 4.21 : Five-point spectra o f  the cyan craters in 
Waterman compared to the noritic wall material (Section  

4.2.4) and outcrops o f  peak material in the mare floor.
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region. Both craters have definitely excavated through the melt on the floor of 

Waterman, and their diameters o f 1.5 km (for crater a) and 1. 8  km (crater b) therefore 

show the melt to be thin, with maximum thickness’ o f 150 m and 180 m respectively. 

Further refinement can be made by the observation that neither the melt or mare units in 

Waterman affect the hummocky surface relief of the crater, thus indicating the flows to 

be extremely thin; the true thickness o f the melt at each crater is therefore better 

represented by values o f «  150 m and «  180 m respectively.

4.2.2 b) Mare Origin

Overall, the mare material is fairly restricted to the Tsiolkovsky locale, suggesting the 

crust may be anomalously thin in this area, allowing the mare basalts to reach the 

surface through the otherwise thick farside crust (see also Section 4.2.8). This is upheld 

by the gravity and topographic data obtained from Clementine (Zuber et a l ,  1994), and 

may have resulted from the successive formation of the 700 km Tsiolkovsky-Stark 

Basin (TSB) followed by Tsiolkovsky itself. Both o f these impacts will have excavated 

a significant fraction o f the farside crust, which may have facilitated the eruption o f the 

mare flows. This possibility is demonstrated by French (1970), who undertook a 

detailed study o f the eruptive materials present in the terrestrial impact crater Sudbury 

(in Canada), extrapolating his results to derive four possible hypotheses for impact 

induced volcanism on the planets:

1) The direct removal o f a thin crust to expose active zones o f magma generation. The 

farside crust is probably too thick for this to have occurred at the Tsiolkovsky site, 

even after the removal of the material excavated by the 700 km TSB.

2) The partial fusion o f material caused by the release o f lithostatic pressure during 

crater excavation. This would require an anomalously high thermal gradient to be 

present before the impact occurred, and would result in the melting o f local crustal 

rocks from the farside highlands, compositionally different from the mare seen in 

Tsiolkovsky.

3) Production o f a high thermal gradient after impact. This would develop due to the 

insulation o f the ambient heat flow by the breccia lens in the crater, and could
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potentially become high enough to induce melting. However, as with the second 

hypothesis, the basalts in Tsiolkovsky differ compositionally from the molten crust 

that would result from this.

4) The development of channels for ascending buoyant magma by fracturing of rocks 

beneath the crater. This is favoured by French (1970) as the most effective method 

of producing a localised magma emplacement, and is not precluded by any factors at 

play on the lunar surface or observed in Tsiolkovsky.

From this, it seems that fracturing beneath the crater is most likely to have aided the 

emplacement o f the mare flows in Tsiolkovsky. In combination with the crustal 

thinning and fracturing that would have already occurred on a large-scale after the TSB 

impact event, the fissures and lithostatic pressure release caused by Tsiolkovsky would 

have instigated stress fields that would ease the development o f a channel for the 

buoyant rise and release o f mare lavas onto the lunar surface. Many of the fissures 

already present after the TSB impact may also have been exploited as zones o f weakness 

during the Tsiolkovsky event, extending or widening further; however, this is dependent 

upon the geometry o f the fissure and magma body, which must be aligned for such a 

pre-existing feature to be exploited. Since the mare lavas in Tsiolkovsky appear to be 

Eratosthenian (Section 4.2.2), the magma generation clearly occurred long after the 

impact event, and most likely exploited zones of weakness in the stress fields generated 

by the large impact events in this area o f thinned farside crust.

Similarly, the 97 km diameter crater Langemak, also o f Imbrian age (Wilhelms and El- 

Baz, 1977; Fig 4.4), will have produced its own stress field and deep fissures to source 

its localised deposits, and the older pre-Nectarian (Wilhelms and El-Baz, 1977; Fig 4.4) 

crater Bolyai (135 km diameter) probably thinned the crust during impact to a high 

enough degree to allow the later mare to break through to the surface. It is plausible that 

the units in Waterman (76 km diameter), and the smaller deposits such as those to the 

north and south-east o f Tsiolkovsky (labelled ‘EM2’ and ‘EM3’ in Fig 4.3), resulted 

from weaknesses that were either generated by the Tsiolkovsky impact event itself or 

were produced by the earlier TSB event and weakened further during the production of 

Tsiolkovsky. Alternatively, if these localised deposits are common across the entire 

lunar farside, it would support the model o f magma rise given by Head and Wilson
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( 1992) that predicts the prevalence o f stalled basaltic intrusions beneath the thicker 

farside crust (see also Section 4.2.8). Observations of greater areas of the farside will 

have to be made to ascertain which scenario is most likely, and this will be re-examined 

during analysis of the soils around King crater (Chapter 5).

4.2.3 Edge o f Floor Material

This material is stratigraphie ally older than the dark mare floor and younger than the 

inner wall (Guest and Murray, 1969) as is clearly seen by the embayment patterns in Fig 

4.22, and forms a discontinuous bench between the two. Two large outcrops displaying 

contrasting morphologies are present, one to the north and the other to the south-west 

(Fig 4.22). Smaller outcrops are also seen to the north-east and eastern fringes of the

10 km 
(approx. scale)

Fig 4.22: Images o f the ‘edge o f floor’ material in Tsiolkovsky from Lunar Orbiter III high resolution 
photographs 121 Hi and I2 IH2 and from Clementine data, a) Photograph o f the large outcrop to the north; 
b) Photograph o f the outcrop to the south-west; c) Clementine multispectral frame o f the northern outcrop; 
d) Clementine multispectral frame o f the southern outcrop. The northern outcrop displays a more chaotic 

morphology, with a localised alignment with the central peak. Both units show a spectral signature 
representative o f a combination o f impact melt and crater wall material.
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mare floor. The different morphologies o f the two main units may result from 

differences in elevation and structure o f the crater wall. The wall to the south and to the 

west drops abruptly in a series o f steep fault scarps compared with the more gentle 

terracing seen to the north (Fig 4.24). Hummocks in the otherwise smooth and flat 

southern unit are composed o f highland material (appearing cyan in Fig 4.22d), some of 

which apparently acted as a barrier to the later mare flows. The edge o f floor unit to the 

north is more chaotic, reflecting more o f the slumped wall terrain and is perhaps also 

partially governed by underlying (pre-existing) structures. This is suggested by analysis 

of the Lunar Orbiter frames, which show the heavy ridges on the northern outcrop to be 

separated by deep, typically sinuous channels (Fig 4.22a). To the north o f the central 

peak, these ridges appear radial to, and link well with, the line o f outcrops seen to 

connect the peak with the wall; elsewhere, the ridges form a pattern more concentric 

with the crater. The north-south pattern that appears radial in the channels to the north 

of the peak can be seen to cut through the centre o f the whole Tsiolkovsky structure, 

also linking with the furrows in both the north and south crater walls (Section 4.2.4). 

This supports the theory of a pre-existing stress field or structure being the cause o f the 

localised alignment with the peak, and is also perhaps the cause o f the peak’s extended 

neck in that direction. The occurrence o f both large edge of floor outcrops close to the 

point where Tsiolkovsky cuts through the rim of Fermi suggests that structural 

weaknesses and topographic features caused by this older impact may also have played 

an important role in the development o f the structures seen in Tsiolkovsky today. The 

edge of floor units are remnants o f the original floor o f Tsiolkovsky that lie above the 

level o f the mare flooding, probably as a result o f the slumping that has occurred in 

these regions, which in turn has been dictated by the structural features present prior to 

the formation o f Tsiolkovsky.

Both main units have a similar appearance to the floor material o f the crater Tycho, 

identified by Strom and Fielder (1968) as being of volcanic or impact melt origin; the 

dearth of volcanic vents in Tsiolkovsky argues for the impact melt case (Guest, 1971b). 

This should be apparent in the Clementine data, as the glassy nature o f impact melt 

would result in a steep and featureless continuum, causing a reddening o f the slope in 

the visible that would be reflected in both the multispectral image and in the shape and 

form of the five-point spectra. Looking at these data, the edge o f floor material appears 

to be a mixture o f dark blue and red in the multispectral image (Figs 4.22c and 4.22d),
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S 0.70 - Edge o f floor material

- Fresh crater wall

Impact melt

and the five-point spectra (Fig 

4.23) show a signature similar to 

that of the glassy impact melt 

outside the crater (Section 4.2.7), 

but with a far bluer continuum 

slope (and therefore a lower glass 

content). This could mean that 

either the soil is younger, and has 

had less time to accumulate the 

glassy agglutinates that result from 

space weathering, or it has been 

contaminated by a less glassy soil 

(which in this case would be the 

highland units from the crater wall; 

Section 4.2.4). Since all of the 

impact melt in the crater would 

have been formed at the same time, 

and the edge of floor material is unlikely to have experienced creep, the spectral 

differences cannot be the result of space weathering. Indeed, the soils on the edge of 

floor units will have had time to ‘mature out’ several times over in the lifetime of the 

crater, and it is therefore suggested that mixing of the melt and highland units occurred 

during the emplacement of this material to give the spectral characteristics seen. In a 

photogeological study of the crater Aristarchus, Guest and Spudis (1985) infer a similar 

origin for the pooled materials seen in and around the structure, suggesting this could be 

a common occurrence in lunar impact craters. The cratered platform on the central peak 

of Tsiolkovsky (Section 4.2.1) is probably also representative of the original floor 

material o f the crater, but shows a more anorthositic signature than the edge of floor 

units. This probably results from its heavy cratering record and location atop the 

anorthositic peak, as the impacts will have penetrated through the melt unit to expose 

the peak material below.

450 500 550 600 650 700 750 800 850 900 950 1000

Wavelength (nm)

Fig 4.23: Five-point spectra o f  the edge o f  floor units in 
Tsiolkovsky compared to the crater wall and impact melt 

signatures.

4.2.4 Inner Wall Material

Tsiolkovsky displays rounded terraces on its inner walls, forming irregular steps to the 

crater floor. The rounded nature of the terraces and distinct lack of craters suggests
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creep or mass movement of some sort to have occurred, and the presence of scree at the 

foot of some of the gullies underlines this possibility. There is an east-west variation in 

the nature of the terracing in the crater (Fig 4.24). In general, the wall to the west 

exhibits steep terracing (with one area in the western wall having a single steep scarp, 

dropping down about 2.5 km to the mare floor), while the eastern walls show a more 

gentle series o f scarps. The sharp drops in the western wall are probably related to the 

same concentric faults that formed the slumped terraces elsewhere in the crater, but they 

have been amplified greatly in this region as a result o f an inherent structural weakness. 

The most probable cause of the localised weakness is identified by the location of the 

steep terraces, all of which appear close to the area where Tsiolkovsky cuts the rim of 

the older, 250 km diameter crater Fermi. The western portion of Tsiolkovsky’s wall 

extends onto the inner wall and floor of Fermi, and the wall in this region therefore

s

I

Fig 4.24: The inner walls o f  the 180 km diameter crater Tsiolkovsky, showing a difference 
in the terracing from east to west, and the presence o f a single, steep scarp in the western 

wall. (Portion o f Lunar Orbiter 111 medium resolution frame L01I1-121M).
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offered little structural support to the step faulting, resulting in the steep scarps. An 

impact o f  Fermi’s size will have left deep-seated instabilities in the crust, which may 

also have been exploited by Tsiolkovsky, underlining the potentially dominant influence 

o f  Fermi on the morphology o f  units within Tsiolkovsky. As is common to many large 

lunar craters (Schultz, 1976), the wall also displays radial furrows, two o f  which 

(labelled ‘a’ and ‘b ’ in Figures 4.14 and 4.24) are fairly large and have been suggested 

as having provided natural channels for the transport o f  mare and/or impact melt flows 

(Schultz, 1976), as discussed in Section 4.2.2.

The multispectral data and five-point spectra (Fig 4.25) show the walls to be composed 

o f  assorted units, dominated by fairly weathered highland material, with fresher 

exposures along the terraces resulting from creep. Several small areas within the mature 

wall contain ponds and sheets o f  glassy impact melt, although there is a lower 

abundance o f  glass (and hence a bluer slope) in these deposits compared with the melt in 

the ejecta o f  Tsiolkovsky (Section 4.2.7), perhaps resulting from increased mixing with 

the highland units through creep and slumping in the walls. This is particularly so in the 

south-western and northern regions, where mixing is thought to have occurred to form

the ‘edge o f  floor’ units below
I 20
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Fig 4.25: Five-point spectra o f the inner wall o f  Tsiolkovsky, 
showing impact melt, fresher terraces and abundant outcrops 

o f noritic materials.

(Section 4.2.3). The ‘jumbled’ 

appearance o f  the walls in the 

multispectral image results from 

blocks o f  green or cyan that are 

liberally scattered or exposed along 

the walls, particularly in the north 

and north-east. The iron map (Fig 

4.15c) shows the cyan blocks to 

have a higher concentration o f  FeO  

(8 to 10 wt%) than the rest o f  the 

wall (2 to 8 wt%), and although the 

region to the north surrounds a 

large pool o f  mare material 

(separated from the main floor by a 

band o f ‘edge o f  floor’ material), 

the high FeO content appears to
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cover a much larger area than would be expected from this alone. Higher FeO 

concentrations extend along steep slopes in terracing to the east and west of this area, 

and the western and south-western walls exhibit similar characteristics. The five-point 

spectra o f the cyan blocks (Fig 4.25) are o f a similar character to the cyan craters seen in 

Waterman (Section 4.2.2a; Fig 4.21), with an inflection around the 0.95 pm region 

indicative o f noritic anorthosite. The abundance o f this material in the walls means that 

noritic anorthosite must have comprised the bulk o f the upper layer in the Tsiolkovsky 

target area, lying above the units that now form the rim and ejecta, and those uplifted to 

form the peak. This will be tied with the rest of the Tsiolkovsky stratigraphie column in 

Section 4.3.

4.2.5 Rim Material

For the purposes of this research, the rim of Tsiolkovsky is defined as the material 

forming the raised area from the lip o f the crater out to the break in slope. The lip is 

polygonal, suggesting its shape to have been controlled by underlying topographic or 

tectonic structures, but the crater is still generally circular in plan. Its circularity, 

measured by Guest and Murray (1969) to be C=1.15 (where a circle has C=1 and values 

increase as circularity decreases) was used as evidence for the impact origin of 

Tsiolkovsky, as a caldera would typically be less circular. Apart from this, the rim is 

composed o f roughly concentric ridges and rounded hills, and faint ridges can be seen 

running radially from the crater across the rim, perpendicular to the angle o f slope. As 

with the terraced wall, this is suggestive of creep and the low crater density supports 

this.

The rim to the south-east is poorly defined and has formed an extended plateau reaching 

out from the lip, with large collections o f impact melt at its base (Fig 4.26). The rim 

here is characterised by several small steep hummocks, displaying fresh slopes and signs 

of creep. There is a clear NW-SE trending fabric in the rim material that is not radial to 

Tsiolkovsky, and contrasts the ejecta pattern; this is probably representative o f an 

underlying structure that has governed the topography and structure o f the area. The 

fabric cuts almost perpendicular to the NE-SW trend o f the polygonal crater wall, and 

slumping from this will therefore have been governed by the underlying structure, 

producing the poorly defined rim and extended plateau on this wall. Supporting

169



evidence for this is present in the form o f  the ejecta slide (Section 4.2.6), which has 

occurred on the only other NE-SW  trending wall, diametrically opposite to the extended 

plateau, implying that the fabric may result from a large-scale structure, cutting through 

the whole o f  Tsiolkovsky (see Figs 4.7a to 4.7d and Fig 4.1 for a view  o f  the whole o f  

Tsiolkovsky to locate these units).

The Clementine data (Figs 4.15b, c, and d) and five-point spectra (Fig 4.27) o f  the outer 

rim indicate a mature, generally anorthositic composition, similar to that o f  the

?

;

I
f

t N 10 km 
(approx. scale).

Fig 4.26: The south-east rim o f Tsiolkovsky. This part o f the rim structure has formed an 
extended plateau. Note the NE-SW trending fabric in the units, non-radial to Tsiolkovsky 
and against the trend o f the ejecta blanket seen to the north o f the frame. The fabric may 

represent an underlying stress field that is affecting the morphology o f features in 
Tsiolkovsky. (Apollo 15 metric camera frame 1027).
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surrounding highland material. Within this are fairly large collections o f  impact melt 

material, easily visible as a bright orange/red in the multispectral image (Fig 4.15b). 

The melt displays a steep slope in the visible resulting from a strong glassy component, 

and appears to be distributed in patches around the whole o f  the rim except for the 

region o f  the ejecta slide unit. This suggests that the slide occurred after the

emplacement o f  the
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impact melt, and that the 

melt was therefore 

carried onto the floor o f  

Fermi as part o f  the slide. 

If this is the case, the 

melt should be detectable 

in the five-point spectra 

o f  the ejecta slide 

(Section 4.2.6). The 

poorly defined rim to the 

south-east shows a 

markedly different 

spectrum from the bulk 

rim, with a much fresher 

feldspathic signature 

(bluer slope), appearing 

bright blue in the 

multispectral image (Fig 

4.15b). This difference 

is primarily caused by the 

presence o f  several freshly exposed slopes in this portion o f  the rim (Fig 4.26). The 

FeO map (Fig 4.15c) shows the majority o f  the rim to be o f  a low iron abundance, 

similar to the surrounding ejecta (Section 4.2.7). However, as with the inner wall 

(Section 4.2.4), but on a far smaller scale, patches o f  more iron rich material can be seen 

in the rim, particularly to the south-west, north-east and east. These extend onto the 

ejecta blanket in places, and are not extensive themselves, appearing as localised 

outcrops. Five-point spectra o f  the outcrops (Fig 4.27) show the same signature as the 

blocks in the wall, with a slight 0.95 pm inflection indicating a minor clinopyroxene

0.55
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Fig 4.27: Five-point spectra o f the raised rim o f Tsiolkovsky, 
showing a dominant weathered anorthosite signature, with 

glassy impact melt and localised outcrops o f noritic 
anorthosite.
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component and a noritic anorthosite mineralogy. The overall compositional picture o f  

the rim is therefore consistent with the stratigraphy inferred from the inner wall, with a 

noritic anorthosite layer extending beneath the regolith. However, the more anorthositic 

nature o f  the rim suggests the noritic component to become less dominant with depth. 

The stratigraphy o f  the Tsiolkovsky target region and the subsequent formation o f  the 

units in Tsiolkovsky will be detailed in Section 4.3.

4.2.6 Ejecta Slide

This unit forms a wedge shaped body on the north-western rim o f  Tsiolkovsky, and 

thins as it extends approximately 70 km from the rim onto the flat floor o f  Fermi (Fig 

4.28). In the lower areas, the top o f  the unit displays wide longitudinal grooves almost 

radial to Tsiolkovsky which curve as they near the rim. Transverse ridges have 

developed in areas closer to the rim where they begin to dominate the morphology. 

Where the unit abuts the rim o f  Fermi, the transverse ridges curve downslope away from

Fig 4.28: Oblique view o f the ejecta slide unit on the north-western rim o f Tsiolkovsky, stretching approximately 
70 km onto the floor o f Fermi. Note the NW-SE trending lineations on the surface o f the slide (north is towards the 

right o f the frame). At the boundary between the rim and the slide, the curvature o f the lineaments is away from 
the rim, indicative o f a slump origin as opposed to a lava flow (Guest and Murray, 1969). (Apollo 15 metric

camera frame 0762).
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the rim, converse to the curvature expected from a lava flow, and more consistent with a 

slide origin (Guest and Murray, 1969). Guest (1971b) noted the ridge curvature to be 

similar to that on the Sherman Glacier landslide in south central Alaska, strongly 

supporting a mass wasting origin for the unit. Although the slide has clearly resulted 

from instabilities caused by the presence of Fermi, its morphology and direction 

demonstrate the influence of pre-existing stress fields or structures in the area. This is 

first illustrated by the location of the slide on the NE-SW trending wall, opposite the 

poorly defined south-eastern rim, with the near-radial longitudinal grooves following the 

same NW-SE trend as the fabric in the extended south-eastern rim (Section 4.2.5).

Further support is 

provided by the 

slide’s occurrence 

on this section of 

the polygonal rim 

alone, and not on 

the western or 

south-western 

sections, which also 

cut into the floor of 

Fermi. Finally, the 

dominance of an 

underlying structure 

is illustrated by the 

fact that the grooves 

on the surface of the 

slide to the west 

still trend NW-SE, 

and do not point 

back to the centre of 

Tsiolkovsky 

(Schultz, 1976), as 

seen in Fig 4.29.

All of these facts

I
' /  ('

Fig 4.29: The ejecta slide on the north-western rim of Tsiolkovsky (north is up), 
stretching approximately 70 km from Tsiolkovsky’s rim onto the floor o f Fermi. 
The arrows show two examples o f lineations on the western portion o f the slide 

which still trend NW-SE and do not point towards the centre o f Tsiolkovsky, 
suggesting that another factor is dominating their morphology. The trend o f these 

lineations is also represented in a fabric seen on a plateau extending from the 
south-eastern rim (Section 4.2.5), suggesting the pattern is dictated by a pre

existing stress field or structure in the Tsiolkovsky area.
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Fig 4.30: Clementine images o f the ejecta slide on Tsiolkovsky’s north-western rim, reaching approximately 
70 km onto the floor o f Fermi. The multispectral frame (a) shows little contrast between the rim and slide, 

although some NW-SE trending lineations, also brighter in the true colour frame (b), appear slightly bluer and
fresher.
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Fig 4.31 : Five-point spectra of the ejecta slide on the north
west rim of Tsiolkovsky compared to the crater rim 

deposits.

provide evidence of increased 

instabilities in the NW-SE 

trending rim slumping, produced 

by pre-existing stress fields or 

structures in the Tsiolkovsky 

area.

A slump origin for the unit is 

upheld by observations of the 

Clementine images (Fig 4.30) 

and five-point spectra (Fig 4.31), 

in which the unit appears to be 

compositionally similar to the 

rest of the crater rim. The five- 

point spectra show a slope in the 

visible that is slightly redder than 

the fresh rim exposed on the 

extended plateau, but bluer than

the pools of impact melt, almost identical to the mature rim in the multispectral image. 

The glassy nature of the slide could either be a result of impact melts that were once on 

the rim mixing with the slump, or the build up of agglutinitic glass from space 

weathering. However, the photogeological evidence for a slump origin, and the 

presence of two large faults at the head of the slide both support the formation of the
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slide coincident with the impact event. This would have given the soils ample time to 

‘mature out’ and reach a steady state for the spectral effects of agglutinitic glass, so it 

seems likely that the glassy signature seen in the ejecta slide is produced by the impact 

melts carried from the rim with the slump (and that the melts once existed around the 

whole rim).

4.2.7 Ejecta Blanket

Previous studies show Tsiolkovsky’s ejecta blanket to extend radially some 200 km 

from the crater lip (Guest, 1971b). The strong asymmetry of the blanket (Fig 4.32) is 

indicative of an oblique impact from the north-west (Guest, 1971b; Schultz, 1976), with 

the majority of the ejecta being thrown downrange. The blanket is dark on the 

photographic datasets, recognisable only by differences in texture and crater frequency.
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Fig 4.32: The asymmetry of Tsiolkovsky’s ejecta blanket primarily to the 
south-east of the crater indicates an oblique impact from the north-west. 

Adapted from Guest and Murray, (1969).
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and characterised by large hummocks and subradial ridges and valleys. Its albedo 

contrasts with that of the crater walls, and Schultz (1976) suggests that the impact may 

have excavated a low albedo subsurface unit.
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The Clementine images (Figs 4.7a to 4.7d) show little spectral contrast in the blanket 

and although several bluer (less glassy) rays appear to radiate from the main impact, 

they are subdued and the blanket is dark in the single filter mosaics. In general, the 

ejecta is composed of feldspathic highland soils that have ‘matured out’ (causing the

low spectral contrast), as would be 

expected from an impact of late- 

Imbrian age. The only visible 

difference in the five-point spectra 

of the bulk ejecta (Fig 4.33) is in 

the slope of the visible continuum 

(the slope of the line connecting 

the 415 and 750 nm points in Fig 

4.33). The rays have a slightly 

bluer slope than the surrounding 

red hummocky ejecta, implying a 

lower glass content, but otherwise 

show no compositional difference 

in the 750 nm normalised five- 

point spectra. Impact melt is 

present between the rays and just 

beyond the bluer ejecta to the 

south-east, suggesting ‘secondary’ melt production in these areas from the rapid ejecta 

striking the surface, as opposed to the ejection of large quantities o f melt from the main 

crater. The melt has a glassy component, appearing a bright orange/red in the 

multispectral image (Figure 4.7c) and showing a steep featureless continuum in the five- 

point spectra. Similar melt is seen to the north-west of Tsiolkovsky, but probably 

originates from Langemak, on the north-western edge of the image (Fig 4.3). The 

feldspathic nature of the ejecta is clear from the lack of prominent absorption bands in 

the five-point spectra, and the vast majority of fresh craters seen on the ejecta appear 

blue in the multispectral image and have a clearly anorthositic signature. However, one
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Fig 4.33: Five-point spectra o f  the anorthositic ejecta 
blanket o f  Tsiolkovsky, with glassy impact melt patches 

and very isolated outcrops o f  noritic anorthosite.
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or two craters deviate from this norm, showing a more cyan colour in the multispectral 

cube and a noritic anorthosite composition in the five-point spectra. The FeO map (Fig 

4.7d) shows a similar pattern, with the bulk o f the ejecta being o f a low FeO content (0 

to 4 wt%), similar to the Apollo 16 highland soils on the nearside (Pieters and 

Tompkins, 1999). Two patches o f significantly higher iron abundance are seen in the 

image, one to the south-west and the other to the far south o f Tsiolkovsky, and these 

will be discussed separately in Section 4.2.8. In all, the ejecta blanket has a dominant 

anorthositic character with very isolated patches o f noritic material. The lower units in 

the Tsiolkovsky target area (below those that now form the rim and wall, but above the 

source layer for the central peak), were therefore anorthositic, with a low FeO 

abundance, although small pockets o f noritic materials were still present. This follows 

the pattern seen in the crater walls and rim (Sections 4.2.4 and 4.2.5), with a consistent 

decrease in the abundance o f norite with depth, complimented by an increasing 

anorthosite content. The full regional stratigraphy will be detailed in Section 4.3.

4.2.8 Dark Halo Crater and Dark Surfaces

To the south-west and far south o f Tsiolkovsky, two patches o f the lunar surface show a 

significant darkening (easily visible in the 750 nm and true colour images. Figs 4.7a and 

4.7b). Both areas contain several degraded craters with a few examples o f jfreshly 

exposed steep slopes, and neither appear to be affected by topography, being 

morphologically similar to the mantling expected from pyroclastic deposits. However, 

the presence o f a fresh 3.5 km dark halo crater in the south-western unit (labelled ‘DHC’ 

in Fig 4.34), exhibiting a similar FeO content to the mare in Tsiolkovsky (16-18 wt%), 

makes this an unlikely cause for the darkening.

A high FeO abundance is also seen in fresh slopes within the darker regions (Fig 4.34; 

see also Figs 4.7a to 4.7d), and this would be expected from the presence o f near-surface 

cryptomaria. However, such a possibility is ruled out by the nature o f the boundary of  

the darker units, cutting part o f the way through several large old impact structures 

which themselves show no indication o f mare fill. The 101 km crater Neujmin (labelled 

in Figs 4.3 and 4.4), upon whose floor the DHC sits, is a good example o f this. The 

dark unit extends only onto the western half o f the crater, as evidenced by a fresh impact 

on the crater floor to the south-east o f DHC; this crater has
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Fig 4.34: Clementine images of the darkened surfaces to the south-west and far south of 
Tsiolkovsky, containing a fresh 3.5 km dark halo crater (labelled ‘DHC’) and darker units on 

freshly exposed steep slopes (one of which is labelled ‘DM1 ’), clearly visible in the true colour 
image (a). Both dark regions show a relatively strong mafic signature in the multispectral image 

(b) and a corresponding high FeO content in the FeO map (c). Also see Figs 4.7a to 4.7d.
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a blue appearance in the multispectral image and is anorthositic in nature, a strong 

contrast to the mafic signature of the nearby DHC.

For these reasons, the surface darkening is considered to result from either localised 

patches of mafic megaregolith or stalled intrusions that have formed near-surface sills. 

Both must be near the surface in order to produce the observed darkening via impact 

gardening. This is particularly true for the south-western deposit, where ejecta and 

impact melt drape the area. The 3.5 km DHC places an upper limit of 350 m on the 

thickness of the ejecta and regolith in this region (based on the depthidiameter ratio of 

1:10 given by Croft, 1980), although the actual thickness will be significantly less than 

this since the DHC must have cut deep into the megaregolith to eject the relatively pure 

mafic soils seen.

Analysis of the five-point spectra (Fig 4.35) shows a fresh basaltic signature for the 

floor of the DHC with a dominant 0.95 pm absorption, matching well with the fresh 

impacts in the maria of Marius Hills (Chapter 3). The ejecta from the crater, and the 

freshly exposed steep slopes in the northern wall of another crater (labelled ‘DM1’ in

Fig 4.34) to the west of the DHC 

show a similar composition, 

although these areas display a 

somewhat weaker absorption, 

resulting from the mixing of 

Tsiolkovsky’s highland soils with 

the ejected and slumped material.

It is possible that the two intrusions 

observed in the Tsiolkovsky area 

take the form of basaltic sills, and 

provide initial evidence of the 

stalling and lateral spread of rising 

magma under the buoyant and thick 

farside crust. This supports the 

hypothesis that the thickness of the 

crust is a dominant factor in the
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Fig 4.35: Five-point spectra o f  the dark halo crater and 
dark surface in the Tsiolkovsky region compared to a fresh 

impact in Marius Hills.
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dichotomy between the distribution o f maria on the near and far sides o f the Moon, and 

near surface sills may therefore be fairly common on the farside, as would fit with the 

models o f Head and Wilson (1992). It is not possible to infer whether or not the sills are 

related to each other and/or the extensive floor deposit in Tsiolkovsky.

However, the proximity o f the deposits to the surface makes it unlikely that they 

represent stalled sills, and adds support to the ‘mafic megaregolith’ scenario. In this 

case, the mafic material will have been excavated and ejected by impacts, finally coming 

to rest in the Tsiolkovsky target region where they were later buried by further blocky 

ejecta and the regolith. The ‘mafic megaregolith’ will therefore be composed o f ejected 

blocks o f mafic material, near enough to the surface to produce the darkening seen today 

through impact gardening and regolith production and for the DHC to excavate and 

expose a portion o f the mafic deposits.

4.3 Summary and Crater Formation

Previous photogeological work by Guest and Murray (1969) provided a comprehensive 

study o f the origin of Tsiolkovsky. Further to their conclusions, the combination of 

photogeological and multispectral techniques presented in this work have allowed for 

refinements to be made, particularly regarding the compositional provinces in the area, 

and the stratigraphy o f the farside crust at the Tsiolkovsky impact site. The following 

paragraphs summarise the formation and geology o f Tsiolkovsky detailed in this 

research.

Tsiolkovsky formed from the impact o f a large body during the late-Imbrian period, 

between about 3.2 and 3.75 Ma ago (Wilhelms and El-Baz, 1977; Fig 4.4). The bolide 

struck at an oblique angle from the north-west, as evidenced by the deposition o f the 

majority o f the ejecta blanket to the south-east o f the crater (Fig 4.32) (Guest and 

Murray, 1969). The target region was a noritic anorthosite highland crust, becoming 

more anorthositic with depth, as is preserved in the units now seen in Tsiolkovsky (e.g. 

inner wall, rim and ejecta). At depths o f between 20 and 35 km were localised pockets 

of olivine rich materials, probably resulting from the fractional crystallisation o f the 

igneous body. The area contained structures that have strongly affected the morphology
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of units within the crater, the most obvious being the 250 km diameter crater Fermi 

whose eastern rim has been destroyed by Tsiolkovsky.

The excavation o f the crater was accompanied by the deposition o f the anorthositic 

ejecta blanket (Section 4.2.7), followed by the overturn of the slightly noritic lip to form 

a polygonal rim, whose structure was partly dictated by a pre-existing NW-SE stress 

field in the area. Overturn o f the two NE-SW trending portions o f the lip followed the 

line o f this underlying stress field, resulting in the extension o f a plateau on the south

east rim (Section 4.2.5), and dictating the direction o f the collapse o f the north-west rim 

into the crater Fermi to form the ejecta slide (Section 4.2.6). An indication of a pre

existing topographic or tectonic structure is visible in the form of a NW-SE fabric in the 

plateau on the rim (Fig 4.26) and the continuous NW-SE trend o f the slide, discordant 

with the ejecta pattern in the area (Fig 4.29). It is possible that the ejecta slide occurred 

sometime after the formation o f the crater but, whenever it formed, it resulted ft-om 

inherent weaknesses in the area, and its direction seems to have been dictated by pre

existing structures or stress fields.

The latter stages o f crater formation saw the rebound of the crater floor (fi’om a depth of  

between 20 and 35 km) to form the central peak (Section 4.2.1). The peak shows no 

evidence o f the 1 pm absorption feature expected ft'om volcanic materials in the 

Clementine multispectral image (Fig 4.10), and is generally anorthositic. It is therefore 

probably not a volcanic edifice, but an impact structure unrelated to the origin o f the 

surrounding mare floor. Traces o f anorthositic troctolite on high ridges at the southern 

end of the peak indicate the presence o f olivine, lifted fi’om depth during the formation 

of the uplift, but the localised and unconsolidated nature o f the outcrops suggests that 

any subsurface deposit must have been very constrained. The bulk peak composition is 

more indicative o f a layer o f crystalline anorthosite at the 20 to 35 km depth from which 

it rebounded.

Simultaneous with the floor rebound was the slumping o f the inner walls (Section 

4.2.4), structurally governed by the presence of Fermi on the western boundary, 

resulting in steep scarps and terraces to the west and more gentle faulting to the east (Fig 

4.24). The walls are anorthositic, with high concentrations of noritic anorthosite, 

representative o f the layers originally lying beneath the regolith in the Tsiolkovsky
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target area. This was contemporaneous with the fallback o f impact melt into the crater, 

as illustrated by the mixing o f melt and wall material to form the ‘edge o f floor’ units 

(Section 4.2.3). Morphological differences between the two large ‘edge o f floor’ 

outcrops can be explained by differences in the shape and form of the crater wall, which 

in turn resulted from pre-existing structures and stress fields; indeed, the deposits 

themselves lie close to the point where Tsiolkovsky intersects the rim of Fermi. The 

melt will have formed the original crater floor prior to mare flooding, and continued 

fallback o f vertical ejecta would have covered this unit with secondary craters, forming 

some o f those seen today on the heavily cratered platform o f the peak (Fig 4.9).

After the formation of Tsiolkovsky, probably in the latter stages o f the Eratosthenian 

epoch (3.2 to 1.2 Ga), volcanic activity occurred to produce the dark mare fill on the 

floor (Section 4.2.2; Fig 4.15). The 11,500 km  ̂surface area o f the mare (Guest and 

Murray, 1969) is suggestive of multiple flows, but no flow fronts are visible in either the 

multispectral or photographic data. This does not preclude the possibility o f there being 

several flow generations in the unit, since the mare’s young age and secondary crater 

record (see below) makes the identification o f compositional boundaries difficult.

The floor displays a lower titanium content (1 to 5 wt% Ti0 2 ) than nearside maria 

(Pieters et al., 1995). Iron content is fairly high (12 to 18 wt% FeO), and is highest in 

areas exhibiting fresh impact craters, which occur in belts trending east-west across the 

floor, suggesting them to be o f secondary origin from a crater or craters external to 

Tsiolkovsky (Guest, 1971b). This evidence o f secondary cratering in Tsiolkovsky 

suggests it may have also been an important factor in the production o f the heavily 

cratered platform on the central peak, adding to the craters formed from fallback. 

Evidence o f a similar cratering record on other units in Tsiolkovsky will have been 

destroyed through slumping or creep after the formation o f the crater.

Small collections o f maria around Tsiolkovsky (Section 4.2.2a) show similar spectral 

properties to the floor deposit, suggesting them to be related. Along with the main dark 

floor unit, those deposits closest to Tsiolkovsky were probably aided in their rise to the 

surface by fissures produced or widened by the Tsiolkovsky impact event (Section 

4.2.2b). Alternatively, the smaller patches outside o f the main crater could simply 

represent a preponderance o f stalled basaltic intrusions on the farside, but observations
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over more o f the farside are required to confirm or deny this. Such a distribution would 

support the magma rise and mare formation models o f Head and Wilson (1992).

Two near-surface basaltic intrusions or localised patches o f mafic megaregolith are also 

present in the area studied (Section 4.2.8), seen in the presence o f a 3.5 km diameter 

dark halo crater to the south-west o f Tsiolkovsky and surface darkening to the south

west and far south. These features, if  intrusive, could be related to the same source as 

the dark floor unit in Tsiolkovsky and/or to each other, but it is not possible to be 

certain. It is possible that both dark areas are the surface representations o f basaltic 

intrusions that have stalled beneath the thicker farside crust and spread laterally. If this 

is the case, they will have formed after the majority o f craters in the Tsiolkovsky area, as 

the only impact that appears to have excavated the intrusions is the small and firesh dark 

halo crater (Fig 4.34), and several older impacts o f similar or greater size show no 

indication o f excavating the deposit, typically displaying anorthositic ejecta. The dark 

halo crater is the only impact to have clearly excavated either o f the deposits, and 

basaltic material is otherwise exposed only in steep walls o f older impacts that have 

slumped or undergone creep.

From this study, it can be seen that the target area for the Tsiolkovsky impact was 

primarily anorthositic, but varied compositionally with depth. The top o f the 

stratigraphie column of the area begins below the regolith with anorthositic units 

containing a fairly strong norite component, now exposed in the crater walls and rim. 

The abundance o f norite decreased with depth, as is illustrated by the continuous drop in 

norite concentration from the crater wall to the rim and out to the ejecta. By a depth of 

between 2 0  and 35 km, the norite had disappeared completely, giving way to a layer of 

crystalline anorthosite, uplifted to form the peak o f Tsiolkovsky. Within this layer were 

small pockets o f olivine rich minerals, perhaps formed through the fractional 

crystallisation o f a larger body, producing the poorly consolidated anorthositic troctolite 

now on the peak crests. The low titanium mare basalt developed at a later date, 

probably exploiting the fractures and thin crust generated by the formation of 

Tsiolkovsky, Fermi and the Tsiolkovsky-Stark Basin. A similar origin is suggested for 

the small surface deposits of mare basalt local to Tsiolkovsky.
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4.4 Future Work

During this research, a technique originally developed for terrestrial use by Kruse et al. 

(1993) has been illustrated for use in lunar studies by Budney and Lucey (1998) who 

used constrained two and three component unmixing models on Clementine data to 

measure the thickness o f the basalts in Mare Humorum, as has been discussed in Section 

3.4. When the adapted software becomes available, similar work could prove useful in a 

study o f the floor o f Tsiolkovsky, in this case looking for the excavation o f the impact 

melt material that is thought to cover the floor beneath the mare. The study of mare 

basalt thickness in Section 4.2.2, although insensitive compared with the unmixing 

models, clearly shows the value o f such a technique.

The addition o f Clementine’s NIR camera data, which are almost ready for scientific 

analysis (Lucey et a l ,  1998b; Le Mouélic et al., 1999), to the UVVIS data already 

available will greatly enhance the compositional sensitivity of Clementine analyses. The 

full 11 wavebands will allow for the unambiguous detection of olivine, and 

combinations o f pyroxene and olivine, providing a far better indication o f the mineral 

assemblages present in a soil. As well as the introduction o f the complete multispectral 

dataset from Clementine, the chemical and gravity data from Lunar Prospector will soon 

be available to the scientific community and, combined, these will form a powerful 

analytical tool from which a more detailed compositional view o f Tsiolkovsky’s mare, 

crustal thickness, and the stratigraphy o f the farside crust could be obtained.
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Chapter 5

King Crater -  Multispectral and Photogeological Analyses

King (Fig 5.1) is a 75 km diameter crater located in the highlands on the farside of the 

Moon (120° E 5.5° N; see also Plate 4.1), a long way from any surface deposits of mare.

Its location 

with respect to 

several older 

degraded 

craters on its 

margins and the 

presence of the 

outer ring of 

the 500 km pre- 

Nectarian basin 

Al-Khwarizmi 

(El-Baz, 1973), 

has resulted in 

King displaying 

a complex 

topography.

The crater’s 

northern and 

eastern rim 

show far

greater topographic variation than the southern and western edges (Fig 5.2), and a large 

ridge extends northwards from the north-eastern rim. The south rim of the crater is 

approximately 3 km higher than the north due to a breach in the north where melt 

material has flowed into the older 20 km crater Al-Tusi. King’s setting is illustrated in a 

sketch map (Fig 5.3), and airbrush map (Fig 5.4) of the area.

*

I

Fig 5.1 : Apollo 16 metric camera image o f King crater and its immediate surroundings. 
King is 75 km in diameter from rim to rim. Note the 20 km diameter crater Al-Tusi on 
the northern rim o f King that has acted as a sink for a large pool o f lava-like material 

(Section 5.2.6). (Frame AS16-122-12580)
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RIM ELEVATI ON OF KING CRATER

m e l t

D EPOSITS

Fig 5.2: The rim elevation profile, plotted by Hawke and Head (1977) using data from the Lunar 
Topographic Orthophotomaps. The azimuth position is due north, and the elevation is that of the rim 

relative to the crater floor. Note that the southern reaches of the rim (in the 180° areas) are significantly 
higher than the rim to the north where the melt material has breached the crater wall and flowed into the

older 20 km crater Al-Tusi.

King is Copemican in age (e.g. El-Baz, 1972; Wilhelms and El-Baz, 1977), making it 

one of the freshest large impacts on the lunar farside. The stratigraphie dating of the 

crater and its environs is shown in the geological map (Fig 5.5), clearly indicating King 

to be the youngest structure in the region (Wilhelms and El-Baz, 1977). Fig 5.5 also 

shows the abundance of pre-Nectarian impacts that were present in the King target 

region and which will have had a significant influence upon the formation and 

modification of King. Of particular note is the 20 km diameter crater Al-Tusi on the

northern edge of King, which 

has acted to lower the elevation

of King’s northern rim (Fig 

5.2; Fig 5.31), allowing the 

melt flows to naturally channel 

in that direction and pool in the 

depression formed by the older 

crater (Fig 5.3).

Its size, distance from surface 

mare basalts, and young age, 

make King a good candidate 

for studies of the stratigraphy 

of the farside crust using 

photogeological and 

multispectral analyses. The

Lobachevsky
Kostinsky

Khwanzmi

Ostwald

Fimas

Fig 5.3: Sketch map o f King and the surrounding craters 
superposed on an Apollo photograph. The rim to the north and 
east is superposed upon pre-existing craters and the outer ring 
o f the Al-Khwarizmi basin. (Sketch map adapted from Hawke 
and Head, 1977; photograph section from A pl6 metric 3002)
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Fig 5.4: Overview map of the King 
area showing relief and surface 
markings. Letter designations are 
applied to unnamed craters using 
the scale below. The crater 
labelled ‘Y’ on King’s north
western rim is the 20 km diameter 
Al-Tusi and has acted as a sink for 
much o f the melt in King’s locale. 
Map section from the lunar farside 
map 1-1218-A (Department of the 
Interior, 1980a)
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central peak of King will have been uplifted from a maximum depth of between 8 and 

14 km (Melosh, 1989; Cintala and Grieve, 1994; Section 5.2.1), and estimates of crustal 

thickness made by Zuber et al. (1994) using the Clementine data (approximately 50 km 

in this area) suggest this to incorporate only the uppermost portion of the thick farside 

crust. The combined use of photogeological and multispectral techniques on King 

therefore allow inferences to be made regarding the composition, stratigraphy and 

relative maturity of this layer. Combined with the study of Tsiolkovsky (Chapter 4), the 

characterisation of the materials at King allows for a first order view o f the lateral and 

vertical homogeneity of the farside crust in this region (Section 5.3).

For the purposes of this study. King has been divided into seven geological units using 

morphological, stratigraphie and structural criteria: central peak, crater floor, inner wall, 

raised rim, ejecta blanket, impact melt (in the form of a glassy halo, and flows, veneers 

and ponds both within and external to the main crater), and dark halo craters/material 

(Fig 5.6). Although targeted for special study during the Apollo 16 mission, little 

research has been completed on this crater. However, the limited research did highlight 

several peculiarities in the King locale that cannot be satisfactorily accounted for from 

photogeological work alone. Of particular interest in the multispectral study undertaken 

in this work are:
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MATERIAL OF RAYED CRATERS

MATERIAL OF FRESH NONRAYED CIRCULAR CRATERS 
MATERIAL OF MODERATELY FRESH CIRCULAR CRATERS 
Older tliaii younger mare material IIm2) and younger than or about the 
same age as tite Orientale Basin (outside of map area)

MATERIAL OF MODERATELY SUBDUED CIRCULAR CRATERS 
Older than the Onentale Basin but younger tlian the Imbrium Basin

MATERIAL OF SUBDUED CIRCULAR CRATERS - Older than the 
Imbrium basin and as young as or younger than the Janssen Formation

MATERIAL OF HIGHLY SUBDUED, MOSTLY NARROW-RIMMED 
CIRCULAR CRATERS - Older titan the Janssen Formation

TERRA MANTLING MATERIAL - Undulatory, moderately smooth 
surface, superposed craters indicate Imbnan age 
TERRA MANTLING MATERIAL - Similar to unit It but superposed 
craters indicate a Nectarian age
MATERIAL OF UNMANTLED TERRA - Moderately rugged; individual 
relief elements are mostly parts of craters
MATERIAL OF PARTLY MANTLED TERRA (Nectrian and Pre-Nectarian)
Smooth or moderately roigh surface, rolling to moderately nigged overall relief; 
age o f superposed and buried craters laterally diverse 

Crest o f basin ring structure (generalised). Dashed where inferred 
from mare ndges, relatively low terra features, or widely separated 
terra hills

Bnght sinuous markings

Fig 5.5: Section from the geologic map of the east side of the Moon, 
showing the units present in and around King and their stratigraphie 
dating. King is 75 km in diameter. (Wilhelms and El-Baz, 1977)
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1) The characteristic ‘Y’ morphology of the central peak suggests it may have resulted 

from structural instabilities in the uplifted unit. Its unusually large albedo also 

matches that of a deposit on the northern wall and rim of the crater, and this has led 

to the suggestion that they may be part of the same tabular body excavated during 

the crater formation (El-Baz, 1972) (Section 5.2.1).

2) There is an unusually large amount of melt in the King locale, widely distributed and 

taking many forms (ponds, flows, and veneers). The distribution and morphology of 

these deposits have been interpreted by some as being of volcanic origin (Young et

1 8 8



Fig 5.6: For the purposes o f this research, the 75 km crater King has been 
divided into the seven geological units illustrated above. 1 = central peak;

2 = crater floor; 3 = inner wall; 4 = raised rim; 5 = continuous ejecta;
6 = melt material (the patches above are illustrative o f the melt deposits in 
the King region); 7 = dark halo craters. The 20 km crater Al-Tusi contains 

a large pool o f melt, hence its designation here as melt material.

a i,  1972), while others suggest an impact origin (Howard and Wilshire, 1975) 

(Sections 5.2.2 to 5.2.6).

3) There are dark halo craters in the area around King (Section 5.2.7), and dark layers 

seen in the walls (Section 5.2.2) using Apollo 10 photography have been interpreted 

as being intrusive (El-Baz, 1970; 1972), but the distribution and extent of these units 

is unclear. It is not known if King itself has excavated a mafic body, but it has been 

suggested that King may be similar to Tycho (Tompkins, personal communication), 

which has recently been shown to have excavated gabbroic bodies (Tompkins et a l,  

1999).

4) The ejecta blanket shows sharp features, but there is no extensive ray system such as 

is seen at the comparably aged Tycho. This may result from the formation of the 

blanket as a ‘ground-hugging’ flow (Howard, 1972), or could indicate the
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excavation of a low albedo unit, perhaps related to the intrusive features seen in the 

crater walls (El-Baz, 1970; 1972) (Section 5.2.6).

The addition o f the Clementine dataset to the Apollo 16 photography allows for the first 

detailed view o f these features and o f the crater as a whole. This Chapter aims to 

undertake a thorough geological analysis o f King and its environs using both 

photographic and multispectral datasets. Photogeological techniques are first used to 

identify and examine the major units seen within the crater, from which interpretations 

of their origin and evolution are made. In addition, they are used to guide analyses 

using the Clementine data in an attempt to develop a comprehensive geological view of 

King, including compositional and maturity data. Together, these studies provide 

evidence o f the localised evolution and stratigraphy o f the lunar crust. Finally, the 

information from King is combined with that from Tsiolkovsky (Chapter 4) to construct 

a regional view o f the vertical and lateral homogeneity o f the lunar crust.

5.1 Data

King was targeted for study from orbit during the Apollo 16 mission, and stereoscopic 

panoramic photography was undertaken from the command module. These high 

resolution data were used for the primary photogeological work in this research. 

Although no other mission targeted King for special study, the crater appears on several 

Apollo photographs from a variety o f perspectives. Regional geologic and shaded relief 

maps allowed for observations o f the immediate surroundings o f the crater, and high 

resolution Apollo topographic orthophotomaps provided details on the relative heights 

o f features in the area. Finally, a series o f Clementine images were produced for 

multispectral analyses. A full listing o f the products used in this research is provided in 

Appendix 3.3.

5.1.1 Multispectral Data Reduction

Clementine data reduction for King was completed as detailed in Chapter 2, each frame 

in the main mosaic being processed at a resolution of 150 m/pixel. The proximity o f 

King to the equator caused additional problems in the photometric calibration, resulting 

from large variations in phase angle from one month’s data to the next. This problem

190



was also encountered during the reduction of data for the Oceanus Procellarum region 

(Section 3.1.1) and the same corrective procedure that was used there has been applied 

to the data for King (also see Section 2.1.4 for a brief discussion of these phase angle 

corrections); the IDL routine used is shown in Appendix 2. In combination with the 

refined processing (Section 2.2), this resulted in a vast improvement in the quality of the 

output mosaic (Fig 5.7).

As well as the standard multispectral and true colour images, FeO and TiOj maps were 

produced using the most recent versions o f each algorithm provided in Section 2.3 

(Lucey et al. (1998a) for TiO] and Blewett et al. (1997) for FeO). The final mosaics of 

King produced for this work are shown in Figures 5.8a (750 nm image), 5.8b (true 

colour image), 5.8c (multispectral image), and 5.8d (FeO abundance map). The 

algorithm used to produce the TiO] map is not sensitive enough to detect accurate unit 

boundaries in the highland regions present in King, and therefore TiO] data are not used 

in this Chapter. The UVVIS 1 pm data were not available for two of the orbits that 

cover the King region. These data gaps did not affect the production of the 

multispectral, FeO and true colour images, but the regions lacking the E-filter data are 

restricted to four-point spectra instead of the five channels normally available from the 

UVVIS camera. The 1 pm mosaic showing the data gaps is provided in Fig 5.9.

Fig 5.7: Multispectral frames of the 75 km crater King. The left hand image was processed with standar 
techniques and shows the effect of the alternating high and low phase angle, producing a stripy mosaic.

In addition to the standard processing, the right hand image was also passed through a corrective 
algorithm (Appendix 2), raising the lower phase angle data to equal that of the higher data; this removed 

the stripes. Also see Section 2.1.4 . Larger versions of these images are provided in Fig 2.1.
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Fig 5.8a: Clementine 750 nm (UVVIS B filter) mosaic of the 75 km diameter crater
King and its environs.

Fig 5.8b: Clementine ‘true colour’ image of the 75 km diameter crater King and its 
environs. In this cube, the red channel is controlled by the 950 nm mosaic, the green 

by the 750 nm image and the blue by the 4 15 nm image.
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Fig 5.8c: Clementine multispectral image of the 75 km diameter crater King and its 
environs. The red channel is controlled by the 750/415 nm ratio, the green by 

750/950 nm and the blue by 415/750 nm. DHC and DS units are discussed in Section
5.2.7.

6 9

wt % FeO

Fig 5.8d: Clementine FeO abundance map of the 75 km diameter crater King and its 
environs. The most recent algorithm (Blewett et al., 1997) was used to produce the 
values (Section 2.3). See Section 5.2.7 for a discussion of the DHC and DS units.
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Fig 5.9: Mosaic o f the Clementine UVVIS camera E filter (1 p.m) data in the King region, showing two 
orbital data gaps. The missing data did not affect the production o f the multispectral images, as they do not 
require the use o f the E filter frames. However, the affected areas will only have four spectral channels for 
analyses, instead o f the usual five, preventing a full view o f the shape and structure o f any 1 pm absorption, 

and compromising the interpretation o f the regional chemistry. ____

5.2 Analysis and Interpretation

The photogeological investigation for King was more in-depth than that carried out for 

Tsiolkovsky (Chapter 4). There were two reasons for this: firstly, the small amount of 

previous research on King left several areas relatively unstudied using these techniques 

and secondly, the stereoscopic format and high resolution of the Apollo 16 panoramic 

camera frames is a great improvement on the Lunar Orbiter data available for 

Tsiolkovsky. Despite this, the overall approach to the research was the same, with the 

photogeological work being used to guide the research using Clementine’s multispectral
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data. Of particular interest were units whose evolution or origin could not be 

satisfactorily inferred from photogeological work alone, or which showed indications of  

incorporating several lithologies (the central peak being a good example; Section 5.2.1). 

The geological interpretation o f each unit from both the photogeological and 

multispectral work is detailed in the following Sections (5.2.1 to 5.2.7).

As King is Copemican in age (present to ~ 1 Ga), and shows signs o f being at the 

younger end o f this scale, o f a similar age to Tycho (Howard, 1972; Section 5.2.5), it is 

likely that some o f the soils in the area will not have had the 100 to 800 Ma required to 

‘mature out’ (Sections 1.2.1 and 4.1), and will therefore show genuine maturity 

relations. Although the abundance o f glassy melt in the region complicates the 

interpretation o f relative maturity from a soil’s spectral character alone (Section 1.2.1), it 

does not preclude its use in areas where it is clear that contamination from the glassy 

melts is minimal or absent, or where a good understanding of the degree of 

contamination can be obtained from the photogeological work. Where possible, 

maturity relations will be inferred from the spectra throughout the analyses of units in 

King.

5.2.1 Central Peaks

The materials on King’s central peaks are representative of the rocks originally present 

at depths o f between 8  and 14 km in the target region (values calculated from the 

equations o f Melosh (1989) and Cintala and Grieve (1994) respectively). These are the 

most deep-seated materials to have been exposed by King and give an indication of the 

composition and stratigraphy o f the lower portion o f the upper crust in the region. The 

peaks are one o f the most striking features o f King, comprising three mountains that 

form a distinctive ‘Y ’ shape (Fig 5.10); the base o f the ‘Y ’ begins at the southern wall of  

the crater, extending northwards to Mons Ganau near the centre o f the crater before 

forking into two arms, Mons Dieter to the west, and Mons Andre to the east.

The arms are cut by a series o f north-east to south-west and north-west to south-east 

trending fractures that have formed polygonal blocks. The north-east to south-west 

fractures continue down to the base of the ‘ Y ’ where they merge with the terrace faults 

of the southern crater wall. It is possible that the central peak neck is actually wall
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material that got caught in the uplift (Section 5.2.3), preserving and merging with the 

terraced faults o f  the wall. The faulting along the peaks further north o f  the neck 

appears to cut many features outside o f  the peak, and some fault systems can be traced 

though the entire impact structure, perhaps representing a dominant pre-existing tectonic 

regime. All three o f  the mountains are steep sided and have experienced slippage, as 

shown by the boulder fields at the base o f  each mountain (an example seen at the base o f

Mons Dieter is shown in Fig 5.11).

A '
Mons i l  f  ' .

$  ' % Andre J f  *

Mens 
Dieter i

Mons
Ganau / j f

■W'.'t
5 km (approx. scale)

Fig 5.10: The central peaks o f King. Note the peculiar 
‘Y ’ formation and the NE-SW and NW-SE trending 
fault systems. Section from Apl6 Panoramic camera 

frame 4998.

The peaks have also undergone more 

subtle creep movements, seen in the 

bright aprons around the base o f  each 

mountain (Fig 5.11; also visible on the 

northern and western edges o f  Mons 

Dieter in Fig 5.10). All o f  the steep 

surfaces on the peaks can therefore be 

considered as fresh exposures, 

unaffected by the soil maturation 

process. Consequently, any glassy 

signature on the peaks will result from 

materials intrinsic to the rocks 

themselves, and not from space 

weathering. Looking at the 

photographic data, there are several 

areas that would be expected to show  

such a signature. Flows o f  melt 

material breach the southernmost 

reaches o f  Mons Ganau from the neck 

o f  the central peak, as slumping from 

the crater wall has raised the crater 

floor towards this level (Section 5.2.3). 

Similarly, there are several examples 

o f  melt having been channelled down 

the slopes o f  both Mons Dieter (Fig 

5.11) and Mons Andre, and between 

the two mountains, into the trough o f
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approx. scale

Fig 5.11: Portion o f Mons Dieter, showing evidence o f mass wasting, creep and melt flows down the peaks o f 
King. The white circle encloses a debris field o f boulders that have rolled down the slopes o f the mountain in the 
direction shown by the white arrows. The black arrows follow lineations down the western slope o f the mountain 

to an extended high albedo apron at the base o f the peak. The area enclosed by the black ellipse shows a channel of 
melt, the arrow showing the direction o f flow, and the areas labelled with an M indicate more smooth, low albedo 

_____________ melt material pooled on Mons Dieter. Section o f A pl6 panoramic camera frame 4998._____________

the ‘Y ’ formed by the peaks. The melt is young (as is true throughout the crater; Section 

5.2.6), evident in the fact that it is relatively unaffected by the large-scale mass wasting 

that has occurred elsewhere on the steep slopes, or by the creep aprons at the base o f  the 

slopes.

The Apollo photographic data show a complex combination o f  units within the peaks. 

These are seen as variations in texture and/or albedo and are clearest in the oblique 

photographs taken during the Apollo 10 mission (Fig 5.12). It is also clear from Fig 

5.12 that the high albedo materials o f  the peak are similar in appearance to those seen in 

portions o f  the crater wall to the north. It is possible that these may be related, and are 

perhaps part o f  the same tabular body excavated by the King impact event (El-Baz, 

1972). Similarly, several dark areas o f  the peak could be o f  an intrusive origin, and are 

perhaps related to intrusions seen in the crater wall (Section 5.2.3; El-Baz, 1970; 1972). 

Recent research using the Clementine data has identified extensive gabbroic units in the 

central peaks o f  the fresh nearside crater Tycho (Tompkins et al., 1999), and it has been 

suggested that similar units may be widespread in the highland crust, exposed in the
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Fig 5.12: Section from Apollo 10 frame 4353, showing the diversity o f  
lithologies on King’s central peaks. The high albedo o f the majority o f the 
peak is similar to portions o f the crater wall to the north (top o f the image). 
Dark regions on top o f the peaks may be related to intrusions also seen in 
the north wall (Section 5.2.3). It is possible that the peaks may contain 
significant quantities o f gabbro, as is seen at the nearside crater Tycho 

(Tompkins et a l ,  1999). For scale, at their widest point from east to west, 
the peaks are approximately 16 km across.

on Mons Dieter, six on Mons Andre and three on the neck 

southern wall. So, identified from the multispectral image

peaks o f  fresh large craters 

such as King (Tompkins, 

personal communication). 

Confirmation o f  each o f  

these hypotheses requires 

analysis o f  the 

multispectral data to 

identify the basic 

mineralogy o f  the 

lithologies in the peaks. 

These data (Fig 5.13) show  

a complex distribution o f  

compositional provinces on 

each mountain, showing 

them to be far more diverse 

than the peak in 

Tsiolkovsky (Section

4.2.1). Careful inspection 

o f  the standard 

multispectral image alone 

(Fig 5.13c) reveals a 

minimum o f  four discrete 

units on Mons Ganau, five 

connecting the peaks to the 

are:

Mons Ganau: a cyan impact crater, cyan, dark blue and localised green units.

Mons Dieter: cyan, yellow, dark blue and localised green areas, and a dark red unit, 

perhaps a melt flow or pool.

Mons Andre: cyan, green, yellow , and dark blue units, plus a dark red and 

orange/red unit, perhaps melt pools, flows or veneers.

Central peak  neck: pale blue and dark blue exposure, plus yellow/orange melt pools 

embaying the neck to the east and west.
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Fig 5.13: Clementine mosaics of the central peaks of King, a) 750 nm image; b) ‘True colour’ image;
c) standard multispectral cube; d) FeO abundance map. Note the correlation between areas with a 

slightly raised FeO abundance and the blue units seen in the true colour frame. The unit labelled ‘X’ is 
an example of a mafic intrusion on the peak, exhibiting the highest FeO abundances on the peak. Similar 

high iron content is seen along the peak crests, matching with the dark units inferred to be igneous
intrusions from photogeological analyses.

In addition to those listed above, the Clementine true colour image (Fig 5.13b) shows a 

blue unit, similar in appearance to the olivine outcrops on the peak o f  Tsiolkovsky 

(Section 4.2.1; Fig 4.10b). The blue regions in the true colour image correlate with 

areas yielding an FeO abundance which is higher than that o f  the bulk peak (Fig 5.13d), 

and border many o f  the cyan regions in the multispectral image. This will be treated as a 

separate unit during analyses o f  the multispectral data.

The highest FeO abundances on the peaks occur in low albedo areas along the mountain 

crests and on the outcrops on some o f  the peak slopes, such as the deposit seen on the 

northern portion o f  Mons Andre (labelled ‘X ’ in Fig 5.13). These appear green or 

yellow  on the multispectral image, and it is interesting to note that these areas were 

hypothesised to be intrusions from the photogeological work (El-Baz, 1972); the 

increased FeO content implies that they contain a high concentration o f  mafic minerals, 

and could therefore be basaltic or gabbroic in nature.

Although several o f  the colours listed appear on more than one o f  the mountains, 

comparative measurements were made for all o f  them since the observation o f  the 

colours on the peaks is somewhat subjective; this helped to ensure that every lithology 

was explored on each mountain. A s with the peak o f  Tsiolkovsky, several 5 x 5  pixel 

box measurements were taken from each o f  the units on King’s peaks in all o f  the 

wavebands available from the UVVIS data, and the mean values used to produce the 

five-point spectra shown in Fig 5.14a-d. The spectra have all been normalised to unity 

at 750 nm to reduce the impact o f  illumination differences on the steep slopes o f  the

199



peaks, and allow the general composition o f the materials present to show through in the 

shape and structure o f the absorption band around 1 pm. The data for much o f Mons 

Ganau and Mons Dieter (the eastern fork o f the peak) were restricted to four bands, as 

the 1 pm waveband data is missing from this portion o f the orbit (Fig 5.9; Section

5.1.1). This makes it more difficult to interpret the composition o f the materials in these 

regions as the full shape and structure o f the 1 pm band cannot be seen. Despite this, it 

is clear from Fig 5.14 that the cyan and green units on the peaks both exhibit a mafic 

mineralogy while the blue, red and orange units contain comparatively little pyroxene, 

the orange and red units showing the steep and featureless continuum expected from a 

glassy melt deposit. The yellow units are interpreted as cyan and green units that have 

been contaminated by the melts, showing a steeper continuum and more subtle 

absorption band than the pure cyan and green signatures. Although the blue materials 

are the most feldspathic on the peaks in King, they are still considerably more mafic 

than the anorthositic peak of Tsiolkovsky (Fig 5.14c). The blue in the true colour image 

on Tsiolkovsky’s peak is significantly more mafic than the bulk peak, and exhibits 

strong signs o f containing abundant olivine (Section 4.2.1). The true colour image for 

King (Fig 5.13b) shows the blue areas on the peak to be far more widespread than they 

are on Tsiolkovsky’s peak, suggesting both a high abundance and widespread 

distribution o f olivine rich materials on the peaks o f King. While the central peak neck 

is distinct from the three mountains in the multispectral image (Fig 5.13c), this appears 

to be the result o f a more widespread covering o f melt on the neck. Closer inspection of 

the units present on the neck using the five-point spectra show it to have a similar 

composition to the bulk peak materials (Fig 5.13c). This suggests either (1) that the 

neck does not represent slumped wall units and is part o f the material uplifted from 

depth to form the peaks, or (2 ) that the wall materials are spectrally similar to those on 

the central peaks in the Clementine data. These possibilities will be explored further in 

Section 5.2.3.

It is clear from Fig 5.14 that units o f a similar colour on each mountain are of a similar 

composition within the limits o f the Clementine data; therefore for the purposes o f this 

analysis, all units o f a similar colour across the peaks can be considered to be o f uniform 

mineralogy. This leaves 5 units on the peaks of King: cyan, green, blue and red/orange 

units in the multispectral image (Fig 5.13c) and the blue materials in the true colour
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Fig 5.14: Spectra! signatures o f the materials on King’s central peaks, a) cyan and b) green units in the 
multispectral image, exhibiting a mafic signature with a strong absorption around 1 pm; c) blue materials on the 

peaks in the multispectral image, showing no strong absorption and a more feldspathic signature; d) red and 
orange materials on the peaks, correlating with regions of melt in the photographic data. These show a relatively 
steep and featureless continuum and no absorption around 1 pm. It is clear from b) and c) that the yellow spectra 

differ from those o f the green and blue units primarily in the steepness o f the continuum, and are thus probably 
showing the effects o f contamination from glassy melt materials. This is also illustrated in d), showing the 

continuum from 415 to 750 nm to match well with that o f the melt seen elsewhere on the central peaks.
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image (Fig 5.13b); despite their spectral similarity to the blue units in the multispectral 

cube, the blue regions in the true colour image are still considered as a separate unit 

since they may represent minerals rich in olivine, as is the case on the peak of 

Tsiolkovsky (Section 4.2.1).

To confirm this division and more accurately determine the mineralogy of the units on 

the peaks, further analyses of the shape and strength of the 1 pm absorption band are 

required. This involves the use of techniques developed by Tompkins and Pieters 

(1999), discussed in Section 4.2.1, to obtain values for the ‘key ratio’ and ‘spectral 

curvature’ of each unit’s spectrum. The results from this are plotted in Fig 5.15, 

compared to the values obtained from a large scale study of the mineral assemblages 

present on central peaks on the Moon (Tompkins and Pieters, 1999), and to the results
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Fig 5.15: The spectral curvature and key ratio plot for the units in King’s central peaks compared to 
those produced from a global sample by Tompkins and Pieters (1999) and those from the study of 

Tsiolkovsky (Section 4.2.1, Fig 4.12). The coloured points are those taken from the five-point 
spectra o f King’s peaks (Fig 5.14a-d), as described in the key, and each unit is also labelled with the 
corresponding mineral assemblage from the plot. See main text for definitions of the assemblages.
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obtained from the study o f Tsiolkovsky (Section 4.2.1). The key ratio value is simply a 

measure o f the deepest point o f the absorption around the 1 pm region, and is therefore 

dependent upon the reflectance at 900 nm, 950 nm and 1000 nm relative to 750 nm. It 

should be noted that due to the missing data (Fig 5.9; Section 5.1.1), values for the 

reflectance at 1000 nm were unavailable for the cyan crater on Mons Ganau, the cyan on 

Mons Ganau and Mons Dieter, and the localised green deposits on Mons Dieter and 

Mons Ganau. At first glance, this casts doubt on the value of the key ratio for each of 

these units. However, for all o f the above cases, the reflectance has already reached its 

minimum point at 900 nm, and begun to climb before the 950 nm point (Fig 5.14). 

Therefore, the key ratio value is most likely to be reliable, representing the deepest 

portion o f the absorption band.

From Fig 5.15, it can be seen that the peaks o f King are generally anorthositic, but on 

average contain approximately 5 wt% less feldspar than the peak o f Tsiolkovsky. There 

are no outcrops of pure anorthosite on the peaks, and the bulk o f the peak is composed 

o f mineral assemblages containing between 80 and 87 wt% anorthite, termed GNTAl 

and GNTA2 by Tompkins and Pieters (1999). Exceptions to this are the cyan impact 

crater on Mons Ganau which shows a distinct anorthositic norite (AN) signature, and 

the blue regions in the true colour image which, like those in Tsiolkovsky, appear as 

anorthositic troctolite (AT), suggesting a high olivine content in the unit. There is also a 

question as to the nature of the green units measured on Mons Andre, as the point for 

this material appears in space between the GNTA2 and AT clusters on Fig 5.15. It 

seems likely that the material is GNTA2, similar to the green deposits on Mons Ganau 

and Mons Dieter, as is suggested by their similar spectral signatures (Fig 5.14b). The 

olivine distribution suggested by the blue regions on the true colour image (Fig 5.13b) 

can be more clearly located by producing ratio images o f the 750 nm mosaic with the 

900, 950 and 1000 nm images, as was completed for Tsiolkovsky (Section 4.2.1, Fig 

4.13). The olivine is expected to show a continual drop in absorption from 900 through 

1 0 0 0  nm and will therefore show a corresponding rise in brightness from image to 

image, while pyroxenes will vary throughout the sequence. The ratios are shown in Fig 

5.16, and a colour image is produced to highlight the distribution o f olivine in blue.

This technique was used by Pieters and Tompkins (1999) to locate olivine on the peak 

o f Tsiolkovsky. Due to the data gap for the eastern portion o f the peak (seen in Fig 

5.16c), the 750/1000 nm image could not be produced for Mons Ganau and Mons
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(approx. scale)

Fig 5.16: Clementine images showing the distribution o f olivine rich materials on the peaks o f King, 
a) 750/900 nm ratio image; b) 750/950 nm ratio image; c) 750/1000 nm ratio image; d) colour composite of 

the ratios (red = image a; green = image b; blue = image c); e) 750 nm mosaic to help locate the units on 
the peak. Olivine units show a consistent increase in brightness through figures a) to c) and appear a bright 
blue/purple in the colour frame d). The missing 1000 nm data for the eastern peak is shown in c) and make 

that portion o f the peak appear yellow in d). Because o f this, only the western part o f the peak can be 
analysed in this fashion. Olivine appears to be widespread on Mons Andre, scattered along the bright rim 

crests and in fresh exposures on the steep slopes o f the peak.

Dieter, so the colour image (Fig 5.16d) appears yellow in these areas, and the technique 

can only be used to locate olivine outcrops on Mons Andre. Fig 5.16 suggests there to 

be a widespread olivine distribution on the western peak, bordering the brightest cyan 

regions in the multispectral image (Fig 5.13c) and corresponding quite closely with the 

blue areas in the true colour image (Fig 5.13b). It is likely that olivine is also present in 

the areas on Mons Ganau and Mons Dieter that appear blue in the true colour image, 

and similar signatures are seen in localised fresh outcrops from the crater floor (Section

5.2.2) and in more widespread patches of the crater wall (Section 5.2.3). It therefore 

appears that King may have excavated an olivine rich body that was both vertically and 

laterally extensive. This is supported by observations of the FeO map (Fig 5.8d and 

5.13d), showing the entire King structure to contain a relatively high abundance of iron
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in comparison to the anorthositic materials in Tsiolkovsky (the majority o f King has an 

FeO abundance of between 6  and 12 wt% compared to the 2 to 6  wt% FeO seen in the 

highlands of Tsiolkovsky). A better indication of the abundance of olivine across the 

structure will be provided by the addition of the NIR data from Clementine when they 

become available.

The similarity of King’s central peaks to units exposed in the crater walls both in albedo 

and alignment, noted from the early photographic research of El-Baz (1972), can also be 

tested spectrally using the Clementine data. The five-point spectra of the high albedo 

units on the inner wall are compared with those from the central peaks in Fig 5.17. The 

unit appears deep blue in the multispectral image, similar to the blue outcrops on the 

peak, and the spectral characteristics of these two units show a reasonable match. When 

this is considered in connection with the evidence from photogeological analyses, it

seems likely that these units are
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Fig 5.17: Five-point spectra of the central peaks o f King compared to that of the 
blue materials on the walls and the units on the northern floor. All of the 

colours and spectra match closely, illustrating the compositional uniformity 
across the crater and suggesting the excavation of a large tabular body.

indeed related. Additional support 

for this suggestion is provided by 

the multispectral analyses, showing 

probable abundant olivine on both 

the peak and crater wall (see also 

Section 5.2.3). This lends itself 

well to the supposition that King 

excavated a tabular body that is 

both vertically and laterally 

extensive.

The peculiar ‘Y’ morphology of 

the peak, clearly seen in the 

photographic data (Fig 5.10) may 

be the result o f large scale 

slippage, with the material once

central to the arms slumping down and north onto the floor of the crater. The northern 

reaches o f the crater are subject to instabilities caused primarily by the presence of three 

large impact craters overlapping the boundary of King (Fig 5.3), and if it occurred, the 

slippage from the peak will have contributed to the raising of the crater floor toward the
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level of the north rim, allowing the melt material to naturally channel into Al-Tusi 

(Section 5.2.6). The slump must have occurred prior to the emplacement of much of the 

melt now on the floor, or while it was still molten enough to mix with material from the 

slump. In either case, in order to ascertain whether the peak really has undergone such 

massive slippage, it is necessary to look for peak material on the northern reaches of the 

floor. As is the case elsewhere on King’s floor (Section 5.2.2), the area to the north of 

the central peaks is smothered by melt material. However, the region concerned is 

rougher and of a higher albedo than the surrounding floor, containing abundant craters

m
-i

Fig 5.18: Oblique photograph mosaic of King taken from the Apollo 10 command module. 
Note the high albedo and hummocky character of the northern floor compared to the 

material elsewhere. For scale, the photograph is approximately 75 km from left to right, 
and the northern wall is at the top of the frame.

(AplO photographs 4353, 4355 and 4359)

and domical hills (Fig 5.18). Several of the craters in the area have excavated high 

albedo materials, similar in appearance to the fresh exposures along the peaks. This 

may be the result of peak material having slumped onto the floor prior to melt 

emplacement, raising the level of the floor towards that of the northern rim and later 

being excavated from beneath the melt to provide the high albedo units now seen. Five- 

point spectra of these areas, appearing blue, green and cyan on the northern floor in the 

multispectral image (Fig 5.23; Section 5.2.2), are shown in Fig 5.17 and compared with 

the peak signatures and dark blue wall signature. There is an excellent match between 

the blue floor and the dark blue wall, while the heavily cratered area directly north of the 

peaks (appearing green in the multispectral image) shows a strong correlation to the 

green units on King’s peaks. The compositional uniformity already noted in the walls
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and peak limits the interpretation o f the multispectral analysis, since the units beneath 

the melt on the north floor may represent slumped wall material, slumped peak units or 

simply material that comprised the original crater floor; their uniform composition does 

not allow us to differentiate clearly between these options using the Clementine data, 

although the match between the blue o f the floor and wall suggests that wall slumps 

were almost certainly a contributory factor. Slumping o f the crater walls is evident 

around the entire crater (Section 5.2.3), and the instabilities o f the north wall caused by 

pre-existing structures will have contributed to this. The peak slump is more 

questionable, although there is strong photogeological evidence o f mass wasting from 

the steep slopes o f the peaks, upheld by the diffuse boundary o f the peaks to the east and 

west in the multispectral cube (Fig 5.13c). While this raises the possibility that the 

central portion o f the peak has slumped onto the north floor, the UVVIS data alone 

caimot provide unequivocal evidence to test this hypothesis. More detailed 

compositional evidence will be provided by the NIR data from Clementine once they 

have been made available in their fully calibrated form.

In all, the combination of photogeological and multispectral analyses has shown that the 

materials once present at depths o f between 8  and 14 km were generally anorthositic; the 

bulk o f the peak contains between 80 and 87 wt% anorthositic minerals. Scattered along 

the peak crests and in fresh outcrops on the steep slopes o f the peak are widespread 

olivine rich minerals. Additional high FeO content is also seen in units that correlate 

with the dark areas on the central peak hypothesised to be mafic intrusions from 

photographic data (El-Baz, 1972). The peak is o f a similar composition to units seen on 

the north wall and on the crater floor, supporting the inference that King excavated a 

large tabular body. Photographic evidence o f mass wasting from the steep slopes o f the 

peak highlight the possibility that the central portion o f the peak may have slumped onto 

the northern floor. Similarly, it is possible that the central peak neck represents slumped 

wall materials (Section 5.2.3) that were caught in the uplift process that formed the main 

central peak units. The composition of the peak will be related to the regional 

stratigraphy in Section 5.3, after studies o f the remaining units in King.

5.2.2 Floor Material

The depth of King from the rim crest to the crater floor varies with the amount o f fill 

(El-Baz and Roosa, 1972; Hawke and Head, 1977), as was shown in Fig 5.2. The floor 

is covered by a deposit of blocky lava-like material (Figs 5.18 and 5.19) that, although
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knobby in appearance, appears to have filled the crater to form a fairly level surface, 

highlighting the shallow nature o f the northern reaches o f the floor and the low lying 

northern rim relative to the south (Fig 5.2; also see Fig 5.31). The liquid nature o f the 

floor deposit during emplacement is clear from its morphology (Fig 5.19), and as well as 

obvious flow structures, the material displays several cracks and fractures that imply 

contraction to have occurred during cooling (Howard and Wilshire, 1975; Fig 5.19).

The movement o f the melt after its initial emplacement will have been largely dictated 

by topography, and the material displays many fresh fractures and corrugations that 

indicate flow direction, showing it to have moved downhill under gravity onto the 

northern crater floor. This picture is confused by the channelling o f the melt originally 

emplaced on the central peak and in isolated terraces along the crater walls onto the 

crater floor (shown by the purple arrows in Fig 5.19Ü). The clarity o f the corrugations 

and flow structures preserved in the material suggests a degree o f plasticity in the melt 

during flow, supportive of its lava-like nature. Similar features are seen on the floors of 

the fresh nearside craters Aristarchus (Guest, 1973), Copernicus (Howard, 1971) and 

Tycho (Strom and Fielder, 1970), but are particularly sharp and fresh in King (El-Baz, 

1972), indicating an extremely young age for the material. Isolated terraces of melt are 

also seen to edge the floors o f all o f these fresh Copemican craters.

In the northern reaches of King’s floor, the melt exhibits a more knobby topography, 

and contains many domical hills and hummocks. From photogeological work alone, it is 

unclear as to whether these represent underlying features on the original crater floor, 

fallback material, or are related to the melt itself (Howard and Wilshire, 1975). 

Multispectral analyses may help to search for compositional differences between these 

units, providing additional data from which it may be possible to make more inferences 

as to their origin. Similar features are seen in the large pools o f melt outside the main 

crater (Section 5.2.6), but are more sharply defined than those on the northern floor, and 

the two may not be related. There are clear indications that the melt has flowed over or 

around some o f the domed features on the northern floor (Fig 5.19i), with furrows and 

grooves having developed around these obstacles, and fractures extending from the melt 

on the floor right the way across some of the hummocks, another indication o f the 

plasticity o f the melt during emplacement (Howard and Wilshire, 1975).
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Fig 5.19 1) Melt on King’s western floor. Cracks (a and c) and ripples/corrugations (b; especially seen in areas where the melt has encountered obstacles) are an indication of 
the material’s fluid, lava-like nature. Several cracks extend from the floor all the way across some of the domes (c), indicating that they are also covered by the melt material. 
Domes are seen to be numerous in the northern floor. (Apl6 pan frame 5000). ii) Melt on King’s eastern floor, showing hummocks (a), fresh fractures (b) and flow channels 

(c). Purple arrows show the direction of flow from the crater wall and central peak onto the floor, and suggests the material to have been molten during its downslope
movement. (Apl6 panoramic camera frame 4996)
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In fresh nearside craters, Strom and Fielder (1970) and Guest (1973) both noted the 

presence o f hummocks and terraces that had been partially coated by melt on the crater 

floor. These were used as indicators o f an originally higher level o f melt, from which it 

was inferred that subsidence had occurred after melt emplacement, perhaps through the 

compression o f voids in a brecciated floor below the melt (Howard and Wilshire, 1975). 

There is no evidence o f this having occurred to any great degree on the floor of King; 

even on the high resolution panoramic photography, there is no indication o f a 

significant drop in the level o f the melt deposits. Drainage o f the melt into subsurface 

materials is also evidenced by the presence o f rimless pits on the surface, and these are 

rare on the floor units in King, primarily occurring in small patches o f the southern 

floor. This suggests either that the floor beneath the lava-like material is fairly 

consolidated and would not allow for significant drainage o f the melt downwards, or 

that there have been several generations o f melt, and the evidence o f any drainage and 

subsidence (rimless pits and concentric shells o f melt around the bases o f the 

hummocks) has been eradicated by later phases o f melt emplacement.

In all, the floor of King is similar to that in craters such as Aristarchus, Copernicus and 

Tycho (Strom and Fielder, 1970; Howard, 1971; Guest, 1973). The floor o f Tycho 

shows strong signs o f having experienced a multiphase melt emplacement (Strom and 

Fielder, 1970), and similarly, the flow structures on the floor of King are supportive of 

there having been several flow generations and probably several flow sources (El-Baz, 

1972), so filling o f the crater was not a single event. Further evidence o f multiphase 

melt emplacement is seen in the deposits external to the cavity (Section 5.2.6). Howard 

and Wilshire (1975) estimate some of the melts on crater floors to have remained fluid 

for weeks, months or even years for the thicker deposits. This would allow for the 

multiphase emplacement of an impact produced melt over a significant period o f time, 

and conforms with the flow structures seen in King and the plasticity o f the flows as 

they slowly cooled. Such a melt would be more crystalline than a fast cooling glassy 

deposit, and this difference will be detectable in the Clementine data.

The lava-like material in the vicinity o f King is estimated to have a volume of 

approximately 225 km  ̂(Howard and Wilshire, 1975). Such a large quantity of melt 

suggests it to be of volcanic origin, but no vents are obvious. Many o f the domical hills
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&
eastern floor.

Fig 5.20: Some domes and hummocks on King’s eastern floor are reminiscent 
of cinder cones, suggesting a volcanic origin for the lava-like material (e.g. El- 

Baz, 1972; El-Baz and Roosa, 1972). (from A pl6 pan. camera frame 4996)

most common on the 

northern floor of King 

have irregular depressions 

on top (Fig 5.20) 

suggesting they may be 

volcanoes or cinder cones 

as was hypothesised for 

similar features on the 

floor of Copernicus (e.g. 

Kosofsky and El-Baz, 

1970; Green, 1971; El- 

Baz, 1972), but there is no 

strong evidence to suggest 

these to be anything other 

than random craters. A more attractive hypothesis for the origin of the deposit on the 

floor is as an impact melt (Hawke and Head, 1977), which would explain both the 

widespread distribution of the material (Section 5.2.6) and the apparent lack of vents. 

The multispectral data (Fig 5.21) could help to confirm whether or not the cratered 

domes have sourced the melt or if they represent a compositionally diverse material, 

perhaps related to the original crater floor.

The floor unit is not evenly cratered, and the northern reaches, particularly the region 

directly north of the central peaks, exhibit a far higher crater density than the remaining 

floor. The north and north-west floor also have a high albedo, although they appear to 

show different characteristics in the true colour and multispectral images (Fig 5.21b and 

c). The area directly north of the central peaks appears blue in the true colour image and 

green in the multispectral cube, suggesting a more mafic and olivine rich signature than 

the surrounding floor, and perhaps representing mafic peak material that has slumped 

onto the crater floor (Section 5.2.1). Further support for a raised mafic content in this 

area is provided by the FeO map (Fig 5.2Id), with a corresponding rise seen in the iron 

content o f the northern floor. Small patches with similar spectral properties are seen 

further south on either side of the central peak, adding weight to the possibility of the 

higher maficity being caused by slumped peak materials. Contrasting with this is the 

heavily cratered floor to the north-west, which is a bright white in the true colour image
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Fig 5.21: Clementine images o f King’s floor, inner wall and rim (also see Fig 5.8). a) 750 nm mosaic; b) True 
colour’ image; c) Standard multispectral image; d) FeO map. The floor in c) exhibits four distinct units, discrete 
in locality; green, high FeO deposits due north o f the peak and in smaller patches to the east and west o f the peak; 
orange/red units on the southern floor, either side o f the central peak neck; and both dark and pale blue low FeO 

deposits are seen to the northwest, matching with high albedo deposits in the true colour and 750 nm images. The 
wall is heterogeneous to the north, and elsewhere is a combination o f greens, blues and darker reds in c), showing 

a red glassy melt deposit on the eastern terraces. King has a rim to rim diameter o f 75 km.

and a combination of pale and dark blue in the multispectral image. This is more 

suggestive of a feldspathic signature with little mafic material, and these inferences are 

borne out in the five-point spectra of each region (Fig 5.22). Portions of the floor to the 

east and south that show less heavy cratering provide a cleaner signature for the lava

like deposit and appear darker in the true colour image and a red/orange in the 

multispectral image. The five-point spectra of these units is steep and featureless, as 

would be expected from a melt containing a significant glass fraction. However, the 

floor deposit has a bluer continuum than the melts on the eastern terraces and in the
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Fig 5.22: Five-point spectra o f  the floor deposits in King. The orange and red 
floor displays a steep and featureless continuum, typical o f  a glassy melt deposit. 
Blue deposits have signatures suggesting a feldspathic composition. The green 

floor shows a distinct absorption near 1000 nm, and is therefore more mafic, o f  a 
similar composition to materials seen on the central peak (Section 5 .2 .1 ) and 

terraced walls (Section 5.2.3) suggesting they represent slumped material.

eastern ejecta (Section 5.2.5), and is 

therefore more crystalline and 

cooled slowly, as was inferred by 

Howard and Wilshire (1975). This 

does not preclude the floor from 

being a volcanic deposit, and the 

hummocks and cratered domes that 

may represent the sources of such a 

unit are not easily resolved in the 

Clementine data (Fig 5.23) as they 

are commonly less than 1 km in 

diameter. The 150 m/pixel 

resolution of the multispectral 

image means that a dome such as 

the 500 m example in Fig 5.20 

covers between 9 and 16 pixels in 

total, making it a less reliable

source from which to take compositional measurements, normally taken as an average of 

a 5 X 5 pixel box of uniform signature. However, if there are many examples of these 

domes, all displaying a similar composition, then an average of several smaller 2  x 2  or 

3 x 3 pixel box measurements can be made to provide an estimate of the material’s 

compositional signature. The standard deviation of the measurements provides an 

estimate of the errors involved and can therefore be used to test the validity of the result. 

Fig 5.23 shows a portion of the northern floor containing the domes and hummocks and 

their corresponding signatures in the multispectral image. The domical features are 

generally of a green, mafic signature in comparison with the surrounding floor. The 

domes from which measurements were taken are labelled in Fig 5.23 and the reflectance 

for each UVVIS filter is tabulated in Table 5.1 along with the pixel box size and the 

standard deviation of each point value in the five-point spectra plotted in Fig 5.24a-f 

(the error bars in Fig 5.24 represent the standard deviations). These data show all 

measurements to be reliable bar X8 , for which the standard deviation is large enough for 

the five-point spectra to display several possible compositions; this dome is therefore 

rejected from the sample. The spectral plots of the remaining sample show all of the 

exposed domes to have a mafic component, appearing to show a fairly uniform 1 pm
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Fig 5.23: Clementine multispectral image overlaying an Apollo 16 panoramic mosaic of King’s northern floor. It can be seen that the cratered domes and hummocks on the 
floor link with green units in the multispectral cube, suggesting a high mafic content. Each dome marked with an ‘X’ was analysed using its five-point spectra, and the results 

are tabulated in Table 5.1. Some domes clearly visible in the photographic data were too small to be unequivocally identified in the multispectral frame, or exhibited a 
combination of spectral signatures, none of which were extensive enough to take measurements from, and had to be left out of the survey. In addition, there are several domed 
regions that have clearly been completely covered by melt deposits; these are labelled with a ‘ Y’ in the image. The region due north of the central peak was not included in this 

analysis as it is expected to represent slumped material from the wall or central peak, and has been studied elsewhere (see Section 5.2.1; Section 5.2.3; Fig 5.22).
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Point Box Size 415 nm 415 nm 750 nm 750 nm 900 nm 900 nm 950 nm 950 nm 1000 nm 1000 nm
(Fig 5.23) (pixels) value s.d.* value s.d.* value s.d.* value s.d.‘ value s.d.‘

XI 3 x 3 0,184 0.003 0.314 0.005 0.309 0.005 0.314 0.006 0.317 0.006
X2 2 x 2 0.178 0.003 0.308 0.003 0.308 0.002 0.313 0.002 0.318 0.002
X3 2 x 2 0.187 0.004 0.318 0.006 0.316 0.004 0.321 0.005 0.326 0.004
X4 _ . . •*2 sm pix 0.180 0.005 0.305 0.008 0.316 0.003 0.325 0.001 0.330 0.001
X5 2 x 2 0.178 0.005 0,307 0.008 0.309 0.003 0.315 0.002 0.320 0.001
X6 3 x 3 0.186 0.002 0.313 0.004 0.309 0.002 0.313 0.003 no data no data
X7 4 x 4 0.195 0.004 0.326 0.008 0.313 0.006 0.318 0.007 no data no data
X8 3 x 3 0.232 0.012 0.376 0.023 0.360 0.021 0.367 0.021 no data no data
X9 3 x 3 0.206 0,002 0.335 0.007 0.326 0.006 0.330 0.005 no data no data

XIO 3 x 3 0.210 0.003 0.348 0.006 0.341 0.004 0.347 0.006 no data no data
X II 3 x 3 0.184 0.002 0.312 0.003 0.310 0.004 0.315 0.005 no data no data
X12 3 x 3 0.196 0.005 0.332 0.011 0.322 0.007 0.327 0.007 no data no data
X13 2 x 2 0.199 0.002 0.332 0.005 0.329 0.004 0.336 0.004 no data no data
X14 3 X  3’** 0.208 0.002 0.330 0.004 0.319 0.005 0.325 0.005 no data no data
X15 3 x 3 0.198 0.005 0.322 0.011 0.312 0.008 0.317 0.008 no data no data
X16 3 x 3 0.199 0.001 0.323 0.005 0.316 0.004 0.326 0.004 no data no data
Y1 3 x 3 0.163 0.001 0.293 0.002 0.304 0.002 0.316 0.002 0.323 0.002
Y2 3 x 3 0.162 0.001 0.291 0.003 0.301 0.003 0.313 0.002 0.319 0.003
Y3 4 x 4 0.157 0.002 0.284 0.005 0.296 0.004 0.306 0.005 0.314 0.004
Y4 4 x 4 0.162 0.002 0.293 0.004 0.301 0.004 0.313 0.004 no data no data
Y5 3 x 3 0.163 0.004 0.296 0.007 0.304 0.006 0.316 0.006 no data no data

Table 5.1: Spectral reflectance o f cratered domes on the floor o f King (as labelled in Fig 5.23) at each o f the 5 UVVIS wavebands, including the 
standard deviation o f the measurements and the size o f the pixel box at each point, s.d. = standard deviation; sin pix = single pixels, combined and 
averaged to produce the values in the table; ***Although X14 is a large dome (see Figs 5.20 and 5.23), it is largely covered in melt, showing just a few

pixels o f its true composition.
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Fig 5.24: Five-point spectra of the domes on King’s floor, a) to e) show domes without a covering of 
melt, and all show a distinct mafic signature with an absorption around the 1 pm region bar X4, which is 
likely to be too small to resolve in the Clementine data (see main text). The major difference between the 
spectra is in their brightness (XIO being exceptionally bright for example, but still showing a clear mafic 
absorption) f) shows the spectra of some domical features that are covered by the melt material on the 
crater floor, with a comparatively steep and featureless continuum.
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Fig 5.24 (cont.).

absorption shape and structure, although those from which a larger pixel sample could 

be taken show the strongest absorptions (most likely resulting from contamination by 

the surrounding melt signature for those domes with smaller surface exposures). The 

major variance seen in the measurements is in their overall reflectance, with some 

domes (e.g. XIO) being far brighter than the other units. The sole exception to this 

mafic signature appears to be for X4, a dome for which only 2 pixels could be measured. 

It seems likely that X4 is outside the spatial resolution available to Clementine and that 

in these data, the dome therefore appears to be covered by the melt on the floor. These 

inferences can be confirmed by the normalisation o f the Clementine data to unity at the 

750 nm point, highlighting any major differences in the shape and structure of the 

absorption near 1 pm. This is shown in Fig 5.25a and b, from which it can be seen that 

the domes all show a similar absorption (Fig 5.25a), bar X4 which compares more 

favourably with the spectra of the domes covered in melt (Fig 5.25b). The differences 

in strength of the 1 pm absorption between domes generally pertains to the amount of 

the dome exposed to the surface that could be measured. The weakest absorptions (X5, 

2, 3, 13 from weakest upwards) were all seen on just 2 x 2  pixel boxes, whereas the
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Fig 5.25: Five-point spectra for the (domes shown in Fig 5.24 normalised to unity at 750 nm to 
highlight variations in the absorption around 1 pm. a) All domes bar X4 show a mafic 
absorption, the strength of which is generally dictated by the number of pixels that were 
available for measurement (Table 5.1); b) spectra of the domes covered by melt deposits. The 
X4 dome shows a reasonable fit to these regions

3 x 3  box pixel measurements showed a stronger absorption (represented by X I1, 1,6, 

16, 10, 9, 12) and the single 4 x 4  box measurement (X7) then fits with the remainder of 

the 3 X 3 boxes (X7, 15, 14), showing the strongest absorptions. Each of these 

groupings also cluster in their five-point spectral plots, and are averaged into single 

spectral lines for ease of comparison in Fig 5.26. The domes all appear to show a mafic 

signature, and when compared with the mafic signatures seen on the central peak, crater 

wall, and in outcrops of slumped material due north of the central peaks (Fig 5.26), it is 

clear that the domed materials on the floor are of a similar composition. The domes 

exposed on the crater floor can therefore not be unequivocally identified as a 

compositionally discrete unit, and may represent slumped wall or peak material, or 

perhaps the sub-melt crater floor material. It seems likely from their compositional 

difference from the lava-like floor deposit that the domes do not represent volcanic 

sources, and are unrelated to the origin of the material that now covers the floor and 

much of the crater (Section 5.2.6). The possibility o f the domes representing material
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Fig 5.26: Averaged five-point spectra for the domes measured on King's fioor 
(Figs 5.24 and 5.25) compared to the spectra o f King's crater wall, central 

peak, and outcrops o f mafic materials on the floor due north o f the peaks. TTie 
domes are spectrally similar to the peak and wall and cannot be differentiated 

using the Clementine data.

from the original crater floor can 

be investigated further by 

searching for impacts on the 

floor that have dug all of the 

way through the melt, exposing 

the materials below. The 

thickness of the melt on the 

crater floor can also be 

estimated from the size o f these 

craters, similar to the study that 

was completed for the basalts on 

the floor of Tsiolkovsky 

(Section 4.2.2) and in Oceanus 

Procellarum (Section 3.2.3). 

With a 150 m/pixel resolution, 

the Clementine images only 

allow for measurements of 

craters down to approximately

300 m in diameter, provided several samples are available. Identification of impacts that 

have dug all of the way through the melt on the floor of King must be completed by 

searching for craters with a spectral signature that is distinct from that of the background 

melt. The FeO map cannot be used for confirmation on King as it was for Tsiolkovsky 

and Oceanus Procellarum (Sections 4.2.2 and 3.2.3) since the floor units of King are not 

exclusively high or low in iron content compared with the materials that are being 

excavated, and the characteristics o f the floor beneath the melt are unknown. However, 

the FeO image can be used to check the relative iron content of spectrally distinct craters 

in the multispectral image in order to confirm a mafic or feldspathic signature. 

Completing these observations, it is clear that spectrally distinct craters on the south 

floor generally show a mafic signature, as do those to the east and north-east, whereas 

the heavily cratered north-west floor and some of the larger craters elsewhere show a 

more feldspathic signature (Fig 5.27). In the photographic data, the north-western 

portion of the floor also has a higher albedo than the surrounding regions, and the 

localised impacts that have exposed feldspathic materials elsewhere correlate well with 

some of the brightest craters seen on the floor of King.
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Fig 5.27: Craters on King’s floor that are spectrally distinct from the 
background melt and are therefore considered to have excavated the material 
beneath the melt. Labelled craters were selected for analyses (diameters and 
other details are provided in Table 5.2) to determine upper limits for the melt 

thickness across the floor. After identification in the multispectral frame 
(top), a mafic (m) or feldspathic (f) signature was confirmed for each crater 

using the FeO image (bottom).

Fig 5.27 shows the craters 

measured on the 

multispectral image that have 

excavated spectrally distinct 

materials; diameters and 

depths are given in Table 5.2 

(all o f the craters are simple, 

so the 1 :1 0  depthidiameter 

ratio of Croft (1980) was 

used to calculate excavation 

depths), along with an 

indication as to whether their 

spectral characteristics 

provide evidence for having 

excavated feldspathic (f) or 

mafic (m) materials. All of 

the depth figures represent 

upper limits for the thickness 

of the melt, as the impacts 

have clearly passed through 

all of the melt. Smaller 

craters that have excavated 

just the melt deposit (and 

could normally be used to 

provide lower limits for the 

melt thickness) cannot be 

clearly resolved by the 

Clementine data. The melt is 

therefore of the order of 30 to

60 m thick across the entire floor, as is demonstrated by the final upper limits for the 

melt thickness, plotted on the multispectral image in Fig 5.28. If these values are 

correct, and the evidence for a multiphase emplacement of the fluid materials on the 

floor is accepted, then each phase o f melt must be thin. This is perhaps a result of the 

motion of the fluid material; the floor contains several morphological features
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Crater (see Fig 5.27) Diameter (m) Depth (m)
a(f) 300 30
b(f) 450 45
c(f) 300 30
d(f) 300 30
e(f) 600 60
f(f) 450 45

g(m) 600 60
h(m) 300 30
i(m) 300 30
j(m) 300 30
k(m) 450 45
l(m) 300 30

m(m) 300 30

Table 5.2: Diameters and excavation depths of craters measured across King’s floor (identified 
in Fig 5.27). Depths were calculated using the 1:10 depth:diameter ratio of Croft (1980) for 
simple craters.
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Fig 5.28: Upper limits for the thickness of the melt on 
King’s floor taken from the depths of the craters analysed 

in Fig 5.27 and Table 5.2. The melt seems thin 
considering its probable emplacement in several phases.

indicating that the melt 

flowed across the floor 

towards the low-lying 

regions in the north, and 

there are few large pools on 

the floor. Deposits outside 

the crater that collected and 

pooled rather than flowed 

(Section 5.2.6) may show 

signs of being far thicker 

than the material on King’s 

floor.

The spectral characteristics 

of the materials excavated 

on King’s floor (Fig 5.27) 

give an indication as to the 

composition of the floor beneath the melt, and it is clear that the mafic and feldspathic 

craters on King’s floor appear to cluster into fairly discrete regions, outlined in Fig 5.29. 

This suggests that the floor below the melt follows a similar pattern. The original crater 

floor unit in the north-west is therefore more feldspathic than the floor elsewhere in 

King. This floor unit shows a poor spectral fit to the feldspathic outcrops on the
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Fig 5.29: Sketched outline of the mafic / feldspathic boundaries on 
King’s floor suggested by analyses of materials excavated by 

small impacts across the floor (Figs 5.27 and 5.28)
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Fig 5.30: Averaged five-point spectra o f  craters on King's floor 
compared to the spectra o f regions o f King's peak, wall, ejecta and 

domed floor due north o f the central peak.

terraced walls (Section

5.2.3) and in the ejecta 

blanket to the west (Section 

5.2.5), and is therefore 

probably unrelated to these, 

forming a discrete unit. 

Conversely, the mafic 

materials seen in craters 

elsewhere on King’s floor 

are an excellent spectral 

match to the mafic units 

seen on the central peaks, 

terraced walls, cratered 

domes on the northern floor 

and, to a lesser extent, the 

more localised outcrops in 

the western ejecta (see Fig 

5.30 for five-point spectra).

The compositional 

similarity between mafic 

materials seen in the craters 

on the floor of King and 

units on the central peak, 

wall and within the ejecta 

blanket is further support 

for King having excavated a 

large tabular body, as was 

inferred from studies of the 

central peak (Section 5.2.1). 

However, the Clementine 

data have also shown the 

floor to exhibit a distinct 

change in composition to

222



the north-west, and this could represent a lateral and/or vertical unit boundary. The 

covering o f melt across the floor precludes the direct observation o f such a boundary, 

but analyses o f the crater wall, rim and ejecta (Sections 5.2.3, 5.2.4 and 5.2.5) may 

provide further evidence to test the hypothesis. It is also possible that the floor will 

spectrally match one o f the more localised units in the crater wall to the north, also 

displaying a dark blue signature in the multispectral image (Section 5.2.3). The 

compositional dichotomy itself demonstrates that although extensive, the mafic 

materials excavated by King are not completely ubiquitous.

Based on the evidence presented from the Clementine data, it seems likely that the lava

like material that now covers the floor o f King is an impact melt, and that the domed 

features on the floor are not volcanic sources and are unrelated to the origin of the melt 

units. Instead, domes are probably exposed portions o f the original crater floor (perhaps 

loose unmelted blocks within the melt) or slumped materials from the central peak or 

crater walls. The melt on the floor is thin (of the order o f 30 to 60 m), and was 

emplaced in a series o f events, probably remaining fluid for weeks (Howard and 

Wilshire, 1975) to produce a more crystalline signature (bluer continuum slope) than the 

glassy melt seen on some o f the eastern terraces (Section 5.2.3) and in the localised halo 

of ejecta (Section 5.2.5). The lava-like floor has not undergone significant subsidence, 

and beneath the melt deposit the original crater floor shows a distinct compositional 

boundary to the north-west, perhaps representing the edge o f the mafic tabular body 

excavated by King. It is difficult to verify this and place the materials beneath the melt 

on the crater floor into the stratigraphie column of the King locale, as it is not known to 

what degree the slumping o f materials from the crater wall and central peak has 

contributed to the floor units. Analyses o f the crater wall, rim and ejecta (Sections 

5.2.3, 5.2.4 and 5.2.5) will help to correctly place the units in their stratigraphie 

positions, and test the inferences made regarding the compositional dichotomy on the 

floor.

5.2.3 Inner Wall Material

King displays well developed rounded terracing on its eastern and western inner walls 

(Fig 5.31), the steepest terraces appearing at the highest points around the crater (El- 

Baz, 1972). There are few small impact craters on the terraces, and in combination with
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their rounded character (clearly seen in the western wall in Figs 5.31 and 5.32), this 

suggests creep to have occurred. The terracing has produced a maximum o f  six steps to 

the floor in portions o f  the south, west and east wall, and these break and become poorly 

defined on K ing’s low-lying northern wall as the floor rises towards the rim, covering

the lower terraces.

N ' ^

_ mL *
Fig 5.31: Oblique photograph o f King (75 km diameter), showing well developed

terracing on the east and west walls, becoming poorly defined in the low-lying north 
wall as it is breached by melts. Slumping occurred around the whole crater, but is 

most prominent to the south where the wall adjoins the central peak neck. 
(Apl6 metric camera frame 0488)

The southern wall 

merges with the 

faulting o f  the base 

o f  the central peak 

neck, making it 

difficult to draw a 

boundary between 

peak and wall. 

However, slumping 

o f  inner wall 

material is more 

dominant to the east 

o f  the central peak 

neck than anywhere 

else in the crater (Fig 

5.31), and it

therefore seems plausible that the neighbouring central peak neck is also slumped wall 

material, caught in the uplift o f  the central peaks during the modification stage o f  crater 

formation (see also Section 5.2.1). This possibility is also supported by the statistical 

observations o f  Hawke and Head (1977) which suggest that maximum slumping o f  a 

complex crater will occur on the wall directly opposite the largest collection o f  impact 

melts; in King, this will be the portion o f  the southern wall adjoining the peak neck, 

directly opposite the melt pooled in Al-Tusi to the north o f  King (Section 5.2.6). It is 

possible that the terrace faulting o f  the south wall has been rotated during slumping and 

uplift to form the ropy appearance o f  the central peak neck, with faulting that is now  

almost concentric to the upper terraces. The wall-peak boundary would in this case be 

at the base o f  Mons Ganau, as was also suggested by the contrasting characteristics o f  

the two units during multispectral studies o f  the central peaks (Section 5.2.1). Further
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multispectral analyses o f  the southern wall and the peak neck will help to test this 

theory.

A distinct ‘V ’ shaped platform is seen near the top o f  a section o f  the east-south-east 

wall (seen at the bottom o f  Fig 5.31), where a small terrace has formed down to the 

platform; the terrace from the inner edge o f  the platform then joins with the first main 

terrace o f  the remaining wall. This platform is coincident with a slump outwards from 

the crater rim in that area (Section 5.2.4), and the two probably resulted from similar

instabilities, lying close to 

the outer edge o f  the rim o f  

Ibn Fimas, an 89 km crater 

on the north-eastern edge 

o f  King (Figs 5.3 and 5.4; 

bottom right o f  Fig 5.31).

Lava-like materials are 

seen on isolated terraces 

around the entire crater, 

and in flows and channels 

from the inner wall onto 

the floor. Slumping and 

melt on the west wall are 

shown in Fig 5.32. Flow  

fronts are convex 

downslope (El-Baz, 1970) 

and clearly demonstrate 

the downslope motion o f  

the melt onto the floor or 

low-lying terraces. The 

wall to the north and in

#

%

Fig 5.32: Oblique photograph of the western wall of King, showing the smooth, 
rounded terracing and low crater density suggesting creep to have occurred. 

There are several cratered melt deposits on isolated terraces, forming channels 
and flows from the wall onto the floor (shown by the arrows), with convex flow 
fronts displayed downslope. The boxed area represents the region in Fig 5.33. 

The image is approximately 70 km top to bottom. (AplO frame 4359)

many places along the western wall (Fig 5.32) also show signs o f  melt from outside o f  

King having breached the rim and flowed down the steep inner wall into the crater. 

Alternatively, it is possible that some o f  the melt was emplaced prior to the initiation o f  

terracing on the walls and was then carried down along with the terraces as the wall
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Fig 5.33: Enlargement of the region boxed in Fig 
5.32, showing a sinuous channel in the western 
wall, reminiscent of a lava channel or tube (El- 

Baz, 1972). (From Apl6 pan frame 5000)

slipped. The west wall also houses a sinuous 

channel that ends in a circular depression (Fig 

5.33), suggested by El-Baz (1972) to be 

reminiscent o f  lava channels and tubes. 

Evidence o f  a volcanic source for the lava

like material now on the crater floor (Section

5.2.2) and collected outside o f  King (Section 

5.2.6) is not forthcoming however, and the 

copious quantity o f  melt present on the walls 

does not lend itself to a volcanic origin, 

particularly since this is the only example o f  

such a feature visible on any o f  the crater 

walls. The channel is more likely to have 

simply been exploited by the melts that have flowed down the walls in this region. The 

melt deposits seen on the wall appear to differ from east to west in texture and albedo 

(Fig 5.34) with the melt to the west appearing more fluid, smoother and o f  a higher 

albedo than the deposits on the eastern terraces. The same relationship is seen in the

Clementine 750 nm data.

(approx. scale)

Fig 5.34: Comparisons o f the lava-like materials on the a) western and b) 
eastern wall o f King. The texture and albedo o f the material (labelled with 
an ‘M’ on each image) clearly differs, with the western deposit appearing 

more fluid and o f a higher albedo than the eastern melts.
(Sections from A pl6 pan frames a) 4996 and b) 5000)

SO this is not a shadowing 

effect. The multispectral 

data will help to determine 

whether this relates to a 

compositional variation, or 

a variance in the glass 

content between the melts 

present at each site.

The low-lying northern 

wall has been breached by 

flows o f  melt in several 

localised regions, and the 

lower terraces have been 

covered by materials on 

the crater floor, although a
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terracing structure is still evident to at least three levels. Away from these breaches, 

fresh exposures show the north wall to vary greatly from the eastern, western and 

southern walls, with signs o f  possible igneous intrusions and the presence o f  at least 

three other distinct rock types (El-Baz and Roosa, 1972). These are easily seen in the 

high contrast oblique photography from Apollo 10 (Fig 5.35). The blocky melt deposit 

is labelled ‘A ’ in Fig 5.35 where it breaches the wall, and can be seen leading beyond 

the north rim o f  King towards the melt pool in the Al-Tusi crater. As on the western 

wall in Fig 5.32, the flow fronts in this unit are convex downslope, suggesting a slow  

flow from the higher to lower ground (Fl-Baz, 1970).

Fig 5.35: Oblique photograph o f King’s northern wall, displaying four distinct units, identified from their setting, 
texture and albedo. ‘A ’ is the blocky dark melt material where it has breached the north wall; ‘B’ is the dominant 
high albedo unit, forming domical hills; ‘C’ is a section o f more typical wall material; ‘D, ‘O'’ and ‘D"’ are zones 

o f discontinuity and low albedo, probably outcropping dykes. The top o f Mons Andre, visible near the middle- 
bottom of the Figure is 5 km from east to west. (Adapted from El-Baz, 1970; Section o f AplO metric 4351 ).

To the east o f  this breach is a discontinuous linear outcrop o f  extremely dark rock, 

crosscutting the wall ( ‘D ’ in Fig 5.35), which is most likely to represent a dyke. The 

alternative would be a rotated layer o f  wall material, but its setting and contrasting 

appearance are more supportive o f  it being a dyke (Fl-Baz, 1970). A second probable 

dyke is seen to the east o f  this unit ( ‘O'’ in Fig 5.35), again forming a discontinuous 

linear outcrop. Below this, overlying the terraces o f  the lower wall, are several dark 

layers that have probably resulted from mass wasting o f  the dyke material onto the units 

below. A final discontinuity is seen on the north crater floor ( ‘D "’ in Fig 5.35), just 

beyond the border o f  the wall with the crater fill. The unit is this time more arcuate, and 

is expressed as a pair o f  raised ridges in the floor, both o f  which are texturally different 

to and darker than the surrounding floor.
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The most dominant rock type on the north wall surrounds the aforementioned dykes. 

Labelled ‘B ’ in Fig 5.35, this unit has a high albedo and is comprised o f several large 

domical hills, separated by thin dark grooves and furrows which themselves are filled by 

a darker fine grained debris. This lithology is unlike any other seen in the crater walls, 

contrasting in both albedo and texture (a portion o f wall material more typical to King, 

forming a final rock type, is labelled ‘C’ in Fig 5.35), and this suggests it may represent 

an exposure o f an intrusive body; the steep contacts displayed by the unit led El-Baz 

(1970) to suggest a probable batholithic origin. The location o f the exposure, in direct 

line with the central peaks which also display high albedo units (and appear 

compositionally similar to portions o f the north wall; Section 5.2.1; Fig 5.17), lends 

support to the possibility that King has excavated a large tabular body. Multispectral 

analyses will help to test this, and will allow for the detection o f compositional 

variations that correspond with the unit boundaries presented in Fig 5.35. There is no 

obvious photogeological difference in the north-west wall that would correspond with 

an extension o f the unit boundary hypothesised from analyses o f the floor material 

(Section 5.2.2), but the exceptionally bright unit in the north wall (‘B’ in Fig 5.35) may 

be similar, and compositional analyses are required before this can be confirmed. 

Similarly, the reason for the photogeological contrast between the impact melts on the 

eastern and western walls requires clarification using the multispectral data, as does the 

possibility o f the central peak neck being a portion o f the slumped south wall. The 

Clementine images o f the irmer walls are shown on a large scale, in context with the rest 

of the impact structure, in Fig 5.21. The walls to the south, west and east are a 

combination o f blues, greens and red/orange in the multispectral image (Fig 5.21c), 

similar to the units seen on the central peak (Section 5.2.1). Also similar to the central 

peak, an additional blue unit is seen in fresh exposures on the true colour image (Fig 

5.21b), perhaps corresponding to units rich in olivine. The fresher exposures are most 

extensive on the upper walls, and show a slight east-west variation, with more signs o f a 

bluer, feldspathic signature on the wall to the west, although the mafic green signature is 

still dominant; the fresh wall to the east is almost exclusively mafic in comparison. On 

the terraces, impact melt becomes the dominant component down to the crater floor, and 

this again shows something o f an east-west variation, as the melts to the east are redder 

in the multispectral image, suggesting they contain a higher glass component than the 

melts to the west. Five-point spectra of these units (Fig 5.36) support this inference.
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with the eastern melts 

displaying a steeper 

continuum slope in the 

visible than the western 

deposits. The melts to the 

west seem to become less 

glassy still to the north

west, grading to a darker 

red in the multispectral 

image as the elevation o f  

the wall gradually drops to 

be breached in several 

places by the more 

crystalline flows present in 

the pool to the north. 

Localised patches o f  the 

lower terraces to the east, 

south and west, all show  

exposures o f  cyan 

materials in the

multispectral image, and the five-point spectra o f  these (Fig 5.37) show a definite 

inflection close to the 0.95 pm point, similar to the units dominating the walls (and 

therefore the upper levels o f  the crust) at Tsiolkovsky (Section 4.2.4), inferred to 

represent noritic anorthosite. The presence o f  this lithology at King, despite its more 

fragmental distribution, is an important indication o f  a general similarity in the 

composition o f  the ancient crust in this region o f  the farside (Section 5.4).
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Fig 5.36: Five-point spectra o f  the units on King's eastern and western inner walls. 
The eastern impact melts have a steeper continuum than the melts to the west, 
im plying they have a higher g lass content. The greens and blues on the fresher 
exposures exhibit relatively feldspathic and mafic signatures respectively. The 

blue unit in the true colour frame may represent an oliv ine rich mineralogy, as is 
seen in the central peaks (Section 5.2.1).

The blue units in the true colour image (Fig 5.21b; Fig 5.38e) that may represent olivine 

rich mineralogies, as was seen on the central peaks (Section 5.2.1), can be located more 

precisely in a similar manner, looking for a consistent rise in the brightness o f  units in 

the 750/900 nm, 750/950 nm, and 750/1000 nm ratios and a blue/purple colour in the 

false colour composite produced from these images. Fig 5.38 shows this set o f  images 

for King; again the yellow regions in the colour image (Fig 5.38d) are those areas for 

which no 1000 nm data was available. Possible olivine rich materials can be seen to be
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Fig 5.37: Five-point spectra o f  localised cyan outcrops on the south, west and 
east terraced walls and western rim (Section 5.2.4) o f King compared to the 

noritic anorthosite signature that dominates Tsiolkovsky s wall and rim 
(Sections 4.2.4 and 4.2.5).

quite abundant around the fresh 

exposures o f  the western wall and 

in the small section o f  the east wall 

for which the 1000 nm data was 

available. While it seems 

reasonable to assume that the blue 

in the true colour image is also 

representative o f  probable olivine 

rich mineralogy in the regions that 

are missing the 1000 nm data, this 

cannot be stated unequivocally.

The location o f  the ‘olivine 

signature’ in the false colour image 

o f  Figure 5.38 matches quite 

closely with the fresher blue units 

in the true colour image as was seen 

for the central peak, and the

similarity between the five-point spectra (Fig 5.36) o f  these deposits and the blue units 

in the multispectral cube (a relationship also seen in the central peaks; Section 5.2.1), is 

further support for the relatively uniform geochemistry o f  the units in King that would

Fig 5.38; Clementine images showing the location o f possible olivine rich units in the walls of 
King, a) 750/900 nm; b) 750/950 nm; c) 750/1000 nm; d) colour composite (images a, b and c in 
the red, green and blue channels respectively); e) true colour image. Olivine shows a consistent 

brightening through frames a) to c) and will be a blue/purple in the colour frame d). Yellow 
regions in the colour frame d) represent regions with no 1000 nm data.
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be expected from the excavation o f  a large tabular body.

The heterogeneity o f  King’s north wall seen in the photogeological analyses is also 

apparent in the multispectral data (Fig 5.21), and is shown in more detail (with similar 

labelling to that in Fig 5.35) in Fig 5.39. The only designation provided in Fig 5.35 that

B

f
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\ c -

D’
5 km

{approx. scale)

N

Î
Fig 5.39: Multispectral image o f the northern wall o f King, showing four discrete compositional units that match 
with those inferred from photogeological analyses (see Fig 5.35 for details o f labelled units). The impact melt at 

point ‘A ’ is similar to that seen further northwest outside the crater; the dark blue material ‘B’ is spectrally similar to 
the dark blue seen on the north-west crater floor; the more typical wall exposed at ‘C’ is mafic, as are the brighter 

green outcrops seen at the suspected dykes o f ‘D’ and ‘D'’ (see also Fig 5.40).

cannot be seen as a distinct unit in the multispectral image is ‘D "’, the arcuate raised 

ridges on the northern floor. This is not surprising given the subtle nature o f  the surface 

darkening seen in the photographic data, and the fact that the majority o f  the suspected 

dyke is swamped by the melt material o f  the crater floor. Elsewhere, the units outlined

from the photogeological techniques
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Fig 5.40: Five-point spectra o f  the units on King's north w all, 
validating the unit boundaries drawn from photogeological 

analyses (F ig 5.35).

show distinct boundaries in the 

multispectral image. Five-point spectra 

o f  these units (Fig 5.40) confirm the 

validity o f  the unit boundaries, with the 

impact melt ( ‘A ’) displaying a relatively 

steep and featureless continuum 

compared to the bluer slope o f  the 

feldspathic bright domical hills ( ‘B ’) and 

the mafic units ( ‘C ’, ‘D ’ and ‘D '’), 

which show a strong 1 pm absorption. 

The similarity o f  the five-point spectra 

o f  units ‘C ’ and ‘D ’ does not necessarily 

imply that they are the same unit. On 

their own, the strong 1 pm absorptions 

seen in the five-point spectra simply
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Fig 5.41: FeO map of the north wall of King showing the units labelled in Figs 5.35 
and 5.39. The unit D" is of a far higher iron content than the more typical mafic wall

labelled'^.

indicate a high pyroxene content for both deposits. Their photogeological 

characteristics are indicative of them being discrete units, and the FeO map of the north 

wall (Fig 5.41) supports this, showing the iron content of the possible dyke structure 

(‘D'’) to be relatively high compared to the widespread mafic deposits more typical of 

the crater wall (‘C’). Although the second dyke ‘D’ in Fig 5.41 appears to contain

approximately the same 

FeO abundance as ‘C’, the 

localised nature of the 

dyke, and its location 

within the melts of ‘A’ 

could well have combined 

to produce a more subdued signature, and the dyke labelled ‘O'’ is most likely to be 

more representative of the true iron content of the unit. Alternatively, ‘D’ may in fact 

represent a rotated block of layered wall material, but photogeological observations (Fig 

5.35 and accompanying text) suggest otherwise.

The five-point spectra of the dark blue unit on King’s north wall (unit ‘B’ in Fig 5.39, 

appearing as bright domical hills in the photographic images; Fig 5.35), although 

feldspathic, does not match well with the feldspathic blue wall more typical in King. A 

reasonable correlation is seen with the spectra of dark blue units on the central peak, but 

an excellent match is seen with the heavily cratered north-west floor of King. The high 

albedo of the wall unit and the relatively bright nature of the north-western floor in the 

photographic data add support to the possibility of them representing the same unit. If 

this is the case, then the north wall provides additional data that will help map the lateral 

and vertical extent of the compositional unit suggested from studies of the crater floor 

(Section 5.2.2). The more widespread nature of the blue deposits on the north wall 

compared to those on the central peaks suggests that the unit was originally at a shallow 

depth in the upper crust, and was thinning at a depth of between 8 and 14 km (the depth 

from which the peaks were uplifted; Section 5.2.1). The lateral extent seems to have 

been restricted in an east-west direction, appearing only in the approximate 15 km band 

on the north wall, but the alignment of the units in the north wall with the central peak 

suggest that the unit may have been more extensive in a north-south direction. Analyses 

of the crater rim (Section 5.2.4) and ejecta (Section 5.2.5) will help to map the north- 

south extent of the unit.
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Fig 5.42: Five-point spectra of the units on King's central peak 
neck/southem wall, normalised to unity at 750 nm. The materials on 
the neck of the peak are spectrally similar to the melts and blue units 

on the crater floor, wall and peaks, but lack the mafic signature that is 
dominant elsewhere on the peaks.

The five-point spectra of the 

southern wall and the central peak 

neck (Fig 5.42) compare favourably 

with a combination of wall, floor 

and feldspathic peak materials, 

although the uniformity of 

composition already noted between 

much of the peak and the walls 

restricts the inferences that can be 

made from this. It is possible that 

the neck represents either wall or 

peak materials. However, the lack 

of any soils exhibiting the mafic 

signature that is so common 

elsewhere on the central peaks, and 

the relative abundance of 

feldspathic units in the walls

compared to the peaks are both supportive of the central peak neck being slumped wall 

materials, uplifted slightly during the rebound of the central peaks and rotated to form 

the faulting now seen to grade into the terracing on the main wall.

Overall, the inner walls of King show a varied composition for the units that comprised 

the upper layer of the King target region, lying above the materials that now form the 

rim, ejecta and central peaks. The most dominant unit in this layer (now occurring in 

the upper walls to the east, south and west) was mafic in nature, most likely containing 

abundant olivine, as was seen on the peaks (Section 5.2.1). Interspersed within this 

were more localised feldspathic units and small deposits of noritic anorthosite. To the 

north was an intrusion of a contrasting composition, just 15 km across from west-east, 

comprising a dominant feldspathic unit of similar spectral characteristics to the materials 

now seen on the north-west floor. Within this were several discontinuous bands of iron 

rich materials, probably mafic dykes. This will be tied in with the remainder of King’s 

stratigraphie column in Section 5.3.
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5.2.4 Rim Material

For the purposes o f this study, the rim o f King is defined as the material that forms the 

raised area from the lip of the crater out to the break in slope, as was defined in 

Tsiolkovsky (Section 4.2.5). The rim crest o f King is polygonal (visible in Figs 5.1 and

5.8), largely resulting from underlying tectonic or topographic structures and the 

presence o f older craters in the King locale. Despite this, the rim retains a general 

circularity, but is partly crenellated. Outside the lip, the rim shows a good deal o f 

variation across the crater. To the west and south-east, the rim generally comprises 

rounded hills and ridges running concentric to the crater, cut by radial and subradial 

ridges that are typically faint but appear sharp in localised regions (‘a’ in Fig 5.43). Due 

south, the rim becomes more chaotic and grades into a subradial pattern of rounded 

grooves and furrows topped by strong ridges, also running perpendicular to the angle of 

slope (‘b’ in Fig 5.43). Opposite this, the low-lying north rim is poorly defined as King 

cuts into three pre-existing structures (Figs 5.1 and 5.2). The rim is breached by impact 

melts in this region and displays a system o f radial ridges, the concentric hills breaking 

up on the boundary o f the pre-existing structures. Some evidence o f the concentric 

rounded hills remains to the north-east, where the rim material has clearly slumped into 

Ibn Fimas, and this slump is again topped by radial and subradial ridges (‘c’ in Fig 

5.43). The east-south east portion o f the rim has also slumped to form a feature not 

unlike the ejecta slide o f Tsiolkovsky (Section 4.2.6), and this will be discussed 

separately (Section 5.2.4a).

The reason for the chaotic and subradial nature o f the rounded hills and furrows on the 

southern rim is not immediately apparent, but the structure is localised and aligned with 

the north-south line o f the central peaks and the anomalous section o f the northern wall, 

suggesting it to result from a large scale pre-existing stress field or tectonic feature that 

cuts through the whole crater. The faint radial and subradial ridges are likely to result 

from the motion and deposition o f ‘ground-hugging’ ejecta from the crater (Section

5.2.5). As with the walls, the rim of King is swamped by impact melts, and they show a 

similar east-west variation, with the eastern rim covered by a darker, seemingly less 

fluid melt (probably more glassy, as was seen on the eastern terraces).
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Fig 5.43: Oblique photograph o f the 75 km crater King showing the structures in the outer rim. 
a) the rim to the west shows a typical pattern o f concentric rounded hills, cut by radial and subradial ridges. A 
similar, though more poorly defined pattern is seen on the south-eastern rim; b) the southern rim shows a more 

chaotic pattern as the concentric ridges grade into a more subradial pattern; c) the wall to the north-east has 
slumped into the pre-existing crater Ibn Fimas, and has preserved a semi-concentric pattern o f rounded ridges and

hills. (Section o f A pl6  frame 2379)

The Clementine images (seen in Figs 5.8 and 5.21) and five-point spectra (Fig 5.44) 

confirm the abundance of melt around the rim, with the western and northern rims being 

the only regions to show any significant variation in spectral signature. The northern 

rim comprises similar units to those in the wall at that point, but with a larger 

component of the ciystalline melt that covers much of the region to the north of King 

(Sections 5.2.5 and 5.2.6). To the west, the melt grades into the glassy deposit more 

typical around the rim, but several large exposures of cyan and blue are also seen along 

with more localised outcrops that exhibit a green signature in the multispectral image. 

These exposures disappear at the south-western rim to be replaced by the glassy
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Fig 5.44: Five-point spectra o f the units on King’s rim, normalised to unity at 750 nm, a) deposits on 
King’s northern rim compared to those on the northern wall. The same group of lithologies are present 
and the spectra match closely for each unit on the wall and rim in that region; b) other units on King’s 

rim. The impact melt that dominates the rim to the east and south is glassy with a steep continuum 
compared to that of the melt that forms the flows to the north. Elsewhere, the localised green and blue 

outcrops on the western rim show similar spectral character to those on the walls. A further cyan unit on 
the west wall matches with the noritic anorthosite signature seen on the walls (see Fig 5.37)

signature of the melt that dominates the remainder of the south and eastern rims. The 

glassy melt can in fact be seen to form a halo around the entire crater (a feature typical 

of most large fresh craters, and therefore a clear indication of King’s young age; Hawke, 

personal communication; Hirata et a i ,  1998), but has been partially contaminated by the 

exposures on the northern and western rim. The five-point spectra (Fig 5.44) 

demonstrate the glassy nature of this dark halo (Fig 5.44b), displaying a steep and 

featureless continuum, even compared with the melts to the north and north-west which 

are therefore more crystalline. The units on the northern rim are an excellent match to 

those on the north wall (Fig 5.44a), with the same three compositional units present (a 

dark blue feldspathic unit, mafic materials and the crystalline melt). The blue and green 

units to the west are an excellent match to their respective crater wall units (Fig 5.44b), 

while the cyan deposits again show the distinct inflection around 0.95 pm that is 

indicative of noritic anorthosite (Fig 5.37).
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5.2.4a) Rim Slump

To the south-east, a 40 km long section of the rim appears to have slumped outward to 

produce a steep slide (Fig 5.45), extending approximately 16 km away from the crater 

where it ends in lobate scarps, giving the feature a similar appearance to a lava flow (El- 

Baz and Roosa, 1972). The surface of the slide appears similar to the ejecta slide seen at

Tsiolkovsky (Section

4.2.6), displaying faint 

subradial lineaments and 

grooves near its base, and 

signs of transverse ridges 

closer to the point where 

the slide connects with the 

rim (although the 

transverse features are not 

as strong on this slide).

The feature bears the 

hallmarks of a rock slide 

and, as with the ejecta 

slide seen at Tsiolkovsky, 

it is likely to have occurred during the later stages o f crater formation. Unlike the slide 

at Tsiolkovsky, the slump has occurred on a section of the rim that does not directly 

border a pre-existing structure, and there is no immediately obvious reason for the rim 

here to have experienced any structural weakness. The inner wall at this point also 

displays an ‘extra terrace’, dropping to form a platform high on the wall (Section 5.2.2), 

which may be another indication of a weakness in this region, or may have resulted from 

weaknesses caused by the rock slide itself (in which case, slide formation must have 

occurred later than or contemporaneously with the terracing). The only nearby structure 

visible on the surface is the rim of Ibn Fimas to the east of the slide, and it is possible 

that this impact left stress fields and tectonic structures in the surrounding rock that 

resulted in the instabilities on this section of King’s rim. It seems strange that the slide 

did not drop from the rim onto the floor of Ibn Fimas if this were the case however, as 

was seen with Fermi at Tsiolkovsky (Section 4.2.6). Altematively, weaknesses may 

have resulted from a pre-existing stress field or topographic stmcture destroyed by King.

Fig 5.45; A section of the east-south-east rim of King that appears to have 
slumped outward 16 km from the rim to form a slide unit, similar to 

Tsiolkovsky’s ejecta slide (Section 4.2.6). The unit is topped by radial and 
transverse lineaments (some of which are shown by the white and red arrows 

respectively), and ends in large lobate scarps. (Ap 16-2379)
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Fig 5.46; Many lineaments (indicated by the arrows) 
on top of the 16 km slide unit on the east-south- 

eastern rim of King, do not point towards the centre 
of the crater. It is most likely that this is a result of 

the complex topography in the region (see main text). 
(From Apl6 frame 2379)
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Fig 5.47: Five-point spectra ofthe region o f  King's rim containing the 
slide material compared to the remaining halo o f  glassy melt. The 

slide's signature is almost identical to that o f  the rest o f  the glassy halo, 
suggesting that the halo was emplaced after the formation o f  the slide 

unit.

As with the feature at Tsiolkovsky, 

many of the subradial lineaments do 

not align with the centre of King (Fig 

5.46), but this is more likely to have 

been caused by the motion of the slide 

over the complex topography close to 

the rim of Ibn Fimas and atop several 

pre-Imbrian impact structures (Figs 

5.3 to 5.5) rather than by any 

underlying stress field or tectonic 

feature.

The Clementine data (Fig 5.8) reveal 

little about the possible nature of the 

slide, which cannot be differentiated 

from the remainder of the eastern and 

southern rim in the multispectral or 

iron maps (Figs 5.8c and 5.8 d). In the 

five-point spectra (Fig 5.47), the 

region containing the slide unit 

displays the same glassy impact melt 

signature that is seen to form the halo 

around King, suggesting either that the 

melt was carried down with the slide and 

was thick enough to show no 

contamination in the Clementine data or, 

more likely, that the halo was deposited 

late in the formation of King, after the 

slide event.

The combination of units exposed on the 

rim of King and excavated from beneath 

the glassy halo o f melt show a similarity 

to the units on the walls and (to a lesser
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extent) the peaks, supportive of a large tabular body having been present in the King 

target region. However, the freshly exposed rim seems to show a lower abundance o f  

mafic minerals and a corresponding rise in the abundance o f feldspathic materials 

compared to the walls. Noritic anorthosite was also clearly present at the depths from 

which the rim was excavated. These inferences must be treated with caution when 

placing them in their stratigraphie context however, as fresh exposures are limited to 

sections o f the western and northern rim, and these may not be representative o f the 

units elsewhere around King which are covered by the glassy halo. The rim to the north, 

showing the same units as the batholithic intrusion exposed in the north wall, allows the 

extension o f the intrusion to be mapped further northwards, but remains constrained to a 

15 km band in the east-west direction. The unit may continue further north, and this 

possibility will be investigated in Sections 5.2.5 and 5.2.6. The stratigraphie column of  

King’s target region will be summarised in Section 5.3.

5.2.5 Ejecta Blanket

The young Copemican age o f King is obvious from the sharpness o f the features seen 

throughout the crater, so it is surprising that the ejecta does not follow this pattern and 

display a bright blanket with a spectacular system o f rays. Instead, the continuous ejecta 

is o f a similar albedo to the background highlands, and no rays can be seen; as with 

Tsiolkovsky, the ejecta can only be distinguished from the surrounding lunar highlands 

by searching for variations in texture and crater density. However, closer inspection 

reveals several textures within the blanket that clearly set it aside from the background, 

and the sharpness o f these textures support a young age for the emplacement o f the 

materials (Figs 5.48 and 5.49). Continuous ejecta extends between 50 and 150 km from 

King’s rim (Howard, 1972) and shows only a slight asymmetry, with more extensive 

deposition to the west (Fig 5.48), suggesting the impactor approached from the east and 

threw the majority o f ejecta downrange. The textures within the blanket are largely 

dictated by topography, indicating that material was ejected as a ‘ground-hugging’ surge 

that interacted with structures on the surface during emplacement. Howard (1972) 

defined four basic textures within the ejecta blanket that were interpreted as representing 

different types of radial transport: parallel concentric texture, longitudinal dunes, 

irregular transverse dunes and deceleration lobes; examples o f each o f these are shown
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Fig 5.48: Sketch map showing the extent of King’s ejecta blanket and the distribution of 
textures within it, overlain on Apollo photography o f the region. The dunes, lobes and 

striations mapped within the blanket are an indication of the interaction of the ejecta with 
topographic features it encoutered, suggesting it was emplaced as a ‘ground-hugging flow’. 

(Adapted from Howard, 1972; Sections from Apl6 metric frames 1578 and 1581)

and described in Fig 5.49. The region to the north of King containing the veneers, flows 

and pools of lava-like materials will be studied separately in Section 5.2.6.

The Clementine images (Figs 5.8a to 5.8d) display an apparent east-west dichotomy in 

King’s ejecta blanket. Immediately surrounding the crater, extending out approximately 

20 km to 30 km from the rim, is a bright red/orange deposit in the multispectral image 

(Fig 5.8c), with a low FeO content (3 to 4.5 wt%; Fig 5.8d) suggesting it to be a glassy 

melt, as was seen on the rim (Section 5.2.4; Fig 5.47). The halo is broken to the north 

by the more crystalline melt flows and pools that have collected in Al-Tusi (Section

5.2.6), and to the west by fresh ejecta, appearing dark blue and cyan in the multispectral 

cube (Fig 5.8c). More localised outcrops of a green material are also seen in the western 

blanket near the crater rim in the multispectral image. Only small traces o f a blue 

signature are seen on exposed slopes in the ejecta blanket to the east, and no cyan or 

green units are present. It is possible that this asymmetry does not represent any 

compositional boundary excavated by King, but that the more constrained emplacement 

of ejecta to the east seen in the photographic data (Fig 5.48) has led to the majority of
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Fig 5.49: Examples of textures within 
King’s ejecta blanket, clearly 
demonstrating its ‘ground-hugging’ 
nature during emplacement.

a) Area approximately 8 km south-east 
of King’s rim (the long arrow points 
away from the crater) showing a distinct 
texture of parallel concentric dunes or 
fractures. This texture is restricted to 
within about 10 km of King, and is seen 
here (short arrows) to curve and grade 
into the longitudinal features that 
dominate the ejecta blanket further out.

(From Apl6 panoramic frame 4994)

b) Portion of King’s ejecta blanket 
approximately 80 km north-west of 
the crater (arrow points away from 
King). The region shows several 
deceleration lobes, with rounded 
scarps facing away from King and 
backed by distinct longitudinal 
dunes. These lobes occur near the 
outer edge of the continuous ejecta, 
almost exclusively on pre-existing 
slopes facing King. This again 
demonstrates the motion of the ejecta 
at or near to the surface, with the 
lobes occurring as material comes to 
rest after climbing part way up the 
slopes (Howard, 1972).

(From Apl6 panoramic frame 5008)

e) Region approximately 70km north
west of King showing irregular 
transverse dunes (circled) and 
longitudinal dunes (within the square). 
Arrows point away from King. The 
irregular transverse dunes occur only 
locally and are poorly developed in 
comparison to the longitudinal dunes. 
The latter occupy the majority of the 
ejecta blanket and are well developed, 
especially on slopes facing away from 
King, where ‘ground-hugging’ material 
will have been accelerated down the 
slopeface (Howard, 1972).

(From Apl6 panoramic frame 5004)

All scales are approximate.
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the material in that region being covered by the glassy halo. It is known that the 

emplacement of the glassy halo occurred late in the crater formation process, as it covers

the slide that has formed on the east-south

east rim (Section 5.2.4a); the melt stretches 

to a distance of almost 30 km in some of the 

eastern regions, so much of the blanket 

(extending out to just 50 km due east of 

King; Fig 5.48) will be covered by this.

North of King, a steep scarp forming the 

eastern inner edge of Al-Tusi has exposed 

fresh surfaces from which compositional 

signatures can be taken. The scarp extends 

approximately 15 km north-north-west and 

displays a combination of dark blue, green 

and pale blue signatures in the multispectral 

image (Fig 5.50). Smaller patches of dark 

blue materials are exposed in the blanket to 

the north of King out to a distance of 

approximately 50 km, and align with this 

north-north-west trend. A poorly defined 

section o f ejecta some 2 0  km west of this 

line, approximately 25 km from the rim crest 

of King, shows a similar dark blue character 

(Fig 5.50). Five-point spectra of the units on 

the scarp and the localised blue units (Fig 

5.51) show a good match with their spectral 

counterparts on the northern wall (Section

5.2.3) and can therefore be said to represent 

an extension of the batholithic intrusion. The 

cyan on the scarp has a clear noritic 

anorthosite signature with an inflection at the 

950 nm point. The clarity of this signature in 

both the five-point spectra and in the

Fig 5.50: Multispectral image of a section of 
King’s northern ejecta showing fresh exposures of 

the batholithic intrusion (shown by the arrows) 
also seen in the crater wall and rim (Sections 5.2.3 

and 5.2.4). Fresh outcrops are evident out to 
approximately 50 km north of King.
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Fig 5.51 : Five-point spectra o f the units on the scarp forming 
the eastern edge o f Al-Tusi. The units compare favourably 
with those seen in the batholithic intrusion exposed on the 

north wall.
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multispectral image suggest that the scarp is on the edge of the intrusion and is exposing 

the surrounding highland materials to the east. The localised section of the intrusion 

almost 2 0  km west of the main north-north-west trending band probably represents the 

western edge o f the unit, suggested by the 15 km width of similar units seen in the wall 

and rim. The most northerly outcrops are around 50 km from King, demonstrating that 

the intrusion reaches at least this far from the rim of King.
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m ore isolated to the east
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The bulk of the ejecta blanket to the north, south and west is blue or cyan in the 

multispectral image (Fig 5.8c), and isolated portions of the blanket to the east show 

similar signatures. Five-point spectra (Fig 5.52) indicate an anorthositic and noritic 

anorthosite composition for these units, similar to that of the more localised blue and

cyan deposits on the wall and rim. Dark 

red impact melts stretch beyond the 

feldspathic ejecta in all directions, 

displaying a bluer slope (lower glass 

content) than the halo around King in 

the five-point spectra (Fig 5.52). 

Localised regions of the northern 

blanket appear yellow in the 

multispectral image, showing a steep 

continuum and a slightly subdued 

absorption structure in the five-point 

spectra. These are considered to 

represent the mixing of the noritic and 

feldspathic ejecta with melts. The 

presence o f these melt signatures do not 

alter the interpretation of the general 

characteristics of the ejecta blanket, which suggests that the layer beneath that which 

formed the rim and wall was generally anorthositic, but contained a significant noritic 

component. The completed stratigraphie column for King will be discussed in Section 

5.3. There are several examples o f small craters within the ejecta blanket, and some 

freshly exposed slopes (especially on the outskirts o f the blanket) that show a mafic 

signature in the multispectral image (Fig 5.8c), and have a significantly higher FeO 

content than the background units (Fig 5.8d). However, these represent units exposed
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Fig 5.52: Five-point spectra o f  the units forming the bulk o f  
King's ejecta blanket.
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from beneath the ejecta blanket and were not excavated and deposited as part of the 

blanket itself; these areas will be discussed separately in Section 5.2.7.

5.2.6 The Lava-Like Material and Melt Pool

Studies of the peak, floor, wall, rim and ejecta of King (Sections 5.2.1 to 5.2.5) have 

already shown there to be a copious amount of lava-like material in the region, covering 

many of the aforementioned units. The area covered by flows, pools and veneers of 

melt suggest it to be of a volcanic origin, but the apparent lack of source vents or domes 

that are common to most volcanic areas has led to the general consensus of it having an 

impact origin (e.g. Howard, 1972; Howard and Wilshire, 1975; Hawke and Head,

1977). The bulk of the flows and pools in the King locale are to the north, where the 

surface is low-lying, and material shows signs of having drained towards the natural

sinks in this region (Figs 5.53 

and 5.54). The largest of these is 

the crater Al-Tusi on King’s 

northern rim which, over time, 

has collected the majority of the 

lava-like material into a 2 0  km 

wide pool (Fig 5.53). The thicker 

deposits of melt in this region 

could have stayed molten for 

months or even years (Howard 

and Wilshire, 1975), but the 

flows and drainage into the pool are likely to have occurred on a shorter timescale of 

weeks at most. There is evidence of multiple phases o f emplacement with truncated 

flows and flow fronts on the borders of the pool (Fig 5.55). This is particularly true of 

the western edge of the pond, where lobate scarps and flow fronts (pink arrows in Fig

5.55) suggest the melt to have washed upslope to these points before losing momentum, 

leaving sharp margins with much of the veneer surrounding the main pool. The upslope 

flow of these melts implies that at least some of the material was emplaced at high 

velocity; these flows probably represent the high velocity emplacement of impact melt 

ejected from King into the depression, and the later drainage of slower flows from 

higher ground and from King itself have truncated these early units (green arrows in Fig

Fig 5.53: Oblique view o f the 20 km wide pool just beyond King’s 
northern rim. The lava-like material in the pool has clearly 

drained from several levels into the main depression. The pool 
contains sharp hills and dome-like features. (Ap 16-120-19266)
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Fig 5.54; Sketch map overlayed on the pool o f  m elt sh ow in g  flo w  
direction and drainage o f  m aterial from higher ground into the poo l, ‘x ’ 

is the dark unit on  the crater w all (S ection  5 .2 .2 ) and ‘S ’ is the flo w  scarp  
show n in m ore detail in Fig 5 .55 . (A dapted from E l-B az, 1972; A p l6  

pan fram es 4 9 9 8  and 5 0 0 0 )

5.55). Additional upslope motion of the lava-like materials could also have resulted 

from the seismic activity that would have occurred in the region during crater formation. 

The preservation of the truncated boundaries in the melts implies that there was little 

remelting and mixing of one phase of melt with another. If, as seems likely, the melts 

were emplaced over a matter of weeks, this suggests them to have rapidly developed a 

lava-like crust during emplacement, shielding the still fluid materials beneath this crust 

from later flows of melt.

The flows and pool show many remarkably sharp flow structures that indicate a young 

age for the deposit, such as convex folding downstream (circled in Fig 5.55; Howard 

and Wilshire, 1975), leveed channels (squared in Fig 5.55; El-Baz, 1972) and tension 

cracks (dotted arrows in Fig 5.55; Howard, 1972; Hawke and Head, 1977). The flow 

direction is easy to map from these features (Fig 5.54) and shows the material to have 

drained from higher ground into the depression formed by Al-Tusi (El-Baz, 1972). 

Several domical features are also visible in the main pool (Figs 5.53 and 5.54), much 

sharper than those in the floor material (Section 5.2.1) but still most likely not related to 

the origin of the floor, probably being loose blocks or rootless spatter mounds instead
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Fig 5.55: Western section of the main pool o f lava-like material north of 
King, showing sharp flow structures and indications of there having been 

several phases of emplacement for the material that now fills the pool. Flow 
directions are shown by the white arrows; pink arrows show lobate scarps at 

flow fronts; green arrows show areas where a flow is truncated by more 
recent melt emplacement, implying several phases of melt emplacement to 
have occurred; the region in the circle shows convex folding downstream, 

while the boxed area shows a steep sided leveed channel. (Section of 
Apollo 16 panoramic frame 5000).
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Fig 5.56: Multispectral image o f the region containing the melt 
pool, showing little spectral contrast. Craters that have exposed 

sub-melt units are labelled (see Table 5.3 and main text for details 
of excavation depths, crater diameters and melt thickness).

(Howard and Wilshire, 1975). 

The young age of emplacement 

for the material is also obvious 

from its stratigraphie position, 

deposited after the ejecta blanket 

(Section 5.2,5) and glassy halo. 

The multispectral image of the 

main melt pool (Fig 5.56) shows 

little spectral contrast across the 

region draped by the melt, 

making it difficult to separate the pool from its immediate surroundings. The steep fresh 

scarp on the southern border of the pool (Section 5.3.5) provides one boundary, and 

localised mafic outcrops can be seen on the eastern edge. The lack of contrast on the 

pool implies there have been no impacts large enough to dig all the way through and 

expose the material beneath the melt. The excavation depth of the largest craters, 

approximately 150 m (using the 1:10 depth:diameter ratio of simple craters from Croft, 

1980), is therefore a lower limit for the thickness o f the deposit in the pool. The region 

just beyond the north-western edge of the pool contains two impacts that have exposed 

the sub-melt materials (labelled x and y in Fig 5.56) and a further group of impacts to 

the north of the main pool also show a contrasting signature in the multispectral image 

(labelled zl -  z7 in Fig 5.56); the excavation depth of these craters gives an upper limit 

to the thickness of the flows and veneers in each area. The craters are all simple in 

form, and their diameters and excavation depths are tabulated in Table 5.3. The upper

C rater (see Fig 5.56) Diameter (m) Depth (m)
X 1 2 0 0 1 2 0

y 450 45
zl 300 30
z2 300 30
z3 450 45
z4 300 30
z5 300 30
z6 300 30
z l 300 30

Table 5.3: Diameters and excavation depths of craters that show evidence of having excavated 
materials from beneath the flows and veneers of melt north-west and north of the main melt 

pool (see Fig 5.56 for the location o f the craters measured). The 1:10 depth:diameter ratio of
Croft (1980) was used for all of the craters.
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limits for the flow thicknesses are not unlike those in the flows on the floor (Section 

5.2.2; Table 5.2), and 30 to 60 m therefore appears to be a typical range for the upper 

limit melt flow thickness in the King region.

5.2.7 Dark Halo Craters and Dark Deposits in the King Locale

The ejecta blanket of King contains two dark halo craters, one to the north-west, the 

other to the south (DHCl and DHC2 respectively in Figs 5.8c and 5.8d). Both appear 

dark in the 750 nm and true colour images, displaying a subtle mafic signature in the 

multispectral image and a slightly raised FeO content ( 6  - 7.5 wt% compared with the 

background ejecta’s 3 - 6  wt%). DHCl is 2.75 km in diameter, while DHC2 is 3.35 km 

across, so the impacts will have excavated material from depths of approximately 275 

and 335 m respectively. Unfortunately, both of the impacts lie in regions where 1 pm 

data were not taken, so only four-point spectra can be taken, and these show no sign of a 

significant absorption in the 900 to 950 nm region (Fig 5.57). This is most likely to be 

the result of contamination of the spectral signature by mixing with the feldspathic 

ejecta of King. The lack of 1 pm data for both craters also makes it impossible to search

for probable olivine mineralogies 

in the dark halos. It is possible that 

the impacts have excavated a 

cryptomare lying a few hundred 

metres beneath the surface; such a 

feature was predicted from a 

survey o f dark halo craters 

undertaken by Schultz and Spudis 

(1983), but the two craters alone 

cannot be used to test this 

hypothesis using the Clementine 

data. However, beyond the reaches 

of King’s continuous ejecta blanket 

to the west, and outside the rim to 

the north, several freshly exposed 

slopes and small impact craters 

have also excavated materials that

0.55

DHC2 (see Figs 5.8c and 
5.8d)

â  0.80

- • -D H C l (see Figs 5.8c and 
5.8d)

Bright red background to 
west and north

- x - D S l  (see Figs 5.8c and 5.8d)

- • - D S 2  (see Figs 5.8c and 5.8d)

-•-T sio lk o v sk y  cratered mare

—t—Tsiolkovsky uncratered 
mare

400 450 500 550 600 650 700 750 800 850 900 950 1000 

Wavelength (nm)

Fig 5.57: Five-point spectra o f dark halo craters and dark 
surfaces to the west and north o f King.
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appear dark in the 750 nm and true colour images, and green in the multispectral image, 

with a corresponding high FeO content (7.5 - 12 wt%; Figs 5.8a-d). The entire region to 

the west and north appears to have an inherently high FeO abundance ( 6  - 7.5 wt%) 

compared to the eastern and southern background ( 3 - 6  wt%), despite displaying a red 

signature in the multispectral image. The red signature and five-point spectra (Fig 5.57) 

suggest a weathered, glassy surface, and the increased FeO abundance may therefore be 

the result of a weathered mafic unit; however, the algorithms used to produce the FeO 

abundance are known to be less reliable when observing glasses (Lucey et al., 1998a), 

so caution should be exercised in the interpretation of this possibility. Support for the 

regions being inherently mafic is present in the high FeO abundance (7.5 - 12 wt%) seen 

in two freshly exposed slopes in craters to the west and south-west (labelled DS1 and 

DS2 in Figs 5.8c and 5.8d), and in localised outcrops surrounding the melt pool to the

north of King. The five-point spectra

10 km
(apnrox. scale)

Fig 5.58: False colour map of possible olivine rich 
units in the two dark surfaces to the west of King (see 

Figs 5.8c and 5.8d for the location of these units). 
Olivine appears blue or purple in these images.

of these units (Fig 5.57) show a 

distinct absorption band that matches 

with the cratered basalts seen on the 

floor of Tsiolkovsky (Section 4.2.2). 

Furthermore, the spectra of the 

proposed weathered mafic deposits 

show a reasonable match to the more 

weathered uncratered mare floor in 

Tsiolkovsky. These results all 

support the inference of Schultz and 

Spudis (1983) that the region contains 

a cryptomare deposit, and the 

Clementine data show it to be of a 

relatively low (7.5 to 12 wt%) iron 

content compared with the basalts on 

the floor of Tsiolkovsky (from 12 to 

18 wt%; Section 4.2.2). The false 

colour ‘olivine map’ of the crater (Fig 

5.58), constructed using the 

techniques described in Sections 4.2.1 

and 5.2.1, shows the two dark slopes
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in the region to probably contain abundant olivine rich mineralogies, and it is possible 

that this will be common to all units exposing the cryptomare. Blue (feldspathic) units 

are also seen on the slopes o f some craters in the ciyptomare region to the west (Fig 

5.8c), and these are feldspathic deposits, most likely to be discontinuous ejecta from 

King freshly exposed as it slumps or creeps downslope. They do not therefore provide 

evidence against the ciyptomare.

The presence o f a cryptomare deposit in the King region explains the general maficity 

and probable olivine rich mineralogies o f units now exposed on the terraced walls and 

floor o f King and in localised portions o f the rim and peaks (Sections 4.2.1 to 4.2.4), 

and their close association with more noritic units that form the primitive crust in the 

area (also appearing in these units in King). This information will be added to the units 

seen within King to produce a picture o f the complete stratigraphie column of the region 

in Section 5.3.

5.3 Summary and Crater Formation

The combination o f photogeological and multispectral analyses used in this study has 

allowed a detailed geological and compositional picture of the crater to be constructed, 

and the stratigraphy o f this region o f the farside crust to be examined. The following 

paragraphs summarise the events that occurred during the formation o f King and the 

resulting emplacement o f the geological units seen today, as detailed in this research. 

This will be combined with the stratigraphy o f Tsiolkovsky (Section 4.3) to provide a 

view of the farside crust on a larger scale in Section 5.5.

King formed from an impact that occurred during the Copemican period (< 1 Ga), as 

evidenced by the sharpness o f features within the crater, the distinct halo of dark impact 

glass, and the similarity o f many o f the deposits to those seen at other fresh craters such 

as Tycho, Copernicus and Aristarchus (e.g. Strom and Fielder, 1970; Howard, 1971; El- 

Baz, 1972; Howard, 1972; Guest, 1973). The bolide most probably struck from the east, 

as the ejecta shows an asymmetry with a larger proportion of the excavated material 

thrown downrange to the west (Fig 5.48) (Howard, 1972). The target region was 

heterogeneous, comprising a probable ciyptomare deposit underlain by a noritic 

anorthosite upper crust, as is preserved in the floor, wall, rim and ejecta units now seen
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in King. The ‘cryptomare’ was o f a low FeO content (7.5 - 12 wt%) compared with the 

basalts on the floor o f Tsiolkovsky (12- 18  wt%), and olivine was most likely abundant, 

now exposed on the crater walls and in localised portions o f the central peaks. In the 

northern reaches was a vertically extensive batholithic intrusion (El-Baz, 1970); this had 

a generally feldspathic character, although it contained mafic dykes (now exposed in the 

wall and rim of King), and reached from near-surface levels to a minimum depth of  

between 8 and 14 km. The intrusion was restricted laterally to a 15 to 20 km east-west 

band, but extended at least 50 km north o f King. The target region was already heavily 

cratered (Figs 5.1, 5.3 and 5.4) and contained several structures that have affected the 

formation o f King.

Crater excavation was accompanied by the deposition of the anorthositic/noritic 

anorthosite ejecta blanket (Section 5.2.5) and the overturn o f the crater lip, also 

dominated by noritic anorthosite, but containing minor traces o f mafic deposits, and 

exposing the batholithic intrusion to the north (Section 5.2.4). The ejecta was emplaced 

as a ‘ground-hugging’ surge (Howard, 1972), extending out to 50 to 150 km distances, 

and showing several dune-like features that indicate its interaction with the topographic 

structures on the ground over which it has travelled (Fig 5.49). Similarly, the structure 

o f the rim was dictated by topography and by pre-existing stress fields. The possibility 

of a N-S trending field is highlighted by the grading o f the concentric features more 

typical o f the rest o f the rim into subradial furrows to the south (Fig 5.43). Further 

instabilities are suggested to the east-south-east where a 40 km wide section of the rim 

has collapsed outward some 16 km to form a slide (Section 5.2.4b; Figs 5.45 and 5.46), 

similar to the ejecta slide unit seen at Tsiolkovsky (Section 4.2.6). The direction and 

structure o f the slide appears to have been dictated by topography rather than any 

underlying stress field.

The rebound o f the crater floor occurred in King from a depth o f between 8  and 14 km 

to form the central peaks (Section 5.2.1). Materials at this depth were dominated by 

anorthositic units (within the GNTAl and GNTA2 compositional units described by 

Tompkins and Pieters, 1999), but contained small traces o f mafic materials and possible 

olivine rich minerals (although these are far more abundant than those seen on the peak 

of Tsiolkovsky; Section 4.2.1). The peak is cut by a series o f NE-SW and NW-SE 

trending fractures, some of which can be seen to cut through many other features in

251



King, and the peculiar ‘ Y ’ shaped morphology may result from the slumping of 

materials in the trough o f the ‘ Y ’ onto the northern floor. The southern neck o f the 

peak, connecting with King’s southern wall, is likely to be the result o f slumped wall 

materials being caught in the uplift o f the central peaks and rotated to form the grading 

of the fractures on the peak with the terracing on the inner walls (Section 5.2.2).

Slumping o f the walls was contemporaneous with the rebound o f the floor, with the 

majority o f slumping occurring to the south and south-east (Fig 5.31). The terracing is 

rounded and well defined to the east and west (Fig 5.32), becoming poorly defined to 

the north, where the units are low-lying and partly covered by floor materials, and to the 

south where the central peak neck has developed. The walls are mafic (probably rich in 

olivine; Fig 5.38), containing more isolated exposures of the feldspathic materials seen 

in the rim and ejecta. To the north, the batholithic mass o f rock is exposed in a 15 km 

wide band (El-Baz, 1970; Fig 5.35), comprising bright domical hills, with a feldspathic 

signature similar to that o f localised units on the crest o f the central peaks. Within this 

are discontinuous mafic units, suggested by El-Baz (1970) to be dykes, showing similar 

spectral signatures to the crater walls, but contrasting properties in the photographic 

data.

Following the development o f the main features in the crater, the impact melts produced 

from the initial high shocks of the impact and ejected first, came to settle. The majority 

of the more crystalline melts settled back in the main cavity and on the ground 

surrounding King, although some were carried out with the main ejecta blanket. The 

glassy melts then settled to formed a halo around the crater (Section 5.2.5). The 

crystalline materials will have remained fluid for weeks or months (Howard and 

Wilshire, 1975) and, after their initial emplacement, began to flow from higher ground 

and collect in the lowest regions (Section 5.2.6). The melts therefore tended to move 

from the peaks and wall onto the floor o f King and from there, towards the low-lying 

areas to the north. Much o f the melt breached the north wall, covering the glassy halo in 

that region, and came to rest in a large 20 km pool in the pre-existing crater Al-Tusi (Fig 

5.53). The melt shows sharp and well defined flow structures (Sections 5.2.2 and 5.2.6; 

Figs 5.19, 5.54 and 5.55) and indications o f there having been several phases of 

emplacement (El-Baz, 1972; Fig 5.55), suggesting the materials to have rapidly 

developed lava-like crusts. Material on the floor o f King did not settle into pools, and is
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therefore only tens o f metres thick at the most (Section 5.2.2). In contrast, the melts in 

the pool to the north collected to form a much thicker deposit, at least 150 m deep, and 

melt here could have remained fluid for years. Veneers and flows outside of the main 

pool show similar limits for thickness as were seen in the flows on the crater floor, 

suggesting this to be a typical value for the thicknesses o f the multiple flows in King. 

The melt on the crater floor and in the main pool contains several domes and cratered 

hummocks appearing similar to volcanic constructs (e.g. El-Baz, 1972; El-Baz and 

Roosa, 1972), but the contrast in composition (Section 5.2.2) and in sharpness o f the 

features in the floor and main pool suggest that they are most likely not related to the 

formation o f the melts, and are simply loose floating blocks or features on the floor 

beneath the melts.

Overall, this study has shown the target area for the King impact to have been 

compositionally heterogeneous both laterally and with depth. The top o f the 

stratigraphie column beneath the regolith begins with a low iron, perhaps olivine rich 

cryptomare deposit, now exposed in the crater wall and more locally in the rim and peak 

units. Beneath this, an anorthositic and noritic anorthosite crust was present, evidenced 

by the units now present in the rim and ejecta blanket. A decrease in norite content with 

depth is suggested by its virtual disappearance by the depth o f between 8  and 14 km 

from which the peaks rebounded. The localised mafic and potential olivine rich units on 

the central peaks also suggest a complex mixing o f the ‘ciyptomare’ and highland crust 

layers during excavation, and similar heterogeneity is seen in the walls and rim to 

support this possibility. The picture is further complicated by the presence of a 

batholithic intrusion, whose southern edge appears to have been within King (as the unit 

does not appear in outcrops south of the central peaks), and which extended at least 50 

km north o f King. The intrusion was restricted to an approximate 15 to 20 km band in 

the east-west direction, and comprised a bulk feldspathic unit locally cut by mafic dykes. 

The unit was extensive vertically as well, from near the surface down to at least the 8  to 

14 km depth from which the central peaks o f King were uplifted, and is now exposed in 

the wall, rim and on smaller patches o f the central peaks. The presence o f this 

batholithic intrusion, in combination with the intrusions seen at Tsiolkovsky (Section

4.2.8) and the gabbroic pluton suggested to have been excavated by the Tycho impact 

event (Tompkins et a l, 1999) suggests that such features may be common in the lunar 

crust.
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5.4 Future Work

As for Tsiolkovsky, the study of King will be greatly enhanced by the introduction of 

Clementine’s NIR camera data, which are almost ready for scientific analysis (Lucey et 

al., 1998b; Le Mouélic et a l ,  1999). In combination with the U W IS  data already 

available, this will greatly enhance the compositional sensitivity o f Clementine analyses 

and allow for the unambiguous detection o f olivine, and combinations o f pyroxene and 

olivine, providing a better indication of the mineral assemblages present in a soil. This 

will help quantify the degree to which mixing o f the possibly olivine rich mafic units of 

the ‘cryptomare’ in King has occurred with the upper crust in the region to form the 

combination o f units now seen in the peak, wall and rim of King.

The reduced chemical and gravity data from Lunar Prospector will also soon be 

available to the scientific community, and in combination with the full 11 waveband 

dataset o f Clementine, these will make it possible to undertake a far more 

comprehensive investigation o f the stratigraphy of this region o f the farside crust, and 

may allow for the detection o f the boundaries of the cryptomare deposits.

5.5 Stratigraphy of the King and Tsiolkovsky Region of the Lunar Farside

The combination o f photogeological and multispectral techniques used in this research 

have allowed for the stratigraphy o f the two large farside craters King (120° E, 5.5° N) 

and Tsiolkovsky (128° E, 22° S) to be observed (Chapters 4 and 5; Plate 4.1). The 

region containing both o f these craters is shown in the Clementine data (Fig 5.59a-d) 

and covers a total area o f approximately 1.1 x 1 0  ̂km ,̂ and the combination o f both 

studies allows for a first order interpretation of the vertical and lateral homogeneity of 

the farside crust in this region. These mosaics were used only to place the two sites in 

context with one another, discussed below.

King has excavated the farside crust to a maximum depth of between 8  and 14 km, 

uplifting the materials that now form the central peaks (Section 5.2.1). Tsiolkovsky’s 

peak will have originated at a much greater depth o f between 20 and 35 km (Section 

4.2.1; depths calculated using equations from Cintala and Grieve, 1994 and Melosh, 

1989). The gravity data from Clementine (Zuber et al., 1994) show the crust in the
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Fig 5.59a) 750 nm image o f  the King and Tsiolkovsky region, covering an 

approximate area o f  1.1 x 10  ̂km^. The two craters are labelled; see Plate 4.1 

for their location in context to the farside o f  the Moon.
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Fig 5.59b) True colour image o f  the King and Tsiolkovsky region.
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Fig 5.59c) Standard multispectral image o f  the King and Tsiolkovsky region.
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Fig 5.59d) FeO map o f  the King and Tsiolkovsky region, showing an increase 

o f  approximately 5 wt% in the regions to the west and north o f  King, 

supportive o f  the presence o f  a cryptomare.
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region to be approximately 50 km thick. Therefore, while King provides a stratigraphie 

view of the uppermost crustal layers in this portion o f the lunar farside, Tsiolkovsky has 

penetrated far deeper into the lunar crust. The peaks o f both craters are steep sided and 

have undergone slippage, refreshing the surfaces exposed to space and allowing for the 

spectral curvature and key ratio techniques developed by Tompkins and Pieters (1999) 

to be used to analyse the minerals present (Figs 4.12 and 5.15). It is immediately 

apparent from this that the peaks o f King, although still anorthositic, are substantially 

more mafic than the peak in Tsiolkovsky (units are compared in Figure 5.15). 

Tsiolkovsky’s peak contains almost pure anorthosite (the majority o f units having an 85 

to 90 wt% abundance o f feldspar), with a few localised outcrops o f olivine rich 

materials (Fig 4.13); King’s peaks are more complex, with an average o f 5 wt% more 

FeO than the peak of Tsiolkovsky (a feldspar abundance o f between 80 and 85 wt%), 

containing more widespread olivine (Fig 5.16) and several more localised mafic 

intrusions.

Analyses of the multispectral image (Fig 5.59c) and five-point spectra outside o f the 

peaks show a similar story (summarised in Section 4.3 and 5.3), with the highland units 

in and around King having a higher FeO abundance than those units around Tsiolkovsky 

(Fig 5.59d). Tsiolkovsky clearly exhibits a stratigraphy of noritic anorthosite near the 

surface, trending to more pure anorthosite with depth (Section 4.3; Pieters and 

Tompkins, 1999). King is far more heterogeneous, showing large areas o f mafic, 

probably olivine-rich deposits in the crater walls, and dark halo craters within the ejecta 

blanket. However, this still appears to be superposed on a background o f noritic 

anorthosite, similar to the upper layers seen at Tsiolkovsky. It seems likely, from the 

widespread mafic deposits at King, that the crater has excavated a ciyptomare deposit, 

rich in mafic minerals (particularly olivine), lying above the highland crust o f noritic 

anorthosite. While King did not penetrate to a great enough depth to expose the more 

pure anorthosite seen in Tsiolkovsky, a more subtle trend o f increasing feldspar content 

with depth is seen in the units on King’s walls, rim, ejecta and peaks.

There are indications of intrusions at both King and Tsiolkovsky, with a large body, 

probably batholithic in nature (El-Baz, 1970) in the northern reaches o f King, just 20 km 

wide (east-west) and extending at least 50 km further north from the crater. This 

intrusion is feldspathic in nature and contains smaller mafic dykes. Tsiolkovsky exhibits
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two regions o f surface darkening in its locale (Section 4.2.8), suggested to represent 

stalled basaltic intrusions. These features complicate the general stratigraphy o f each 

region, but are important in modelling the evolution o f the Moon.

Overall, the Clementine data show a varied composition between the two sites 

examined, highlighted by the FeO content o f the highland soils at King, which contain a 

relatively high abundance o f FeO in comparison with those at Tsiolkovsky (averaging 

almost 5 wt% higher; Fig 5.59d). Vertically, the highland crust at both sites appears to 

show a matching trend o f increasing feldspar content with depth; the upper crust at both 

sites, while diverse, is generally composed o f noritic anorthosite, and exhibits a 

continual decrease in norite content with depth. The higher maficity o f the highland 

materials in and around King compared with those at Tsiolkovsky is also evident in 

measurements o f possible olivine distribution using the methods o f Pieters and 

Tompkins (1999). While King shows a varied composition overall, olivine appears to 

have been present at many depths, and is seen in outcrops on the peaks, walls and in 

fresh impacts in the western ejecta blanket. This suggests the cryptomare units to have 

mixed with the upper crust during excavation and emplacement within King. The 

Tsiolkovsky region is more straightforward, and the crater formed in more anorthositic 

highland crust. These results highlight the lateral diversity o f the upper crust on 

localised scales, and show a more uniform vertical trend in composition in this region 

(see also Appendix 6.2). While lateral heterogeneity is apparent on the local scales 

described above, the general background composition o f noritic anorthosite across the 

region illustrates an overall similarity in the nature o f the ancient crust. The diversity 

has arisen through the presence of what is probably a cryptomare at King and the 

emplacement o f intrusions in the target areas. A similar situation is hypothesised for 

Tycho on the nearside (Tompkins et al., 1999), with the excavation o f a gabbroic pluton 

suggested to explain the widespread maficity o f units observed. The propensity of 

intrusions and stalled plutons now starting to be identified within the highland crust 

using the compositional datasets o f Clementine has a strong bearing on the thermal 

history o f the Moon and the formation and evolution o f the lunar crust. For this reason, 

it is suggested that future work should be directed towards quantifying this fiirther, 

completing a global survey of large highland craters to search for evidence o f similar 

stalled intrusions elsewhere. An excellent site at which to begin would be the fresh 30 

km crater Necho, lying between King and Tsiolkovsky (Fig 5.59), as this lies a good
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distance from any surface mare deposits and would also allow for a more 

comprehensive view of this region o f the farside highlands to be completed, helping to 

fill the 550 km gap between King and Tsiolkovsky.
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Chapter 6 

Summary, Conclusions and Recommendations for Future 

Work.

Clementine multispectral data have been used in conjunction with various photographic 

and mapping materials to analyse and interpret the geology o f three regions of the lunar 

surface: a 445,000 km  ̂area o f Oceanus Procellarum (Chapter 3), and the farside craters 

Tsiolkovsky (Chapter 4) and King (Chapter 5). Detailed summaries o f the results from 

each study area are provided in Sections 3.4, 4.4 and 5.4 for Oceanus Procellarum, 

Tsiolkovsky and King respectively. This Chapter highlights the most important findings 

from this and provides recommendations for the direction o f future work.

The Clementine dataset provides a powerful tool for studies o f the composition and 

relative maturity o f lunar soils, but requires significant reduction before it can be put to 

such use. The techniques required to complete this reduction are provided in Chapter 2 

and have been refined through this research. The photometric correction of the data 

remains problematic in many lunar regions, and the refinement o f the calibration 

procedure is on-going.

6.1 Analyses of Oceanus Procellarum

The Marius Hills region (Section 3.2.1) shows evidence of having experienced 

contrasting volcanic styles over a period o f time ranging from the Imbrian through to the 

Eratosthenian. Domes on the Marius Hills plateau represent the oldest phase of  

volcanism now visible in the area, and are considered to have formed from low effusion 

rate eruptions o f low temperature, crystalline lavas from a number o f discrete sources. 

Cones in the area are typically younger, commonly occurring on top o f the domes, and 

their formation also requires a low effusion rate. However, in addition to this, the 

disruption of the magma to form large (> submillimetre) clasts demands a high volatile 

content. The combination o f these factors suggests re-filling of the shallow magma 

reservoirs that formed the domes to have occurred. This would replenish the volatile

262



content o f the magmas, and would also explain the superposition o f the cones atop the 

domes, if  similar channels to the surface are exploited by both features. The majority o f  

cones are seen to have glassy and microlitic materials on their flanks, visible in the 

Clementine data. The presence of these signatures away from any recognisable 

pyroclastic construct in the photographic data (Fig 3.9) is considered to represent a 

mantling o f quenched materials from a short-lived eruption, and not a degraded cone as 

has been previously suggested (Weitz and Head, 1999). Rilles in the Marius Hills area 

do not cut down to expose highland units beneath the mare flows, instead revealing only 

basaltic signatures in their walls. The rilles themselves represent the latest phase of 

volcanism in the Marius Hills area, o f a highly effusive nature in comparison with the 

eruptions that formed the domes and cones.

A technique has been developed that allows for the use o f the Clementine data as a 

mapping tool for lunar mare basalt types (Section 3.2.2a). The technique searches for 

spectral differences in the Clementine data that correlate with compositional boundaries, 

through the measurement o f Ti0 2 , FeO, 1 pm band and UVA^IS values. The basalts in 

the Marius Hills, Flamsteed, Damoiseau and Cavalerius regions o f central and south

east Oceanus Procellarum have been delineated, characterised, and placed in context 

with the stratigraphy of the Oceanus Procellarum Group using these methods (Section 

3.2.2b). Validation of the mapping techniques is illustrated by a close match between 

the unit map of the Flamsteed area produced in this work (Fig 3.18) and that produced 

using the telescopic data o f others (Fig 3.15; Pieters et al., 1980). The map o f the units 

in the studied region of Oceanus Procellarum (Fig 3.28) highlights the presence o f three 

previously unrecognised basalts and re-defmes the location and boundaries o f previously 

recognised basalts. In addition, the Zupus, Damoiseau and Hansteen basalts have been 

characterised for the first time through these analyses. These results are applied to the 

stratigraphie column of the region in Table 3.9.

A technique has also been utilised to measure thickness limits o f basalts using the 

multispectral data (Section 3.2.3). Impact craters were analysed to look for evidence o f  

highland materials in their walls or ejecta (Section 3.2.3a). Highland materials in a mare 

crater were recognised through a corresponding decrease in iron content seen in the 

Clementine FeO images, with confirmation given by its signature in the five-point 

spectra. A total o f 914 craters were sampled in central and south-east Procellarum, of
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which only 13 provided upper limits for the basalts (Fig 3.32), and the remaining 901 

craters were used to produce a map o f selected lower limit values (Fig 3.34). Flow 

thickness ranges from tens to hundreds o f metres in localised regions bordering the 

highlands whereas, further from the highlands, the basalt thicknesses are consistently 

greater than several hundred metres. The average thickness o f the Flamsteed Basalt has 

been observed to be o f the order o f 150 to 300 m (Fig 3.35), well below the 400 m value 

estimated by previous workers (Pieters et al., 1980; Whitford-Stark and Head, 1980). 

The thickness limits calculated from this work provide a range o f basalt volume in the 

region o f 0.7 to 2.8 x 10̂  km .̂ This comprises 8  to 32 % of the total volume in Oceanus 

Procellarum, calculated by Whitford-Stark and Head (1980) to be 8.7 xlO f km .̂

6.2 Analyses of Tsiolkovsky and King

Tsiolkovsky crater formed from an oblique impact during the late-Imbrian period and 

excavated the lunar crust to a maximum depth o f between 20 and 35 km. The target 

region was a noritic anorthosite, becoming more anorthositic with depth, as is preserved 

in the units now seen in Tsiolkovsky (e.g. inner wall, rim and ejecta; Sections 4.2.4 to 

4.2.7). At depths o f between 20 and 35 km were localised pockets o f olivine rich 

materials (Section 4.2.1), probably resulting from fractional crystallisation o f the 

igneous body. The area contained structures that have strongly affected the morphology 

of units within the crater, the most obvious being the 250 km diameter crater Fermi 

whose eastern rim has been destroyed by Tsiolkovsky.

After the formation of Tsiolkovsky, probably in the latter stages o f the Eratosthenian 

epoch (3.2 to 1.2 Ga), volcanic activity occurred to produce the dark mare fill on the 

floor (Section 4.2.2; Fig 4.15). The possibility o f there being multiple flows within this 

unit is not precluded through these analyses, but no flow fronts are visible in either the 

multispectral or photographic data. Small collections o f mare basalt around Tsiolkovsky 

probably originated from fissures produced or widened by the Tsiolkovsky impact event 

(Section 4.2.2b). Alternatively, the smaller patches outside o f the main crater could 

simply represent a preponderance o f stalled basaltic intrusions on the farside, supporting 

the magma rise and mare formation model o f Head and Wilson (1992). Two near

surface basaltic intrusions or localised patches o f mafic megaregolith are also present in 

the area studied (Section 4.2.8) and, if intrusive, could be related to the same source as
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the dark floor unit in Tsiolkovsky and/or to each other. It is possible that both dark 

areas are the surface representation o f mare intrusions that have stalled beneath the 

thicker farside crust and spread laterally.

King formed from an impact that occurred during the Copemican period (< 1 Ga), 

probably striking from the east and excavating the crust to a maximum depth o f between 

8  and 14 km. The target region was heterogeneous, comprising what was probably a 

ciyptomare deposit underlain by a noritic anorthosite upper crust, grading to more pure 

anorthosite with depth. The probable ciyptomare deposit was o f a low FeO content 

(from 7.5 -1 2  wt%) compared with the basalts on Tsiolkovsky's floor (12 -18  wt%), 

and probably contained abundant olivine. In the northern reaches was a vertically 

extensive batholithic intrusion (El-Baz, 1970) with a generally feldspathic character, 

although it contained mafic dykes (now exposed in the wall and rim of King; Sections 

5.2.3 and 5.2.4). The intmsion is also seen in localised patches o f the central peaks, so 

must have reached from near-surface to a minimum depth o f between 8  and 14 km. The 

unit was restricted laterally to an east-west 15 to 20 km band, but extended at least 50 

km north o f King. The presence o f this batholithic intrusion, in combination with the 

intrusions seen at Tsiolkovsky (Section 4.2.8) and the gabbroic pluton suggested to have 

been excavated by the Tycho impact event (Tompkins et a l ,  1999), suggests that such 

features may be common in the lunar crust.

The peculiar ‘Y ’ shaped morphology of King’s central peaks (Section 5.2.1) may result 

from the slumping of materials in the trough o f the 'Y ’ onto the northern floor. The 

southern neck o f the peak, connecting with the southern wall o f the crater is likely to be 

the result of slumped southern wall materials being caught in the uplift and rotated to 

form the grading of the fractures on the peak with the terracing on the inner walls 

(Section 5.2.2).

The impact melts that cover the majority o f units in King were emplaced in two forms. 

The majority o f the more ciystalline melts settled back in the main cavity and on the 

ground surrounding King, although some was carried out with the main ejecta blanket. 

More glassy melts then settled to formed a halo around the crater (Section 5.2.5). The 

ciystalline materials will have remained fluid for weeks or months (Howard and 

Wilshire, 1975), and after their initial emplacement, began to flow from higher ground
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and collect in the lowest regions (Section 5.2.6), most notably the pre-existing crater Al- 

Tusi (Fig 5.53). The melt shows indications o f there having been several phases o f  

emplacement (El-Baz, 1972; Sections 5.2.2 and 5.2.6; Figs 5.19, 5.54 and 5.55), and is 

therefore likely to have rapidly formed a surface crust, acting as a protective layer from 

any later phases o f melt emplacement and allowing for the preservation o f truncated 

flow boundaries. Material on the floor o f King did not settle into pools, and is therefore 

only tens o f metres thick at the most (Section 5.2.2). In contrast, melts in the pool to the 

north collected to form a much thicker deposit, at least 150 m deep. Domes and 

hummocks on the floor o f King are most likely not related to the formation o f the melts 

and are simply loose blocks or features on the floor beneath the melts.

King and Tsiolkovsky are separated by approximately 550 km, and the region 

containing both o f these craters covers a total area o f approximately 1.1 x 10̂  km .̂ The 

combination o f results from both studies allows for a first order interpretation of the 

vertical and lateral homogeneity o f the farside crust in this region (Section 5.5). The 

highland soils at King contain a relatively high abundance o f FeO in comparison to 

those at Tsiolkovsky (averaging almost 5 wt% higher; Fig 5.59d), indicating a varied 

composition between the two sites. Despite this lateral diversity, a matching trend o f  

increasing feldspar content with depth is seen at both King and Tsiolkovsky, suggesting 

a more uniform vertical trend across the region. The reason for the variation in maficity 

between the sites is the presence o f the probable cryptomare at King that has been mixed 

with the upper crust during excavation. While lateral heterogeneity is apparent on the 

local scales described above, the general background composition o f noritic anorthosite 

across the region illustrates an overall similarity in the nature o f the ancient crust. 

Diversity has arisen through the presence o f a ciyptomare at King and the emplacement 

of intrusions and plutons in both target areas.

6.3 Recommendations for Future Work

This research has demonstrated the potential o f the Clementine UVVIS camera data as a 

powerful resource for analyses and interpretation of lunar geology. There are several 

possibilities for future work with the dataset that have been highlighted by this research.
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1. The techniques developed in this work to allow for the mapping and characterisation 

o f mare basalts should be used to complete systematic mapping o f spectrally distinct 

mare flows across the Moon. This, together with the dating o f these units, will allow 

for the production o f a map o f the stratigraphy, composition and relative maturity o f  

mare basalts. This information can be used to determine whether there is a 

correlation between a basalt’s source depth/age and its composition, which is 

important to our understanding o f the thermal and physical evolution o f the Moon 

(Section 3.4).

2. Estimates o f the thickness (and hence volume) o f the mare basalts across the whole 

Moon should be refined using improved versions o f the techniques demonstrated in 

this work. These improvements may include the application o f two and three 

component spectral unmixing models to the lunar basalts (Budney and Lucey, 1998; 

Section 3.4) in order to more accurately determine the depth at which craters have 

excavated highland materials. This will allow for a better understanding o f how the 

basalts were emplaced over time, and enable complimentary improvements to be 

made in models o f the formation, rise and eruption o f these materials throughout 

lunar history. Similar work could prove useful in a focussed study o f the basalts on 

floor of Tsiolkovsky, in this case looking for the excavation o f the impact melt 

material that is thought to cover the floor beneath the mare (Section 4.4).

Refinement o f morphological models for degraded craters would also add to the 

precision o f thickness estimates when partially flooded impacts are used as an 

indicator o f the highland/mare contact (e.g. De Hon, 1978).

3. Further research using Clementine data should be directed towards identifying 

additional intrusions and stalled plutons in the highland crust across the Moon. The 

frequency o f these features will have a strong bearing on the thermal history o f the 

Moon and the formation and evolution o f the lunar crust (Head and Wilson, 1992; 

Sections 5.4 and 5.5).

4. The Clementine UVVIS dataset is primarily restricted by its inability to 

unambiguously detect olivine and combinations o f pyroxene and olivine. These 

would provide a better indication of the mineral assemblages present in a soil. The 

addition of the NIR filters will help to resolve this problem and enhance the analyses
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o f all regions o f the Moon using Clementine data. The routines required for the 

reduction o f the NIR dataset are in the final stages o f testing and will be released to 

the community in the near future (Lucey et aL, 1998b; Le Mouélic, 1999). As well 

as the introduction o f the complete multispectral dataset from Clementine, the full 

chemical and gravity datasets from Lunar Prospector will soon be available to the 

scientific community and, combined, these will form a powerful analytical tool for 

remote sensing o f the lunar surface. The application o f these datasets to the study 

areas in this research will:

• help to quantify the degree to which mixing between the olivine rich ciyptomare and 

upper crust has occurred in King to produce the combination o f units now seen in 

the peak, wall and rim of the crater.

• provide a better estimate o f the crustal thickness at the impact sites and allow for a 

better understanding o f the amount o f crust exposed by the craters.

• make it possible to undertake a more comprehensive investigation o f the stratigraphy 

of the King/Tsiolkovsky region o f the farside crust, perhaps allowing for the 

detection o f the boundaries of the cryptomare deposits.

• allow for the observation o f the nature of the 2  pm absorption band for the 

characterisation and mapping of lunar mare basalts, as has been used with telescopic 

data.

Upcoming missions will also provide valuable data to improve studies of the Moon 

using remote sensing techniques. SMART-1 (ESA) and SELENE (Japan) are both 

scheduled for launch in the next few years and aim to complete global X-ray surveys of 

the lunar surface. These will provide measurements o f the elemental abundance o f Fe, 

Mg, A1 and Si, and during solar flare events, may also detect other elements such as Ti, 

Ca, K and Na. These data will be invaluable in furthering our understanding o f the bulk 

composition o f the Moon. As well as the X-ray instrument, a spot infi*a-red 

spectrometer will be used to map the surface composition during the SMART-1 mission. 

This will allow for the unambiguous detection o f olivine and pyroxene. SELENE 

carries a similar suite of instruments to SMART-1, and there is much co-operation 

between team members for both missions. Between them, these missions aspire to 

provide an unparalleled integrated dataset that will be o f immense value in furthering 

our understanding o f the Moon using studies such as those completed in this research.
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Appendix 1 - Image Titles for the Raw UVVIS Camera Data

The raw Clementine images, as archived on the CD-ROMs, were given titles that 

pertain to many qualities o f the data. An example image title would be: Iua3602j.l23, 

and the information this title provides is illustrated in the graphic below.

lunar (target is the Moon) image number 3602

' lua3602j. 123
image taken on orbit number 123

filter A latitude band ‘J’ on target (0 to 10 degrees)UVVIS camera

The first digit o f the title refers to the target o f the image (in this case ‘Iua3602j.l23’ 

stands for lunar, so the target would be the Moon). The Moon is the target for all 

images used in this research. The second and third digits indicate the camera and filter 

used to take the image (so in this case, ‘Iua3602j.l23’ means that the UVVIS camera’s 

‘a’ filter was used). Also included on the volumes are the NIR data, and these frames 

are designated by an n replacing the u in the file name (e.g. ‘Ina3602j.l23’ would 

represent a frame taken through the a filter of the NIR camera). The next numbers 

simply state the frame number of the image (so ‘Iua3602j.l23’ is frame number 3602 in 

the dataset). The next letter refers to the latitude on the target at which the image is 

taken. Latitudes ranged in 10 degree bands from A in the south polar regions through to 

R in the north polar regions:

A (- 90° to -80°); B (-80° to -70°); C (-70° to -60°); D (-60° to - 50°);

E (-50° to -40°); F (-40° to -30°); G (-30° to -20°); H (-20° to -10°);

1 (-10° to 0°); J (0° to 10°); K (10° to 20°); L (20° to 30°);

M (30° to 40°); N(40° to 50°); O (50° to 60°); P (60° to 70°);

Q (70° to 80°); R (80° to 90°).

The example image ‘Iua3602j.l23’ is therefore in band J, taken between latitudes o f 0 

and 10 degrees north. The final numbers on the image title refer to the orbit number 

that the image was taken on (so for ‘Iua3602j.l23’ the image was obtained during the 

123̂  ̂revolution o f Clementine about the Moon). Clementine completed just under 350
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orbits in all. Orbits below 164 were completed in the first month, and those above 164 

were completed in the second month o f mapping. This becomes important in 

processing, as is discussed Chapter 2.
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Appendix 2 - IDL Routine Used for the Correction of Phase Angle 

Differences During Photometric Corrections

The following program, called wonder.pro, has been written in collaboration with Jeff 

Gillis and Sarah Dunkin (personal communication) for use in IDL version 5.1 (Research 

Systems Inc. 2000). The routine was developed specifically to tackle the problem of  

variation in phase angle in the Clementine UVVIS data from one month to the next. For 

wonder.pro to run successfully, a ratio o f the low phase/high phase data must be 

created, along with an image including just the low phase data. The program measures 

values o f the pixels along each sample in the low/high ratio image and completes a 

polynomial fit to the values before multiplying the same pixels in the low phase mosaic 

by the resulting polynomial; the computed fit to the polynomial is displayed during 

execution o f the program. This helps to alleviate the phase angle problems seen during 

data reduction (Section 2.1.4). wonder.pro should be run on images for all U W IS  

filters in which the phase angle variations are problematic. Once complete, it will be 

necessary to reset the header details o f each corrected cube in order to mosaic, ratio and 

stack them using the ISIS programs. This can be completed using the cpylab routine in 

ISIS (USGS Astrogeology Team, 1999), using the uncorrected ratio image o f low/high 

phase data as a standard to read the relevant header details from. In the program, 

written in full below, ‘fnameU is the ratio o f the low/high phase data, ‘fhame 2’ is the 

mosaic o f the low phase data only, and ‘fiiame 3’ is the name o f the corrected file to be 

created by the program; these are all input by the user. Once the executable (i.e. the text 

below), named wonder.pro, is placed in a directory recognised by IDL, the program can 

be run by simply typing ‘wonder’ at the prompt from within IDL.

PROGRAM :

pro wonder 

fhame 1 - fiiame r
read,'Input ratio filename: ',fhamel 
fiiame2='fiiame2'
read,'Filename to be corrected: ',fiiame2
fhame3-fhame3'
read,'Output filename: ',fiiame3
readisis,foamel ,iml ,special=0.0
size_im=size(im 1 )
print,sizeim
ns=size_im(l)
nl=size_im(2)
ii=0
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left=fltarr(5,nl)
right=fltarr(5,nl)
jj=0
jjj=0.0
while jj it nl do begin 

jjj=floatOj)
left(OJj>=jjj
right(OJj)=jjj

endwhile
jj=l
while jj It nl do begin 
ii=0

while ii It ns do begin
if iml(iijj) ne 0.0 then begin 
left( 1 Jj)=left( 1 jj)+iml (ii jj) 
left(2jj)=left(2jj)+1.0 
endif

ii=ii+l
endwhile

if left(2jj) ne 0.0 then left(3Jj)=left(l jj) / left(2jj) 
if (jj mod 50) eq 0 then print, left(0:3 jj)
jj=jj+l
endwhile 
openw,l,'data.dat' 
writeu,l,left 
close, 1 
; polydatnew
set_plot,'X' ;THIS NEEDS TO BE DEFINED HERE (FLAGSTAFF)
; loadct,5 ;setup color table for display

counter=0
; this loop reads file checking for size only. 

openr,l,'data.daf
while(not EOF(l)) do begin

counter=counter+l ;keep track of # of points
readu,l,temp 

endwhile 
close, 1
print, counter

; now we know the size of the file so read again for real this time! 
openr,l,'data.daf

npoints 1 =counter/5
print,fix(npoints 1 ),' total points to be read' 
xyl=fltarr(5,npoints 1) initialize array as R*4
print,' At 2nd read' 
readu,l,xyl
print,'* * ********* *after 2nd read' 

close, 1 
; SET VECTORS

xl=fltarr(npointsl) initialize array to drop x values into
y 1 =fltarr(npoints 1 ) initialize array to drop y values into
xl(*)=xyl(0,*) ;transfer x values values
yl(*)=xyl(3,*) ;transfer y values values

plot,xl(*),yl(*),title=fhamel,yrange=[0.95,max(yl)],xtitle-x - axis',ytitle='y - axis' 
kl̂ O
while kk It npoints 1 do begin 

if  yl(kk) eq 0.0 then xl(kk)=0.0 
kk=ldc+l 

endwhile 
num=where(xl) 
size_arr=size(num) 
ns=size_arr(l)
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nss=ns-l+num(0) 
x2=fltarr(ns) 
y2=fltarr(ns) 
x2(*)=xl(num(0):nss) 
y2(* )=y 1 (num(O) :nss) 
result=poly_fit(x2,y2,2) 
print,result 
polyplot=fltarr(2,ns)
11=0
while 11 It ns do begin
polyplot( 1 ,ll)=result(0)+(result( 1 )*x2(ll))+(result(2)*x2(ll)^2)

11= 11+1  
endwhile 

; SET VECTORS
x21=fltarr(ns) ;initialize array to drop x values into 
y21=fltarr(ns) ;initialize array to drop y values into 
x21 (*)=x2(*) ;transfer x values values 
y21 (*)=polyplot(l,*) ;transfer y values values 
oplot, x21(*), y21(*), linestyle=5, thick=2 

; correctionnew
readisis,fiiame2,month,special=0.0
size_im=size(month)
print,sizeim
ns=size_im(l)
nl=size_im(2)
newmonth=fltarr(ns,nl)
mm=0
nn=0
print, float(nn) 
while mm It ns do begin 

nn=0
while nn It nl do begin

newmonth(mm,nn)=(result(0)+(result(l)*float(nn))+(result(2)*float(nn)'^2.0))*month(mm,nn)
nn=nn+l

endwhile
mm=mm+l

endwhile
print, newmonth(510,500) 
help, newmonth
writeisis, fiiame3, newmonth, special=0.0 

end
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A ppendix  3: D ata U sed  D uring A n alyses

Appendix 3.1 -  Data used During Analyses of Oceanus Procellarum

Photogeological data o f Marius Hills and Flamsteed used in this study comprised Lunar 

Oriter IV and V imagery. A complete listing o f the products used is below:

Primary photogeological data

Lunar Orbiter frames V - 215M, V - 213 H% to 216 H3, IV - 157 H2,

IV - 149Hi to I4 9 H3, IV - 143Hi to I4 3 H3.

Clementine image cubes

•  Single filter mosaics o f UVVIS A (415 nm), B (750 nm), C (900 nm), D (950 nm) 

and E (1000 nm) data.

• True colour cube (red=D filter, green=B filter, blue=A filter).

• Ratios of U W IS  filters B/A, B/D, D/B and A/B.

• Standard multispectral cube (red=B/A ratio, green=B/D ratio, blue=A/B ratio).

• FeO and TiOz maps produced using the algorithms in Section 2.3.

• Multispectral stack in which red=B/A ratio, green=B/D ratio, blue=B filter (used to 

locate cones in Marius Hills)

Other products used for reference

• Shaded relief map o f the lunar nearside 1 - 2276 (Department o f the Interior, 1992).

• Geologic map and sections o f the Letronne region o f the Moon 1 - 385 (Marshall, 

1963).

•  Geologic map o f the Hevelius region o f the Moon 1-491 (McCauley, 1967).

• Lunar Topographic Map Marius F. Scale 1:250,000. (US DoD, 1971).
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Appendix 3.2 -  Data used During Analyses o f  Tsiolkovsky

Photogeological data o f Tsiolkovsky is restricted to the western side o f the crater using 

Lunar Orbiter III photographs 121 H2 and 121 these were the only high resolution 

images o f Tsiolkovsky taken during the Lunar Orbiter missions, with an approximate 

scale o f 1 ;330, 000. The Apollo 15 panoramic camera frames (covering the entire 

crater, but o f a lower resolution than the Lunar Orbiter prints) were not available. A full 

listing o f the products used during this study is provided below:

Primary photogeological data

Lunar Orbiter photographsl21 H2 and 121 H3.

Clementine image cubes

•  Single filter mosaics of U W IS  A (415 nm), B (750 nm), C (900 nm), D (950 nm) 

and E (1000 nm) data.

•  True colour cube (red=D filter, green=B filter, blue=A filter).

• Ratios o f U W IS  filters B/A, B/C, B/D, B/E, D/B and A/B.

• Standard multispectral cube (red=B/A ratio, green=B/D ratio, blue=A/B ratio).

• FeO and Ti0 2  maps using the algorithms in Section 2.3.

Other products used for reference

•  Apollo frames:

□ AS8 : 2196.

□ AS15: 0481, 0762, 1027, 1030,1301, 1307 to 1309.

•  Lunar topographic ortho-photomaps LTO101B2, LTO101B3, LTO101C2.

• Lunar Orbiter frames I - 115M, I - 102M, I - 117M, I - 136M and III - 12IM.

• Shaded relief maps o f the lunar farside I -1218 - A and I - 1218 - B (Department of 

the Interior, 1980a; 1980b).

• Special topographic map o f the Moon LOC - 3 o f L 2.75M 0/90 T (Department of 

the Interior, 1981).

• USGS geologic map o f the east side o f the Moon I - 948 (Wilhelms and El-Baz, 

1977).

• Lunar farside chart LFC -1  (2"̂  edition) (NASA, 1967).
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Appendix 3.3 -  Data used During Analyses o f  King

Photogeological data o f King used in this study comprised the high resolution Apollo 16 

panoramic camera frames and their stereo pairs. A complete listing o f the products used 

is below:

Primary photogeological data

Apollo 16 Panoramic camera frames: 4990, 4992, 4994, 4996, 4998, 5000, 5002, 5004, 

5006, 5008 and their stereo pairs o f 4995, 4997, 4999, 5001, 5003, 5005, 5007, 5009, 

5111,5113.

Clementine image cubes

•  Single filter mosaics o f UVVIS A (415 nm), B (750 nm), C (900 nm), D (950 nm) 

and E (1000 nm) data.

•  True colour cube (red=D filter, green=B filter, blue=A filter).

•  Ratios of UVVIS filters B/A, B/C, B/D, B/E, D/B and A/B.

• Standard multispectral cube (red=B/A ratio, green=B/D ratio, blue=A/B ratio).

•  FeO map using the algorithm and techniques described in Section 2.3.

Other products used for reference

• Apollo frames:

□ ASIO: 4351, 4353, 4355, 4359.

□ AS16: 122-12580, 2379, 0488, 3002, 1578, 1581, 120-19266.

•  Lunar topographic ortho-photomaps LTO65D2(50), LT065C1 (250), 

LTO65D2Sl(50), LT065C1S1(50).

•  Shaded relief maps o f the lunar farside 1- 1218 - A and 1-1218 - B (Department of  

the Interior, 1980a; 1980b).

• Special topographic map o f the Moon LOC - 3 o f L 2.75M 0/90 T (Department o f  

the Interior, 1981).

• USGS geologic map o f the east side o f the Moon 1 - 948 (Wilhelms and El-Baz, 

1977).

• Lunar farside chart LFC -1  (2"̂  edition) (NASA, 1967).
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A ppendix 4 -  U nit Boundary M easurem ents in O ceanus Procellarum

The following tables list the measurements of differences between bordering units for 

each of the regions studied in Oceanus Procellarum, and between similar units from 

adjoining areas. Values above 0.015 are considered to be spectrally distinct and 

represent a true boundary, those below 0.010 are spectrally indistinguishable in the 

Clementine data, and differences between 0.010 and 0.015 are uncertain. The values 

are displayed as red (certain boundary), blue (uncertain boundary) and green (no 

boundary detected) in the tables, and the Figure references are for the original maps 

prior to the application of these measurements.

4.1 Flamsteed

Flamsteed Unit 
Boundaries (Fig 3.16)

415/750 nm 
Difference

750/950 nm 
Difference

1-2 0.016186 0.008151
4-5 0.018194 0.002039
5-6 0.014064 0.006521
5-7 0.000195 0.008065
6-7 0.029454 0.013385
7-8 0.013149 0.011403
7-9 0.007808 0.00404

7-10 0.017738 0.006982
7-11 0.01041 0.005941
7-14 0.00269 0.00454
7-15 0.028281 0.007017
7-16 0.009133 0.014443
7-17 0.00181 0.006696
7-18 0.008799 0.004153
7-19 0.011832 0.000334
7-20 0.018981 0.005046
7-22 0.010532 0.007243
9-10 0.005047 0.01621

Flamsteed Unit 
Boundaries (Fig 3.16)

415/750 nm 
Difference

750/950 nm 
Difference

10-11 0.021912 0.00532
11-12 0.013112 0.010636
11-13 0.016967 0.000256
11-14 0.016651 0.002495
11-23 0.005668 0.013368
11-25 0.006655 0.016331
11-26 0.019663 0.003609
12-13 0.030079 0.010892
12-14 0.019977 0.007757
12-25 0.014528 0.004131
13-14 0.010102 0.003134
14-15 0.030971 0.011557
17-21 0.011222 0.004368
19-20 0.028631 0.013982
19-21 0.008383 0.007995
21-22 0.009265 0.006302
24-25 0.016279 0.015268
25-26 0.02368 0.017004
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4.2 Marius Hills

Marius Hills Unit 
Boundaries (Fig 3.19)

415/750 nm 
Difference

750/950 nm 
Difference

1-16 0.019523 0.003495

2-16 0.016434 0.019153

3-16 0.01538 0.002229

3-35 0.038299 0.008377

4-25 0.023895 0.013838

5-25 0.022475 0.000785

5-28 0.011229 0.008435

6-17 0.00989 0.000287

6-25 0.02369 0.00506

6-33 0.024317 0.003528
7-24 0.012091 0.001799

7-25 0.022662 0.000185

8-22 0.011773 0.00277

8-23 0.008744 0.016735

8-25 0.027713 4E-05

9-14 0.007853 0.010956

9-16 0.020925 0.014584

9-23 0.013587 0.00378

10-16 0.027377 0.0024

11-16 0.016917 0.005607

12-16 0.010942 0.006062

Marius Hills Unit 
Boundaries (Fig 3.19)

415/750 nm 
Difference

750/950 nm 
Difference

13-16 0.012441 0.004853

14-16 0.013072 0.003628

15-16 0.001119 0.006491

15-25 0.010513 0.00808

16-25 0.011632 0.001589

16-35 0.360799 0.002706

17-25 0.0138 0.004773

17-33 0.014426 0.003814

18-25 0.008626 0.00891

19-25 0.008405 0.000492
20-25 0.01094 0.010038

21-25 0.009361 0.003297

22-25 0.01594 0.002811

23-16 0.007338 0.018364

23-25 0.018969 0.016775

24-25 0.01057 0.001614

26-16 0.010811 0.004051
27-16 0.006773 0.001107
29-16 0.018109 0.01042

30-25 0.00262 0.00591

31-25 0.009618 0.008879

34-16 0.022432 0.015981

4.3 Damoiseau

Damoiseau Unit 
Boundaries Fig 3.22)

415/750 nm 
Difference

750/950 nm 
Difference

2-5 0.015036 0.008084
3-5 0.007854 0.016249

3-19 0.020841 0.018202
4-5 0.017009 0.003122
5-6 0.003131 0.006145
5-7 0.02318 0.013917
5-9 0.006573 0.003932

5-10 0.012987 0.001953
5-15 0.012642 0.009359
5-16 0.00748 0.010094
5-19 0.010717 0.014493
6-7 0.026311 0.020062
8-9 0.015218 0.013875

8-16 0.020726 0.001828
9-10 0.006653 0.012638

Damoiseau Unit 
Boundaries Fig 3.22)

415/750 nm 
Difference

750/950 nm 
Difference

9-11 0.010928 0.011938
9-12 0.008174 0.009699
9-16 0.010934 0.002821
9-18 0.010926 0.008324
10-12 0.005878 0.01137
10-13 0.007864 0.012465
10-15 0.019352 0.000931
10-20 0.002459 0.012442
11-12 0.011129 0.013017
12-20 0.008267 0.007
13-14 0.015123 0.013076
13-15 0.013445 0.001426
13-20 0.007021 0.008169
16-17 0.016376 0.002015
16-18 0.010208 5.23E-05
16-19 0.015615 0.006873
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4.4 Cavalerius

Cavalerius Unit 
Boundaries (Fig 3.25)

415/750 nm 
Difference

750/950 nm 
Difference

1-2 0.011573 0.012685
1-3 0.020686 0.023227

1-26 0.008125 0.028978
lB-2 0.009683 0.060704
lB-3 0.018796 0.050161
2-3 0.009113 0.010543
3-4 0.013768 0.007517
3-5 0.010968 0.005013
3-9 0.010327 0.007752
5-6 0.006824 0.002621
5-9 0.007392 0.007392
6-7 0.009089 0.001526
6-8 0.016643 0.001189
6-9 0.003266 0.005178

6-12 0.01443 0.008663
6-13 0.006128 0.011859
6-14 0.009728 0.01024
6-15 0.00422 0.008651
7-12 0.014057 0.00204
7-13 0.012996 0.01487
7-14 0.010662 0.009062
8-9 0.012925 0.005419

Cavalerius Unit 
Boundaries (Fig 3.25)

415/750 nm 
Difference

750/950 nm 
Difference

9-10 0.006445 0.009151
9-11 0.014331 0.004537
9-12 0.007479 0.011597
9-14 0.013683 0.002462
9-16 0.006687 0.000403
9-17 0.008366 0.005733
9-18 0.009732 0.001292
9-19 0.017444 0.001377
9-20a 0.015568 0.003486
9-20b 0.013689 0.001707
9-20C 0.008121 0.006083
9-21 0.005811 0.008948
12-14 0.01317 0.004888
17-19 0.017616 0.018697
19-21 0.027494 0.002717
20-21 0.005911 0.003141
22-23 0.007959 0.020231
22-24 0.008755 0.016837
23-24 0.016714 0.003394
23-25 0.014134 0.005704
23-26 0.01106 0.00982
25-26 0.014102 0.001729

4.5 Inter-area Comparisons

Units (Figs3.17, 
3.20, 3.23 and 3.26)

415/750 nm 
Difference

750/950 nm 
Difference

fl 8-d ll 0.004112 1.19E-05
f6-d5 0.006982 0.006606

H7-d4 0.00089 0.002428
0 -d l5 0.006806 0.001672

f6-c5 0.001856 0.009034

dl4-cl 0.003095 0.006817
dl2-c3 0.008917 0.003107

d5-c5 0.001422 0.0097
d ll-c7 0.005822 0.003699
c9-m20 0.003711 0.011123
c5-m6 0.005126 0.002809

c 11 -m6 0.008404 0.007437
cl5-m5 0.006548 0.007449
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A ppendix 5 -  Craters U sed for L ow er Lim it Basalt Thickness
M easurem ents in O ceanus Procellarum

The following table lists the longitudes, latitudes, diameters and excavation depths 

(using the 1:10 depthidiameter ratio of Croft, 1980) for the 901 craters measured to 

analyse the lower thickness limit o f the basalts in Oceanus Procellarum (Section 3.2.3)

Latitude Longitude Diameter
(km)

Depth (m)

9.622703 300.703 0.73 73
9.947886 300.9235 0.91 91
9.842503 301.6511 1.55 155
9.755184 301.5867 0.91 91
10.35738 301.6722 0.91 91
9.641881 301.9151 1.19 119
9.900823 302.5992 1.37 137
9.488322 302.7903 1.37 137
9.974591 302.7985 1.28 128
10.85228 302.5211 1.1 110
10.81013 302.6412 0.91 91
9.852648 302.9359 1.19 119
9.831093 303.4802 1.55 155
10.54318 304.1393 1.83 183
10.76449 303.566 1 100
10.13821 304.0232 1.1 110
10.18639 304.5184 0.73 73
10.90358 304.8552 1.46 146
9.756408 305.2465 4.75 475
10.27429 305.6039 1.19 119
10.42785 305.9891 1.19 119
10.98187 305.5034 1.55 155
10.34527 306.4231 1.28 128
9.37875 306.2222 2.37 237
9.862008 306.6067 1.1 110
9.998051 307.9041 2.01 201
9.450057 308.1218 1.64 164
10.38948 307.6701 0.91 91
9.800506 309.4412 2.37 237
9.84868 309.9229 1 100
10.44334 309.4377 0.92 92
9.82496 310.4641 2.1 210
10.49038 311.2269 0.91 91
10.13509 311.185 1.28 128
9.89018 311.8907 1.28 128
10.24096 312.1229 1.84 184
10.64894 312.0888 0.82 82
10.04073 312.5322 1.46 146
10.79046 312.4485 2.19 219
10.94251 312.6753 2.01 201
12.04666 311.7037 1.46 146
12.10233 309.6132 3.01 301
11.55757 308.0557 2.28 228
12.1432 307.5106 5.57 557

Latitude Longitude Diameter
(km)

Depth (m)

12.04516 306.4308 2.92 292
12.73467 306.9057 1.83 183
12.62594 305.7127 1.28 128
11.86417 305.9568 1.55 155
12.8608 305.0865 1 100
12.39318 303.9454 1.37 137
11.90993 303.8779 1.28 128
11.68411 304.077 1.64 164
11.56668 304.224 1.19 119
12.48652 303.2583 1.28 128
11.83201 302.4803 0.84 84
12.75487 302.3886 1.56 156
12.22042 301.5705 1.19 119
12.19483 300.9796 1.01 101
12.83165 300.8869 0.91 91
13.1229 301.2143 1.19 119
13.53841 301.0595 0.82 82
13.28248 301.647 3.2 320
14.00107 302.07 1.31 131
13.85203 302.2032 1.28 128
13.54792 302.2956 1.1 110
14.25098 302.6801 1.83 183

13.295 301.8809 1 100
13.30103 303.3194 2.83 283
13.09279 303.6512 1.1 110
13.65283 303.8457 2.75 275
14.09092 303.7365 1.01 101
14.20986 303.7428 0.91 91
13.85306 304.7117 0.92 92
14.09544 304.6989 0.82 82
13.85456 304.7117 0.91 91
13.22226 304.7399 1.02 102
12.87751 304.3858 0.92 92

14.014 305.3399 0.82 82
13.04146 306.0575 0.91 91

14.014 305.343 0.82 82
13.57892 306.1817 1.37 137
13.03544 306.0575 0.91 91
14.34917 307.2132 0.91 91
13.84785 307.0614 0.83 83
13.27878 307.3898 1.46 146
13.31943 306.8624 1 100
13.07704 306.5994 1.19 119
14.35218 307.2132 0.91 91
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Latitude Longitude Diameter
(km)

Depth (m)

13.286 307.9157 1.55 155
12.91114 308.9393 1.01 101
13.09631 308.958 0.91 91
13.6189 309.7854 1 100

14.03441 310.5918 1.19 119
12.84038 310.9452 0.82 82
13.93336 311.4132 1.46 146
13.79787 311.3484 1.1 110
13.00297 312.0203 1.73 173
14.00202 312.5627 10.86 1086
13.48414 312.4458 2.56 256
13.00841 312.0188 1.92 192
14.9214 312.5598 3.83 383

14.41556 311.9911 1.37 137
15.42724 311.9041 3.38 338
14.47879 311.7376 1 100
15.47688 310.5968 1.64 164
14.22583 310.8967 1.47 147
14.27551 310.6553 1.46 146
14.21831 310.4291 1.55 155
14.79942 310.7101 1 100
15.06137 310.7245 1.19 119
15.58682 309.4058 1.55 155
14.22587 309.6289 0.91 91
15.65523 308.4069 0.82 82
15.33908 308.476 0.82 82
15.04702 308.5123 0.91 91
14.48999 307.8901 1 100
15.43242 307.6241 0.82 82
14.35149 307.2133 0.91 91
15.85609 307.1458 1.1 110
15.74468 306.7342 1 100
15.27497 306.712 1 100
15.64532 306.0837 1.19 119
15.59715 305.8275 1.19 119
15.12593 305.9899 0.92 92
14.52976 306.0024 0.83 83
15.44443 305.3048 1.19 119
15.53476 305.1089 1.83 183
14.57427 304.6551 1.29 129
15.85693 304.5337 5.48 548
15.75324 303.4327 1.28 128
15.70958 303.6633 1.01 101
15.52441 304.1768 0.91 91
14.37121 304.1059 1.51 151
14.36368 303.618 1.19 119
14.35917 303.3042 1.46 146
14.43786 302.5123 1.74 174
15.01144 302.6044 2.1 210
15.54739 302.7911 1.19 119
15.3848 302.0711 1.16 116

14.81502 301.3042 1.92 192
15.17934 301.5213 1.28 128

Latitude Longitude Diameter
(km)

Depth (m)

14.00055 302.0667 0.92 92
15.87782 301.2267 1.65 165
16.59141 301.4554 1.28 128
16.59858 302.3147 1.1 110
15.54474 302.7889 1.19 119
15.74949 303.4389 1 100
16.08833 303.6904 2.28 228
16.52642 303.9712 4.57 457
16.83655 304.022 2.1 210
15.89713 304.5432 6.96 696
16.3548 304.5384 1.28 128

15.52821 305.1107 1.83 183
15.97534 305.643 1.64 164
16.66485 306.0482 1.46 146
16.41193 305.914 1.28 128
16.3183 306.5542 1.55 155

15.97806 306.5339 1.28 128
15.68901 306.8499 1.1 110
15.64385 306.0837 1.1 110
15.97505 305.6413 1.84 184
15.85425 307.1416 1.14 114
16.90055 307.4969 1.19 119
16.8584 308.0992 1.28 128

16.10162 308.7187 1 100
16.86339 308.6373 1.28 128
15.58271 309.406 1.56 156
16.63353 309.2449 1.01 101
16.54772 309.8185 1.02 102
16.77806 310.0268 1.37 137
16.58616 310.4935 1.73 173
15.74159 310.2078 1.92 192
15.47512 310.5999 1.55 155
15.90268 311.2627 1.92 192
16.35432 311.1996 1.65 165
16.27453 311.3969 0.83 83
17.05195 311.7541 0.91 91
16.93453 311.4755 0.82 82
16.73731 311.9043 2.64 264
16.03576 311.7239 1.1 110
16.25405 312.2423 1 100
15.83101 312.2789 0.92 92
16.34328 312.8567 10.97 1097
-15.3294 308.584 1.27 127
-15.058 308.5698 1.13 113

-14.6211 308.8348 1.27 127
-15.5754 309.3105 1.2 120
-15.0228 309.5827 0.85 85
-14.7564 309.4477 1.13 113
-14.9645 310.383 3.04 304
-15.6241 310.4075 2.97 297
-15.9421 310.1135 1.13 113
-14.2283 309.7388 0.85 85
-14.1479 310.2862 1.2 120
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Latitude Longitude Diameter
(km)

Depth (m)

-13.9697 310.5268 1.41 141
-12.911 310.7516 1.41 141

-12.9343 311.3716 3.89 389
-12.9204 311.5784 1.13 113
-12.9798 311.6021 0.99 99
-12.6502 310.7761 0.92 92
-12.3357 310.7055 1.98 198
-12.3986 310.9864 0.85 85
-12.9227 311.5784 1.13 113
-12.9798 311.6021 0.99 99
-13.2014 312.3 1.34 134
-13.2189 312.6588 1.06 106
-12.7367 312.7135 1.06 106
-12.6685 313.2249 0.85 85
-13.012 313.2988 0.92 92

-13.2519 312.8749 1.41 141
-13.3765 313.5359 0.85 85
-12.2703 310.4538 1.34 134
-12.1946 310.489 1.27 127
-12.3402 310.7048 1.84 184

-12.24 310.7413 1.42 142
-11.907 310.4756 1.2 120

-11.8697 310.5366 0.99 99
-11.872 310.7246 0.86 86

-12.0723 311.2378 0.85 85
-11.8755 311.5274 0.92 92
-11.7986 311.6609 1.06 106
-11.8941 311.6523 0.85 85
-11.7124 311.748 0.85 85
-11.6287 312.0849 0.92 92
-12.0515 312.4951 1.27 127
-11.2595 311.7589 0.99 99
-11.5384 314.586 0.85 85
-11.4802 315.0775 0.85 85
-11.3218 315.0808 0.99 99
-11.2519 315.1301 1.13 113
-11.269 316.0121 0.85 85
-11.2935 316.3366 0.92 92
-11.5997 316.6249 0.85 85
-10.9204 316.5547 1.06 106
-9.18036 308.6412 1 100
-9.15823 309.4424 0.98 98
-9.28168 309.524 0.92 92
-9.9688 309.3819 0.99 99
-9.27893 309.5249 1 100
-9.36977 310.0045 1.06 106
-9.18816 309.86 0.85 85
-9.15555 310.0159 0.86 86
-9.10663 310.2451 0.86 86
-9.36518 310.0027 0.99 99
-9.64236 310.2841 0.99 99
-9.84616 310.3419 0.85 85
-9.4004 310.3507 0.99 99

Latitude Longitude Diameter
(km)

Depth (m)

-9.64148 310.2819 0.92 92
-9.95126 311.059 0.85 85
-9.61618 311.7277 1.13 113
-10.287 311.9972 1.62 162

-9.61734 311.7265 0.92 92
-9.24841 311.8481 2.05 205
-9.37535 312.4039 1.41 141
-8.95376 312.2307 1.06 106
-10.0368 312.0063 0.85 85
-9.72305 314.8555 1.63 163
-9.31893 314.5789 0.92 92
-9.32438 315.1703 0.99 99
-9.58526 315.4464 0.85 85
-9.18929 315.6436 1.27 127
-9.11645 315.6131 0.92 92
-9.23873 316.2077 1.27 127
-9.82686 316.2992 1.13 113
-9.30017 316.7485 0.99 99
-8.62929 316.4021 0.85 85
-8.5245 315.5225 1.77 177

-8.73646 315.6078 2.12 212
-8.33117 315.4397 0.85 85
-8.63164 316.4068 0.92 92
-8.14017 316.3936 0.85 85
-8.14483 315.9078 1.06 106
-8.41856 314.8693 0.85 85
-8.90537 314.6153 1.13 113
-9.15733 313.662 0.85 85
-9.04203 313.2311 1.06 106
-8.42363 313.3288 1.06 106
-8.24893 313.3073 0.93 93
-8.17556 313.8425 0.87 87
-9.04087 313.2298 0.92 92
-8.2117 312 2.26 226

-8.42948 311.942 1.48 148
-8.24082 311.3574 1.41 141
-8.44306 310.9317 1.06 106
-8.7738 310.8242 1.2 120
-8.662 310.6104 1.2 120

-8.91007 310.4228 0.92 92
-8.08552 310.1661 1.06 106
-8.30563 310.3673 1.2 120
-8.08003 310.1646 0.99 99
-8.99309 309.6343 1.34 134
-8.84169 309.8512 0.85 85
-8.74852 309.5997 0.99 99
-8.75968 309.3303 0.92 92
-7.92478 308.7155 0.85 85
-7.7105 308.7668 1.13 113

-7.53347 309.0245 1.42 142
-8.06221 309.34 1.27 127
-8.08428 310.1634 0.99 99
-8.43483 310.1848 0.85 85
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Latitude Longitude Diameter
(km)

Depth (m)

-7.90177 310.8108 1.48 148
-8.23951 311.3578 1.34 134
-7.78531 311.5906 0.85 85
-7.56054 311.5053 3.46 346
-8.42972 311.9382 1.41 141
-8.20844 312.0032 2.19 219
-7.86837 312.0553 0.92 92
-7.6471 312.7559 0.92 92

-8.42416 313.3288 0.92 92
-7.95133 313.6218 1.77 177
-8.17448 313.8406 0.92 92
-7.93806 314.4454 0.99 99
-8.5281 315.5233 1.69 169
-8.7354 315.6075 2.12 212

-7.96792 315.3615 2.12 212
-8.14839 315.906 0.92 92
-8.14373 316.3942 0.85 85
-8.62937 316.4061 0.85 85
-8.80756 315.8447 0.85 85
-7.49085 316.9053 0.99 99
-7.99047 316.3672 0.99 99
-8.14536 316.3957 0.92 92
-8.09062 316.4305 1.21 121
-7.38836 316.1186 1.34 134
-8.14769 315.9064 0.92 92
-7.96988 315.3622 1.7 170
-7.34099 315.6985 0.85 85
-7.60186 314.7064 0.85 85
-7.15748 314.3268 0.85 85
-7.56626 314.5188 1.27 127
-7.9401 314.4465 1.07 107

-7.95372 313.6209 1.77 177
-7.319 312.9946 1.48 148

-7.64393 312.7541 1.13 113
-6.7462 311.9521 1.27 127

-6.69263 312.8199 1.13 113
-7.11771 312.022 1.98 198
-7.48806 312.0064 1.63 163
-7.56654 311.5061 3.46 346
-7.45124 311.1658 1.62 162
-7.08441 310.7841 2.54 254
-6.84101 310.412 1 100
-7.46873 310.2635 0.85 85
-6.69581 309.5783 0.92 92
-6.64457 309.7111 0.85 85
-6.67601 309.1774 2.33 233
-7.28278 309.2988 1.13 113
-7.28278 309.6392 1 100
-6.67062 308.6095 1.7 170
-6.52737 309.0467 0.85 85
-6.10287 309.1251 1.06 106
-5.64285 309.0893 0.99 99
-5.67854 309.8452 0.92 92

Latitude Longitude Diameter
(km)

Depth (m)

-5.74958 310.1083 0.85 85
-6.30626 310.0812 0.92 92
-6.58926 309.5922 0.92 92
-6.69524 309.5786 0.85 85
-6.64633 309.7149 0.85 85
-6.16072 311.18 0.92 92
-6.09434 311.3582 0.92 92
-5.86724 311.3025 0.92 92
-6.09317 311.3605 0.92 92
-6.07338 311.787 0.92 92
-6.26321 311.9648 1.35 135
-6.74837 311.9554 1.13 113
-7.1129 312.0289 2.05 205

-6.68964 312.821 1.27 127
-6.68382 313.2044 2.33 233
-7.32436 312.994 1.34 134
-6.66286 313.4682 1.13 113
-6.85923 314.2426 2.9 290
-6.96483 314.7202 2.69 269
-7.15815 314.9793 1.27 127
-7.20823 315.4844 1.56 156

-7.341 315.6978 0.92 92
-7.61468 315.379 0.99 99
-6.93688 315.5554 0.85 85
-6.83672 314.8169 0.92 92
-7.3872 316.1218 1.35 135
-6.68727 316.1574 2.83 283
-6.81421 316.7108 1.62 162
-6.81421 316.7143 1.55 155
-5.6045 315.8582 1.77 177

-5.79433 315.5058 1.06 106
-6.20544 315.9403 0.99 99
-6.19612 315.3416 0.92 92
-5.53229 315.151 0.92 92
-6.29081 313.5877 1.48 148
-5.93677 313.7614 0.85 85
-5.80866 313.4369 0.92 92
-6.01014 313.23 0.85 85
-5.89717 313.0653 0.92 92
-6.08933 313.0878 0.99 99
-6.27917 312.4764 1.13 113
-5.55944 312.3992 0.99 99
-5.89717 313.0665 0.99 99
-6.08933 313.0878 0.99 99
-5.60569 311.918 0.92 92
-6.26602 311.9642 1.34 134
-6.07503 311.7864 1.06 106
-6.09599 311.3588 0.85 85
-5.86307 311.3043 0.92 92
-6.16237 311.183 1.13 113
-5.86307 311.3031 1.13 113
-5.53743 309.8815 0.85 85
-5.75055 310.1076 0.85 85
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Latitude Longitude Diameter
(km)

Depth (m)

-6.31073 310.0829 1.06 106
-6.10459 309.1234 1.06 106
-5.64573 309.0887 1.07 107
-5.53859 309.8827 0.92 92
-5.67485 309.8423 0.92 92
-6.31073 310.0829 0.92 92
-5.44851 308.7537 1 100
-5.12955 308.928 0.92 92
-5.12955 309.225 0.92 92
-4.56821 309.2675 0.92 92
-4.52512 309.2618 0.85 85
-4.63156 309.5542 0.99 99
-4.75152 310.5179 1.77 177
-5.0415 310.593 1.27 127

-5.13467 310.6208 0.85 85
-5.18009 310.5072 0.92 92
-5.03212 310.8418 3.67 367
-5.19283 311.115 1.27 127
-5.31861 311.6504 0.99 99
-4.54065 310.8383 0.85 85
-4.68993 312.1393 0.85 85
-5.21051 312.2442 1.27 127
-5.56222 312.3985 0.99 99
-5.28621 312.8945 0.99 99
-4.80988 312.4851 0.99 99
-4.84715 312.5938 1.06 106
-5.32614 313.1465 1.27 127
-5.1914 314.9042 0.92 92

-5.53613 315.1524 0.85 85
-4.87696 315.1111 0.92 92
-5.60592 315.8577 1.77 177
-5.79575 315.5053 1.06 106
-6.00538 315.6306 1.2 120
-5.30891 316.506 1.98 198
-5.91218 316.4025 9.18 918
-4.17949 316.695 1.55 155
-3.92327 316.5687 1.34 134
-4.00014 316.415 1.06 106
-3.96253 315.9365 0.99 99
-3.98889 314.6814 1.77 177
-4.87749 315.1118 1.06 106
-3.97142 314.9382 1.07 107
-4.09761 313.5544 0.92 92
-4.3643 313.8456 0.85 85
-4.98853 313.9181 0.92 92
-4.35266 313.4952 0.85 85
-4.50173 313.3096 0.92 92
-4.01958 313.0757 0.92 92
-4.80847 312.4863 1.06 106
-4.69084 312.1393 0.99 99
-3.67228 311.1017 1.13 113
-4.18998 310.212 1.34 134
-3.80566 310.7465 0.99 99

Latitude Longitude Diameter
(km)

Depth (m)

-3.40853 310.3377 1.06 106
-3.8045 310.7488 0.99 99

-3.58722 309.9225 4.24 424
-3.9401 309.2619 0.92 92

-4.09849 309.3967 1.06 106
-2.12012 308.6703 1.2 120
-2.4928 308.8733 0.85 85
-1.92694 309.8466 1.13 113
-1.62996 309.8319 1.06 106
-1.75923 310.3631 1.2 120
-2.00147 310.3511 1.06 106
-1.7558 310.3647 1.06 106

-2.00502 310.3504 1.07 107
-2.54773 310.5163 2.68 268
-2.51978 310.8696 0.93 93
-2.36256 310.9315 1.27 127
-1.81403 310.8831 1.13 113
-1.8478 310.9926 0.99 99

-1.75813 310.3635 0.99 99
-1.92276 311.4852 1.34 134
-2.2768 311.1073 1.48 148

-1.71663 311.1416 0.85 85
-1.86712 312.2769 1.7 170
-2.27357 312.1335 0.92 92
-2.2704 312.8166 2.83 283
-2.40783 313.0183 1.48 148
-2.5534 313.459 1.2 120
-2.39036 313.6699 0.85 85
-2.55104 313.4591 1.27 127
-2.1772 313.9273 2.26 226

-2.22145 314.0497 1.48 148
-2.33157 316.0346 1.13 113
-2.32966 316.0349 1.06 106

-3.082 316.4675 3.39 339
-2.33082 316.0385 1.27 127

-3.082 316.4711 3.46 346
-1.98522 316.4459 0.99 99
-1.97342 315.7821 1.06 106
-1.90162 315.0579 2.9 290
-1.09338 315.6906 1.06 106
-1.54018 312.8271 1.13 113
-1.23971 312.8155 0.85 85
-1.27348 312.3705 2.68 268
-0.97418 312.5592 1.13 113
-0.53049 311.5639 1.13 113
-0.80418 311.5498 0.85 85
-1.27352 312.3721 2.54 254
-1.27468 311.771 1.13 113
-1.27352 311.481 0.92 92
-1.16637 311.8165 0.92 92
-1.08718 311.4903 1.06 106
-0.52816 311.5639 0.89 89
-0.7044 310.9602 2.26 226
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Latitude Longitude Diameter
(km)

Depth (m)

-0.49361 311.1244 1.34 134
-1.19354 310.7421 1.2 120
-0.98507 310.2146 2.69 269
-1.1947 310.7398 1.2 120

-0.25113 309.7547 1.77 177
-0.58421 309.2748 0.92 92
-0.94756 309.985 0.93 93
-0.29303 309.4808 0.99 99
-0.13747 312.4287 1.41 141
0.062623 313.6432 0.99 99
-0.15632 313.9308 1.62 162
0.211325 314.513 3.04 304
-0.42615 314.9382 1.06 106
-0.34455 316.6637 1.06 106
-0.66156 317.0238 1.13 113
-0.48948 298.5989 1.15 115

-0.522 299.5041 1.48 148
-0.51658 299.5068 1.64 164
-1.21848 298.6825 1 100
-1.75236 298.3891 0.99 99
-1.90683 299.2701 1.81 181
-1.95832 300.07 1.97 197
-1.17783 300.1625 1.31 131
-1.14802 299.7939 1.32 132
-0.38649 299.9621 0.99 99
-0.12904 299.6071 3.78 378
0.246256 301.4203 1.82 182
0.083653 301.8701 2.19 219
-0.55863 300.824 2.81 281
-1.50173 301.4421 1.81 181
-1.08709 301.7239 2.14 214
-1.93533 302.0035 1.97 197
-2.05187 302.3398 2.96 296
-2.13046 300.7941 1.64 164
-0.85673 300.8213 2.65 265
-0.55321 300.824 2.79 279
-2.05187 302.3425 2.8 280
-1.54238 302.3503 1.33 133
-0.3093 303.0246 5.59 559

-0.46117 303.5466 1.33 133
-1.75657 303.7266 2.03 203
-2.24167 303.8359 1.68 168
-2.67257 303.5194 1.82 182
-2.48286 304.5037 4.28 428
-2.69696 305.2911 2.3 230
-0.94356 304.8207 1.98 198
-2.69154 305.2911 2.33 233
-2.67257 303.5194 1.82 182
-2.28843 306.1219 3.45 345
-0.7166 306.5248 1.15 115

-0.79519 307.8503 1.32 132
-2.13666 307.0462 1.77 177
-0.79248 307.853 1.48 148

Latitude Longitude Diameter
(km)

Depth (m)

-0.71389 306.5248 1.16 116
-0.4483 308.3349 1.49 149

-2.19628 308.2587 1.2 120
-1.57839 306.5671 0.99 99
-1.55495 309.1813 2.63 263
-2.54683 310.5237 2.79 279
-2.99128 309.8977 2.14 214
-0.98042 310.2202 2.63 263
-0.70671 310.9622 2.31 231
-0.48448 311.1271 1.49 149
-1.80699 310.8851 1.65 165
-2.27853 311.1104 1.32 132
-1.7582 310.3561 1.81 181

-2.99345 309.8963 2.14 214
-3.59237 309.918 4.44 444
-3.44602 311.5048 1.65 165
-4.53817 310.8392 0.92 92
-4.7604 310.5132 2.14 214

-5.02869 310.8408 3.95 395
-3.4424 307.8813 4.93 493

-3.95189 307.619 1.97 197
-2.72965 307.2391 1.82 182
-3.12532 308.6363 1.82 182
-4.3069 309.0814 1.82 182

-2.48304 308.8736 1.32 132
-4.93021 308.5309 2.31 231
-4.11449 307.3215 1.97 197
-3.95731 307.6218 1.81 181
-2.72965 307.2418 1.65 165
-2.89425 305.939 2.16 216
-4.50131 306.8559 1.25 125
-4.81025 306.505 1.82 182
-4.49589 305.8011 1.49 149
-2.89696 305.9418 1.98 198
-2.69371 305.2898 1.97 197
-2.48503 304.4916 3.78 378
-4.22217 305.3076 1.31 131
-4.91323 305.1104 1.32 132
-3.59703 303.4893 1.81 181
-3.18239 302.2695 3.95 395
-2.47236 302.993 1.81 181
-3.59703 303.492 1.64 164
-3.80571 304.0358 1.65 165
-4.44799 303.0597 2.63 263
-4.85991 302.9494 2.14 214
-3.8843 302.3004 2.14 214

-1.95415 300.0702 1.97 197
-2.507 300.3113 1.15 115

-2.98668 299.5593 1.33 133
-4.85738 302.9521 1.64 164
-5.09858 304.3459 3.29 329
-5.78151 303.5189 1.16 116
-7.2612 302.9417 2.14 214
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Latitude Longitude Diameter
(km)

Depth (m)

-7.03084 304.8385 2.63 263
-6.48883 304.856 1.97 197
-5.7788 303.5189 1.15 115
-5.562 304.7541 1.19 119

-7.38857 305.1886 1.48 148
-6.02159 305.5194 1.97 197
-5.23568 305.6902 1.15 115
-4.87795 305.7964 1.33 133
-4.80749 306.4975 1.81 181
-6.13541 306.8777 1.46 146
-7.07851 306.3919 1.32 132
-6.95656 307.4553 1.65 165
-6.2113 307.9472 2 200

-4.98906 307.6361 1.16 116
-4.93757 307.8696 1.15 115
-5.57953 307.9628 3.95 395
-6.67981 309.1886 2.3 230
-6.67168 308.6237 1.81 181
-7.52805 309.0288 1.64 164
-7.47385 308.0548 1.97 197
-5.85024 308.4805 4.44 444
-6.68222 309.1882 2.63 263
-6.21339 307.9485 2 200
-6.67951 309.1909 2.14 214
-7.47627 308.0598 1.64 164
-6.95865 307.4566 1.65 165
-6.66325 307.971 1.32 132
-4.74676 310.5142 2.65 265
-5.0286 310.8419 4.11 411

-5.19121 311.1138 1.64 164
-6.6465 310.8977 5.42 542
-7.0774 310.7783 1.97 197
-5.53809 309.878 1.31 131
-6.59501 309.5981 0.82 82
-6.87686 310.392 1.31 131
-7.56372 311.5056 3.47 347
-7.89705 310.808 1.48 148
-8.30627 310.3633 1.51 151
-8.99191 309.6341 1.82 182
-7.28187 309.641 1.15 115
-6.6965 309.5784 0.99 99
-8.664 310.6051 0.99 99

-8.24123 311.364 1.48 148
-6.67453 309.1881 2.31 231
-6.66098 308.6203 1.64 164
-6.65827 307.9709 1 100
-6.95908 307.4538 1.48 148
-7.47399 308.0598 1.64 164
-7.53361 309.0257 1.52 152
-8.06478 309.3425 1.52 152
-8.47942 309.1046 1.48 148
-8.65286 307.9899 1.49 149
-8.65015 306.9921 2.49 249

Latitude Longitude Diameter
(km)

Depth (m)

-8.11627 306.847 1.82 182
-6.66369 307.9683 1.49 149
-8.15908 306.4003 1.97 197
-7.07777 306.3867 1.32 132
-6.35148 306.4687 1.16 116
-6.8176 306.179 1.49 149

-7.03441 304.8325 2.47 247
-6.48427 304.8527 1.68 168
-6.75798 305.4689 0.84 84
-8.2187 305.1032 1.64 164
-8.5954 304.9455 1.16 116

-6.87452 304.2989 1.64 164
-6.29728 303.0505 1 100
-6.44633 302.7511 0.93 93
-7.11842 302.6061 0.99 99
-7.25934 302.9399 2.3 230
-7.78509 303.6124 2.79 279
-7.97751 303.7367 1.72 172
-8.73903 303.8929 1.48 148
-8.66044 302.6614 1 100
-11.1569 303.8865 3.94 394
-9.97535 303.4324 1.48 148
-9.37571 304.4418 1 100
-9.63858 304.7799 0.99 99
-10.0343 304.8945 1.31 131
-10.4001 304.7198 1.81 181
-11.4895 304.4736 1.16 116
-11.3622 304.6545 1.15 115
-10.8093 304.8545 1.32 132
-11.2104 305.5449 0.99 99

-10.56 305.9127 1.81 181
-11.0939 306.0872 1.16 116
-10.6278 306.286 1.32 132
-10.0451 306.1579 0.82 82
-10.3269 305.3746 3.2 320
-10.6305 306.2805 1.32 132
-9.13523 308.0568 3.62 362
-9.76667 307.814 2.47 247
-9.11897 307.4444 1.15 115
-9.96722 309.3893 1 100
-9.21382 309.1016 1.39 139
-8.85339 309.003 0.82 82
-9.96722 309.3866 1.17 117

-9.762 309.5987 2.63 263
-8.99777 309.6374 1.48 148
-8.47744 309.1048 1.19 119
-8.74845 309.6041 1.15 115
-8.71321 310.1955 1.16 116
-8.66172 310.6054 1.48 148
-8.77013 310.8221 1.15 115
-9.40428 310.3533 1.35 135
-10.7159 310.8299 1.15 115
-10.8108 310.6592 1.65 165
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Latitude Longitude Diameter
(km)

Depth (m)

-8.66172 310.6082 1.31 131
-14.9637 307.7714 1.32 132
-14.6141 307.7941 1 100
2.173027 297.0384 1.65 165
2.276468 296.8448 1.16 116
2.657565 295.6449 1.16 116
0.341037 296.6784 2.48 248
1.562611 297.6179 1.16 116
0.887524 298.3481 3.8 380
1.097128 298.7945 1.82 182
3.065224 299.36 7.11 711
1.793992 299.4586 3.8 380
2.07437 299.8453 2.48 248
1.818954 300.7628 1.32 132
1.168367 300.3651 1.33 133
0.765492 300.3406 1.17 117
2.455932 301.0383 2.83 283
2.45321 301.9048 3.14 314
1.41608 301.615 1.49 149

0.256455 301.4104 1.98 198
0.433393 302.0201 2.98 298
1.418802 301.615 1.82 182
1.228048 302.9401 0.99 99
-0.10035 303.3613 1.82 182
0.585627 304.4667 2.48 248
1.317878 304.6365 4.79 479
0.964002 304.6414 3.8 380
2.126349 304.0692 0.99 99
1.609146 304.4928 1.32 132
1.317878 304.6392 4.96 496
2.01202 305.123 1.16 116
1.956096 305.6823 1.16 116
2.840787 305.5633 1.33 133
0.842747 306.1342 1.33 133
0.458927 305.4478 0.99 99
0.834581 307.0163 0.99 99
0.43715 307.4595 1.16 116
1.844489 307.3841 1.33 133
1.425585 308.3866 1.82 182
2.351108 308.8842 1.32 132
2.274888 309.3904 3.3 330
1.39292 309.3096 2.64 264

1.365698 309.8132 1.49 149
1.915773 310.5772 4.29 429
1.052859 310.5894 1.32 132
0.723482 309.9705 1.17 117
2.315926 311.231 1.62 162
4.579181 310.9356 1.49 149
2.319817 311.2366 1.49 149
2.330706 310.2668 1.16 116
3.348781 310.4503 1.49 149
3.800653 310.4173 1.49 149
3.838763 310.1449 1.49 149

Latitude Longitude Diameter
(km)

Depth (m)

3.510841 308.7037 7.26 726
3.70139 307.9144 2.64 264

4.126041 307.6592 3.14 314
4.643245 309.7401 1.49 149
4.155985 309.5399 1.01 101
2.274996 309.3889 3.47 347
3.667358 305.9163 2.31 231
3.245429 305.9028 2.98 298
2.834388 305.568 1.32 132

4.6691 304.7331 1.65 165
4.418665 306.5661 0.99 99
2.366183 306.8138 0.99 99
4.663656 304.7358 1.82 182
2.839833 305.5653 1.16 116
2.625008 302.7357 3.63 363
2.684895 302.496 1.65 165
3.441645 302.3751 1.49 149
4.394389 304.6001 1.49 149
4.672046 304.7275 1.82 182
2.592342 304.5395 1.32 132
2.45205 301.9017 3.14 314
3.306798 301.9086 3.47 347
3.704228 302.1358 2.32 232
2.454772 301.038 2.64 264
3.799502 301.1076 1.49 149
3.448348 300.7963 1.49 149
4.602529 301.5921 1 100
4.485477 302.0697 1.16 116
2.073675 299.842 2.48 248
3.445626 300.7935 1.32 132
3.056558 299.3622 6.94 694
4.355012 298.2529 2.01 201
3.952137 299.4353 1.16 116
4.558752 296.8176 2.48 248
3.143247 295.4898 3.63 363
4.60775 295.7823 1.32 132
6.735061 296.6852 1.68 168
5.422996 297.3085 1.49 149
5.553658 296.8403 1.32 132
6.740505 296.6797 1.98 198
6.691506 297.2035 1.16 116
7.252264 297.3045 1.49 149
5.553658 296.8403 1.65 165
5.420274 297.3058 1.99 199
6.479181 296.1445 1.65 165
7.160961 297.6627 2.31 231
6.22455 297.878 1.49 149
7.248069 299.2401 2.81 281
5.712791 299.0126 1.49 149
5.209198 300.1013 1.82 182
7.656388 299.1103 1.32 132
5.832154 300.637 1.16 116
5.853931 301.0529 1.49 149
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Latitude Longitude Diameter
(km)

Depth (m)

5.834876 300.637 1.49 149
6.980891 301.8122 1.82 182
7.383765 300.9546 0.99 99
5.39117 302.6571 3.63 363
6.21932 304.953 2.15 215
5.478902 304.1452 1.32 132
7.455165 303.9857 1.32 132
5.803683 305.9095 1.65 165
5.776462 306.2293 1.82 182
5.226593 305.491 1.16 116
6.510686 307.5403 2.31 231
5.179567 307.547 2.15 215
7.417154 308.3949 2 200
5.179567 307.547 1.82 182
5.139271 308.7098 9.59 959
5.525812 309.2349 1.98 198
6.092014 309.6549 4.29 429
6.568386 310.1378 2.81 281
7.436744 310.3187 1.98 198
4.926945 310.7234 2.31 231
6.905412 311.6754 3.14 314
6.818304 311.41 1.82 182
4.923705 310.7156 2.48 248
7.438948 310.3219 1.82 182
7.346396 311.5494 1.49 149
8.38466 311.3779 2.48 248

9.413623 310.4745 3.3 330
9.816498 310.4649 2.31 231
9.326515 310.0995 1.49 149
7.442805 310.3197 1.82 182
8.362883 310.2162 1.49 149
8.739179 309.4827 1.65 165
8.652071 308.9105 2.48 248
7.42167 308.3922 1.98 198
8.069536 307.9872 1.65 165

Latitude Longitude Diameter
(km)

Depth (m)

8.7664 307.8088 1.65 165
9.446931 308.1162 1.65 165
9.44777 308.1179 1.49 149
8.767239 307.8105 1.82 182
8.108484 307.0878 2.15 215
8.064931 307.9861 1.65 165
7.417065 308.3966 1.98 198
8.111207 307.0824 2.48 248
9.363384 306.2316 2.32 232
8.965955 306.1393 1.82 182
8.119374 306.2521 3.48 348
9.120696 305.478 7.26 726
7.985569 305.5799 5.45 545
8.636158 303.995 3.31 331
8.018235 303.3867 2.48 248
9.34391 303.6331 1.66 166
8.787998 302.4754 2.15 215
8.494009 302.4597 1.98 198
8.660059 301.7477 1.5 150
7.821644 302.277 1.5 150
6.98364 301.8155 1.99 199
7.947273 300.1759 1.33 133
8.301149 299.7881 1.17 117
9.239541 299.6253 1.68 168
9.215042 298.5884 1.99 199
8.643396 298.5273 2.15 215
7.981919 299.118 1.82 182
7.924754 298.3184 1.66 166
7.208836 298.6038 1.82 182
9.211267 298.5859 1.98 198
9.355539 297.7273 2.48 248
8.770282 297.5217 2.81 281
7.58888 297.1885 2.48 248
7.164228 297.6713 2.31 231
7.959089 296.3284 2.15 215
9.914629 297.6889 1.82 182

303



Appendix 6 -  Preprints of thesis publications under review

The following papers, written from the work in this thesis, are currently under review. 

Both have been submitted for a ‘Special Lunar Edition’ o f Planetary and Space Science, 

dedicated to papers presented at the ‘Open Lunar Session’ o f the ‘European 

Geophysical Society (EOS) Conference’ that was held in Nice, April 2000.
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Submitted to Planetary and Space Science, 2000.

A stratigraphie study of southern Oceanus Procellarum using 
Clem entine m ultispectral data

D.J. H e a t h e r ^ a n d  S.K. Dunkin^
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A bstract

In this paper, we use Clem entine m ultispectral data to dem onstrate techniques from  
which spectrally d istinct mare basalts can be m apped, and estim ates o f basalt 
thickness obtained. The region studied incorporates a portion of southern Oceanus 
Procellarum  from 17.5°N to  20.5°S and 289°E to 317°E, including the Marius Hills, 
Dam oiseau, Cavalerius and Flam steed areas. F lam steed provides a test area from  
which we validate the m apping techniques used in this work. U nit boundaries and 
basalt thickness details from these analyses are applied to the stratigraphy of the  
Oceanus Procellarum  Group defined by W hitford-Stark & Head (1980). A tota l of 13 
basalts are recognised in the region, 10 o f which are spectrally d istinct, and three of  
which represent previously unrecognised M embers o f the Oceanus Procellarum  
Group. The average thickness of the basalts is between 160 and 625m , ranging from  
tens to  hundreds o f m etres near the m are/h ighland boundaries and consistently  
greater than several hundred m etres closer to the centre of the mare. These values 
provide a range of basalt volum e in the region of 0.7 to 2.8xl0^km ^. This represents 
between 8 and 32% of the tota l volum e of basalts in Oceanus Procellarum.
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1. Introduction

Oceanus Procellarum represents the most 
widespread continuous deposit of mare basalts 
on the Moon, and an understanding of the 
nature of the materials within this mare is 
therefore of key importance in understanding 
the volcanic history of the Moon. The region 
contains several unsampled basalts (Pieters et 
ah, 1980) and compositional studies are there
fore of interest to compare with regions from 
which we have samples. In this paper, we 
use Clementine multispectral data to demon
strate techniques from which spectrally dis
tinct mare basalts can be mapped, and esti
mates of basalt thickness obtained. The re
gion studied incorporates a portion of southern 
Oceanus Procellarum from 17.5°N to 20.5°S 
and 289° E to 317°E, including the Marius 
Hills, Damoiseau, Cavalerius and Flamsteed 
areas. The unit boundaries obtained from the 
study of each area are applied to the stratig
raphy of the Oceanus Procellarum Group de
fined by Whitford-Stark & Head (1980), refin
ing the spectral characteristics of known Mem
bers where possible and defining new units 
where necessary. Basalt thickness measure
ments are also used to approximate the volume 
of lavas erupted in the region, a vital param
eter for an understanding of how the basalts 
erupted through time.

2. D ata R eduction

This work made use of the 5-band UVVIS 
data from the Clementine multispectral dataset, 
covering wavelengths from 415nm to IGOOnm. 
The ISIS software distributed by the US Geo
logical Survey (USGS) was used to reduce the 
data, following their recommended procedures 
(USGS Astrogeology Team, 1999; T. Becker, 
personal communication). The initial data re
duction suffered from problems with the pho
tometric calibration, most apparent in equato
rial regions. The photometric coefficients used 
during data reduction, and the procedure we 
undertook to overcome the problems in equa
torial regions are outlined in the Appendix. As 
is seen in Figure 1, the reduced data still suffers 
from orbital stripes as a result of the photomet
ric complications, and care must therefore be 
taken when using the data for analysis.

Multispectral, true colour, FeO and Ti02 
maps were produced of the region at a reso
lution of 500m pixel" The multispectral im
age was produced to identify compositional and 
maturity variations across the region. As stan
dard, we used the following ratios to control the 
spectral channels: red =  750nm/415nm, green 
=  750nm/950nm, blue =  415nm/750nm. For 
the maria in these images, a red colour would 
indicate a mature low-Ti basalt, blue would in
dicate a high-Ti basalt, and green & yellow ar
eas respresent freshly exposed basalt that has 
not undergone significant space weathering so 
that the l//m  mafic absorption band is still 
dominating the spectrum. Cyan colours may 
indicate either a fresh highland soil or a fresh 
mare basalt and the FeO map and 5-point spec
tra must be used to distinguish between the 
two scenarios. The true colour image (created 
by combining the 950nm, 750nm and 415nm fil
ters in the red, green and blue channels respec
tively) was primarily used to locate additional 
units within freshly exposed areas, and to lo
cate partially buried or obscured highland ar
eas and crater ejecta. The FeO and TiOg maps 
were produced using the algorithms of Lucey et 
al. (1998) and Blewett et al. (1997). These re
move the effects of maturity from the Clemen
tine images, isolating those differences that are 
due to compositional variations. The quoted 
accuracies of these algorithms are 1 wt% (FeO, 
Blewett et ah, 1997) and 2 wt% (Ti02, Lucey 
et ah, 1998). FeO and Ti02 maps are partic
ularly useful for distinguishing between high
land and mare units, and are therefore used to 
search for evidence of an impact crater having 
excavated highland materials from beneath the 
mare basalts (e.g. Heather et al., 1999).

3. M are Flows

Studies of the western nearside basalts of 
Oceanus Procellarum (e.g. Pieters & McCord, 
1976; Pieters, 1978, Sunshine Sz Pieters, 1990; 
Johnson et ah 1991) have indicated a large 
variation in the Ti02 content and a high FeO 
abundance for the surface flows across the 
mare. Telescopic studies by Pieters (1978) and 
Pieters et ah (1980) highlight the presence 
of several unsampled basalt types and indicate 
Flamsteed to be the type area of one of these. 
Table 1 provides the nomenclature used in the
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classification of these basalts. Whitford-Stark 
& Head (1980) used results from these studies 
in combination with photogeological and pho
tometric observations to map the surface flows 
in Oceanus Procellarum and construct a strati
graphie column for the area. The Clemen
tine UVVIS data can now be used to develop 
this stratigraphy further and map the spec
trally distinct basalts across the area, defining 
the compositional characteristics of the basalts 
identified by Whitford-Stark &: Head (1980) 
and searching for signs of basalts overlooked 
by the low spatial resolution telescopic data.

3 .1 . M e th o d

For this study, potential unit boundaries 
were first mapped from the multispectral and 
Ti02 images (Figures 1 and 2). The spectral 
character of a mature basalt in the Clementine 
data is primarily governed by its UV/VIS ratio, 
which itself is empirically related to the abun
dance of titanium in the soil (Charette et al. 
1974). Variations in the multispectral image 
will therefore correlate with changes in com
position, provided soils are of a similar spec
tral maturity. With the first-order boundaries 
located, it is then necessary to confirm their 
validity using quantitative techniques.

Pieters & McCord (1976) developed a clas
sification system to distinguish between spec
trally distinct basalts from telescopic reflectance 
data. Their system used measurements of the 
UV/VIS ratio, the normal albedo and l/xm 
and 2/xm absorption bands. The Clementine 
UVVIS data allow for measurements of the 
UV /VIS ratio, and 1/^m absorption band, as 
well as the additional Ti0 2  value using the 
Lucey et al. (1998) algorithm. However, the 
data lack 2//m measurements, so it is not pos
sible to make a quantitative comparison be
tween the two methods. Such a comparison 
is also precluded by the differences in the spec
tral and spatial resolution between the ground- 
based and Clementine data. We have therefore 
derived our own set of criteria to distinguish 
between basalt types.

We selected five basalts, previously identi
fied by Pieters et al. (1980) and Whitford- 
Stark & Head (1980), and used Clementine 
UV /VIS and 1/zm band strength measurements 
to quantify our own classification scheme. The

Clementine measurements are provided in Ta
ble 2, with the classification given to the flow 
by previous workers listed for reference. The 
measurements were taken as a 5x5 box from 
areas unaffected by contamination (i.e. fresh 
impact crater ejecta) with several measure
ments averaged over the flow to give the values 
in Table 2. A quantitative value is required in 
order to establish a boundary condition that 
dictates whether or not a basalt is considered 
spectrally distinct from its neighbour. In this 
work, we have selected a difference (in nor
malised refectance) of 0.015, as this is appro
priate for all the basalts in Table 2 for at least 
one parameter, and has been successfully used 
to recognise units in a study of a localised por
tion of Oceanus Procellarum (C. L. Dandy, per
sonal communication). A value of 0.010 is cho
sen as a lower boundary, below which basalts 
are considered to be spectrally the same. Be
tween these values, a unit boundary is consid
ered to be uncertain and is represented in the 
maps as a dotted line. Further details can be 
found in Heather (2000).

3 .2 . M a p p e d  u n its

Using the above criteria, the original units 
mapped on the Ti0 2  frame were measured, and 
their boundaries traced for validity. The Flam
steed area is of particular interest here as it has 
previously been mapped in detail using high 
spectral resolution telescopic data (Pieters et 
ah, 1980). Comparing our map with previ
ous work therefore gives us an idea of the ac
curacy of our classification scheme. The cor
relation between their map and ours is excel
lent, demonstrating that our technique can be 
confidently applied to other areas. Of the 19 
units we find to be distinct from their neigh
bours in the Flamsteed area, six were previ
ously unidentified by the telescopic work of 
Pieters et al. (1980). This is most likely a 
result of the poor spatial resolution of ground- 
based reflectance data, since all but one of 
these units cover only a small area. The higher 
spectral resolution of the telescopic data how
ever, did detect boundaries between basalts of 
similar spectral character that could not be 
separated by the Clementine UVVIS data.

Figure 3 is the final map of the flows in 
southern Oceanus Procellarum, produced from
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the Clementine data using the method outlined 
in Section 3.1. In all, 13 units were identified, 
of which 10 are considered to be spectrally dis
tinct. These are placed into the stratigraphie 
column of Whitford-Stark &; Head (1980), as 
illustrated in the key of Figure 3.

Whitford-Stark & Head (1980) used photo- 
geological, telescopic spectral reflectance and 
photometric information to construct the re
gional stratigraphy of Oceanus Procellarum. 
The Oceanus Procellarum Group Basalts de
rived from their work are divided into four For
mations which themselves are separated into 
Basalt Members. Table 3 provides the re
fined stratigraphie column, with new Members 
added from the Clementine data and, where 
possible, additional measurements of previously 
identified Members.

The earliest flows visible in the region mapped 
are those of the Telemann Formation (3.6±0.2 
b.y.), consisting of the South Procellarum Basalts 
Member of the stratigraphie column. These 
units are consistently found in small exposures 
bordering the highlands, and were classified as 
LIG or very low titanium basalts by Johnson 
et al. (1977) and Pieters (1978). We confirm 
this, with the units in question displaying tita
nium contents below the accuracy limits of the 
algorithm used with the Clementine data.

Overlying these are the basalts of the Her
mann Formation (3.3±0.3 b.y.), dominating 
the majority of the region studied. The two 
Members exposed in the region are the Mar
ius and Cognitum Basalts, though the latter 
is present only in a localised area on the east
ern edge of Flamsteed (Pieters et al., 1980). 
The Marius and Cognitum Members can only 
be differentiated in the Clementine data us
ing their l^m band strengths, as both have a 
mottled appearance with TiÛ2 contents of 4 to 
6wt%. The Marius Basalt extends across the 
largest area of any Member in the region stud
ied. Within this unit, particularly to the west, 
are several higher titanium units (8 to llwt%  
Ti02) with correspondingly high UV /VIS val
ues and strong 1/zm bands. These were not 
recognised in previous work and are interpreted 
here to represent an older phase of Marius 
Basalt emplacement. Several previously un
recognised units of medium titanium content 
(4 to 6wt% Ti02), displaying weak 1/im bands.

are also seen in the region, and since Whitford- 
Stark & Head (1980) failed to identify any 
significant variation in age across these areas, 
these flows are also suggested to be part of the 
Hermann Formation.

The youngest Members in the region are 
all within the Sharp Formation (2.7±0.7 b.y.), 
and several separate Members are visible. The 
Hansteen and Zupus Basalts both form lo
calised low titanium units in the southern high
lands, while the more titanium rich Damoi
seau Basalt overlies the Marius Member of the 
Hermann Formation on the western edge of 
Oceanus Procellarum. The Damoiseau Basalt 
is mottled and exhibits a wide range of tita
nium content (6 to llwt%  Ti0 2 ) with a gener
ally high UV /VIS ratio and a weak 1/im band. 
None of these basalts have been spectrally clas
sified before, so the characterisation of these 
units can now be added to the stratigraphie 
column. The most extensive area of the Sharp 
Formation in southern Oceanus Procellarum is 
the Flamsteed Basalt, which has a high tita
nium content (8 to llwt%  Ti02) and UV /VIS 
value, and a strong 1/xm band. Recent spec
tral analyses by Staid & Pieters (1999) us
ing Clementine data have demonstrated the 
mineralogy of this Basalt to be olivine rich 
in comparison to the flows in other nearside 
maria. The Flamsteed Basalt extends from 
the Flamsteed P ring up to and into the the 
south-eastern edge of the Marius Hills plateau 
as mapped by Pieters et al. (1980) and dis
cussed by Whitford-Stark & Head (1980). The 
Clementine data demonstrates basalts with these 
characteristics to extend across the entire plateau 
of Marius Hills. Also displaying high UV /VIS  
and titanium values (8 to llwt%  Ti0 2 ) and 
a strong 1/im absorption, but with a clearly 
discrete source to that of the spectrally simi
lar Flamsteed Basalt (Whitford-Stark & Head, 
1980), is the Schiaparelli Basalt, located on the 
north-western edge of the Marius Hills area. 
Finally, there are two Sharp Formation Mem
bers seen in the eastern reaches of the Mar
ius Hills plateau, with distinct spectral proper
ties: a group of uniformly low titanium basalts 
(l-4wt% T i02), displaying low UV/VIS ra
tios and weak 1/xm bands, and a mottled (6 
to 8wt% Ti0 2 ) basalt with an intermediate 
tending towards high UV/VIS value and 1/zm
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band strength. The latter represents undiffer
entiated high titanium units, similar to those 
mapped in the Flamsteed region from the tele
scopic data (Pieters et al., 1980). However, 
the low titanium units represent a previously 
unrecognised Member of the Sharp Formation 
that can now be added to the Oceanus Procel
larum Group and incorporated into the refined 
stratigraphie column (Table 3).

4. Im pact craters as probes into 
mare stratigraphy

An understanding of the thickness of mare 
basalts is important for many reasons, includ
ing the refinment of estimates of the volume 
of basalt produced throughout the mare-filling 
episode of lunar history, an important con
straint in models of the thermal evolution of 
the Moon (e.g. Horz, 1978). Previous investi
gations of basalt thickness in Oceanus Procel
larum (e.g. DeHon, 1978, 1979; Horz, 1978) 
have used measurements of the exposed rim 
height of partially buried craters to infer the 
depth of burial using morphometric relations 
of fresh impact craters (e.g. Pike, 1974, 1977). 
In the western maria, this method is restricted 
by the small number of suitable craters avail
able for measurement, limiting the accuracy 
of the results. The isopach map of DeHon 
(1979) indicates an average thickness of 625m, 
with localised lenses more than 1500m thick for 
the region studied in this paper. These values 
are upper limits, as the technique assumes all 
craters to be relatively fresh prior to flooding 
and that the infilling process has not signifi
cantly altered the crater morphology (DeHon, 
1979). The Clementine data can be used to 
refine estimates of basalt thickness across the 
region studied in this work.

4 .1 . M e th o d

The Clementine data can be used to ap
proximate the thickness limits of mare basalts 
in the region by looking for craters that have 
excavated highland material from beneath the 
basalts. Any highland material on the surface 
will have spectra that contrast sharply with the 
signatures of fresh basaltic lava (Figure 4), and 
will have a far lower FeO abundance. This fact 
also allows us to determine whether the pro

truding material from partially buried craters 
is highland material or not.

For simple craters (<15km diameter on the 
Moon) that have excavated highland material, 
the depth of excavation can be calculated using 
the relationship derived by Croft (1980):

Hexc = O.lDf (1)

where H^xc is the depth of excavation and 
Dt is the diameter of the transient crater (usu
ally approximated to the observed diameter 
which is actually larger than the transient di
ameter). This simple one-tenth rule provides 
upper limits to basalt thickness in the cases 
where highland materials have been excavated, 
and lower limits in the cases where the crater 
has not penetrated to the highland materials 
below.

For flooded craters, the morphological rela
tions of Pike (1977) are used to determine the 
depth to the centre of the crater, H, and the 
depth to the surrounding ground level (i.e. the 
rim height). Hr'.

H  =  0.196D^°^

for D <  11km,

H  =  1.044D°^°^

for D =  11 — 400km

H r =  0.036D^°i^

for D <  21km,

H r =  0.236D°^^^

(2 )

(3)

(4)

(5)

for £) =  21 — 400km, where D  is the observed 
crater diameter. These relationships assume a 
fresh crater that has not undergone significant 
degradation, which may not always be the case 
in reality. These equations will therefore pro
vide upper limits to the mare basalt thickness.

4 .2 . R e su lts

For the crater excavation method, a total 
of 914 impact craters across the region were 
analysed for the presence of highland mate
rial in their walls or ejecta. Of those, only 
13 give clear indications of having excavated
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highland material. These are all located in 
the Flamsteed and Damoiseau regions, fairly 
close to the mare edges, and give upper lim
its to the thickness of the basalts in these ar
eas (Table 4). However, because the num
ber of points is low, and they are not uni
formly spaced, it is not possible to realistically 
extrapolate these values to cover the remain
der of the region under study. The remaining 
901 crater measurements give lower limits to 
the basalt thickness, and are more uniformaly 
spread over a wider area. These can therefore 
be used to derive average lower limits across 
the region. The resulting values are mapped 
in Figure 5, along with the upper limits where 
available. From this it is clear that the thick
ness of the mare basalts increases away from 
the mare/highland boundary, as you would ex
pect. It is difficult to derive average thick
ness limits across the central regions due to 
the lack of suitable craters in these areas. To 
help overcome this problem, we have studied 
4 flooded craters identifled located away from 
the mare edges in order to estimate depth of 
burial and hence upper limits for basalt thick
ness (Table 5). With the assumption that these 
craters are fresh, the depth to the centre of 
these craters are all >3km, with the depth to 
the surrounding highlands material calculated 
to be between 1 and 1.5km (Table 5). This 
latter flgure agrees well with the deepest depth 
calculated from the impact craters excavating 
highland material (1.2km). The average lower 
limit thickness from this work is 160m, with 
an average upper limit of 625m, derived from 
the work of DeHon (1979). These provide a 
range of basalt volume in the region of 0.7 to 
2.8 X lO^km^, comprising 8-32% of the total vol
ume of the basalts in Oceanus Procellarum, 
calculated at 8.7xl0^km^ by Whitford-Stark 
& Head (1980).

5. Sum m ary and Conclusions

The Clementine UVVIS data has been used 
as a tool to map the extent and thickness of 
spectrally distinct mare basalts in southern 
Oceanus Procellarum. The techniques used to 
complete this have been validated through a 
comparison of the Flamsteed area maps pro
duced from this study with the telescopically 
derived boundaries of Pieters et al. (1980). For

the entire region of southern Oceanus Procel
larum studied, 13 basalt units have been dis
tinguished using the Clementine data, of which 
10 are spectrally distinct. Three previously 
unrecognised basalts have been identified: an 
early high titanium phase of the Marius Basalt 
Member of the Hermann Formation, an undif
ferentiated medium titanium basalt of the Her
mann Formation, and a low titanium basalt 
within the Sharp Formation. In addition, sev
eral known Members have been spectrally clas
sified and characterised for the first time.

The average thickness of the basalts anal
ysed in southern Oceanus Procellarum is be
tween 160 and 625m. Thickness limits range 
from tens to hundreds of metres near the mare 
to highland boundaries, and are consistently 
greater than several hundred metres closer to 
the centre of the mare. The volume of basalt 
present in the region, calculated from these 
thickness limits, is between 0.7 and 2.8 x 10®km^, 
and this represents 8 to 32% of the total volume 
of basalts in Oceanus Procellarum as calculated 
by Whitford-Stark and Head (1980).

The techniques demonstrated in this work 
will be extrapolated to the remainder of Oceanus 
Procellarum, and ultimately to all nearside lu
nar maria. This will provide a map of the 
stratigraphy, composition and relative matu
rity for the basalts, which will be used to refine 
models for the thermal and physical evolution 
of the Moon (Heather et al., 2000).

Appendix: Photom etric  
coefficients used in data reduction  
and further corrections

The Clementine data were taken over two 
months, with the second month data filling in 
the gaps of the first. The data were taken 
at different phase angles in different months, 
causing problems with the photometric calibra
tion. Although the reduction procedure is de
signed to remove the effects of different phase 
angles, it fails to do so due to a poor knowledge 
of the photometric coefficients across different 
regions of the Moon. Throughout this work, 
we have adopted the coefficients recommended 
by the US Geological Survey (Table A l).

Because of this problem, the initial reduc
tion procedure resulted in the images having
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a stripy appearence. To correct for this, we 
adopted the procedure of J. Gillis (personal 
communication), which adjusts the data with 
the lower phase angle to match that of the 
higher phase angle data (the higher phase an
gle data is likely to be more accurate). This 
problem is more noticable near the equatorial 
regions, but all mosaics of southern Oceanus 
Procellarum were found to benefit from the 
correction procedure.
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F igure 1. a) A multispectral mosaic of the southern area of Oceanus Procellarum. In this image, the 
red channel is controlled by the Clementine 750/415nm ratio, green by the 750/950nm ratio, and blue 
by the 415/750nm ratio, b) A true colour image of the same region (red=950nm image, green=750nm 
image and blue=415nm image), with features identified and demonstrating the basic albedo variations 
across the mare surface.

F igure 2. A Ti02 map of southern Oceanus Procellarum, constructed using the algorithm of Lucey 
et al. (1998).

Figure 3. A map of southern Oceanus Procellarum, with basalts identified using a new Clementine 
classification technique (see text). The units are placed into the stratigraphie scheme of Whitford- 
Stark & Head (1980) with the addition of several new units (see also Table 3).

F igure 4. A 5-point spectrum illustrating the difference between the signatures of a highland soil 
and a fresh basalt.

F igure 5. Upper (black) and lower limits (grey) for the thickness of the basalts in central and south
east Oceanus Procellarum. All values are in metres. The solid line represents the highland/mare 
boundary. Upper limits are appended by a figure in brackets to indicate whether the compositional 
measurement (used to confirm the presence of feldspathic highland materials within a crater) was 
taken from the wall or ^ecta, and the number of pixels measured. For example, the value 400(w9) 
indicates an upper limit of 400m and a compositional measurement taken from the crater wall, covering 
9 pixels.
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T able 1. The parameters used by Pieters (1978) to characterise and distinguish mare basalt types 
from telescopic spectral reflectance studies. For example, a HDSA basalt has a High UV/VIS ratio, 
is Dark, displays a Strong Ifim absorption and the 2/^m band is Absent.

Values UV/VIS ratio# Albedo 1/zm band 2//m band
High H: High (>1.05) B: bright (>9.5%) S: strong P: present

h: high (1.02-1.05) I: intermediate (8-9.5%) G: general average
m: medium (0.99-1.02) D: dark (<8%) W: weak A: absent

Low L: low (<0.99) unknown

^  - UV/VIS ratio values are compared to those of a standard site in Mare Serenetatis to provide the 
numbers quoted.

Table 2. The spectral character of five previously identified basalts using our classification 
parameters.

Basalt# Telescopic Spectral 
Classification*

Clementine wt% 
TiOg (±2wt%)

Clementine
415nm/750nm

(UV/VIS)

Clementine 
750nm/950nm 

(1/xm band)
Flamsteed HDSA/hDSA 11 0.605685 0.957551

Marius mISP 6 0.584542 0.952411
S. Procellarum LBSP/LI_ 3 0.55977 0.943552

Damoiseau Mottled 6-11 0.590485 0.929091
Zupus -/vit** 1** 0.536331 0.933811

^  - Pieters et al., 1980; Whitford-Stark & Head, 1980 
* - From Pieters McCord (1976)
** - No telescopic spectral data were taken of this Basalt, but it was identified as a possible very-low 
titanium  basalt by Whitford-Stark & Head (1980). The Clementine Ti02 value is below the accuracy 
of the algorithm, strengthening this suggestion.



Table 3. Refined stratigraphie column of the basalts in Oceanus Procellarum. Members in italics have been newly 
defined or characterised from this work.

Basalt Member Defined Spectra* Age (10® years)* Clementine results
Sharp Formation

Roris hDSA 3.2±0.2
Damoiseau** mottled 3.2±0.2 Mottled 6-llw t%  TiOi basalt with a

high UV/VIS ratio and a weak Ifim absorption
Hansteen** mottled 3.2±G.2 Mottled basalt with intermediate to high

UV/VIS ratio and medium to strong
lp.m band. 6-8wt% TiOz

Zupus** 2.7±0.7 Extremely low UV/VIS value and TiOi wt%.
Weak lum band.

Flamsteed** HDSA, hDSA 2.5±0.5 High UV/VIS ratio, 8 to llwt% TiOg,
and strong 1/im band.

Humorum** hDSP 3.2±0.2
Kunowsky** hDSP 2.5±0.5 High UV/VIS ratio, 8 to llwt% TiOg,

and strong 1/im band.
Schiaparelli** hDSA, HD- 2.5±0.5 High UV/VIS ratio, 8 to llwt% TiOg,

and strong 1/im band.
Ulugh Beigh 3.2±0.2
East Nubium HD. and mottled 2.7±0.7
Undifferentiated Mottled basalt with 6 to 8wt% TiOg and
High Titanium Basalt** medium to strong 1/im band.
Medium-Low Low titanium basalt (1 to 4wt% TiCh) with
Titanium Basalf* low UV/VIS ratio and weak lp,m band.

Hermann Formation
Delisle Basalt LBS 3.2±0.2
Marius Basalt** mISP 3.3±0.3 Mottled with medium to low UV/VIS value

4-6wt% TiOg, medium 1/im band.
Marius Basalt ST* Mottled with high UV/VIS values, 8-llwt%

TiCh, strong 1pm band.
Cognitum Basalt** mIG 3.3±0.3 Mottled with medium to low UV/VIS value

4-6wt% TiOa, medium 1/un band.
Lavoisier Basalt mISP 3.5±0.1
Nubium Basalt mIG 3.5±0.1
Undifferentiated Medium 4-6wt% TiOi with low to medium UV/VIS
to Low Titanium Basait’* value and medium to weak 1pm band.

Telemann Formation
Dechen Basalt LBG 3.6±0.2
Aristarchus Basalt LBG 3.65±0.05
Dark mantle materials
South Procellarum LBSP, LIG Low UV/VIS ratio, extremely low TiOg
Basalts** wt%, medium to strong 1pm band.

Repsold Formation
Gerard Basalt hDW 3.75±0.05
Dark mantle materials

* - Pieters et al., (1980); * - Whitford-Stark ic Head (1980)
* * - Members present in the region studied in this paper (see also Figure 3)
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Table 4. Location, size and excavation depth 
of the thirteen craters that have excavated 
highland material from beneath the mare 
basalts in southern Oceanus Procellarum.

Latitude
(°N)

Longitude
(°E)

Diameter
(km)

Depth
(m)

-14.97 310.40 2.5 250
-12.93 311.38 4.1 410
-9.40 313.61 0.6 60
-9.28 313.60 0.6 60
-9.23 314.09 7.5 750
-6.64 310.90 5.1 510
-5.49 313.88 8.6 860
-5.19 301.86 13.6 1360
-3.71 307.23 4.4 440
-3.59 309.92 4.3 430
-2.62 298.70 9.4 940
-0.73 297.52 12.1 1210
9.24 293.60 4.7 470

Table 5. Location and depth to both the floor of 
the crater and to the surrounding highland of the 
four partially flooded craters seen in the area.

Latitude
CN)

Longitude
(°E)

Depth to 
floor (m)

Depth to 
ground (m)

-13.76 310.02 3280 1080
-4.00 308.74 4020 1410
-3.03 315.95 4300 1540
-3.80 304.58 3170 1030

Table A l . Photometric coefficients used in the reduction
of the Clementine data in this work (USGS Astrogeology
Team, 1999)

BSHl H D E F 0 2
A filter 2.31 0.062 0.0 -0.222 0.5 0.39
B filter 1.6 0.054 0.0 -0.218 0.5 0.4

Other filters 1.35 0.052 0.0 -0.226 0.5 0.36
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flows of medium to high titanium abundance 
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weak 1 pm absorption.

Hansteen Basalt
Mottled high titanium basalt with 6 to 8 wt% TiOj, 
a strong 1 pm absorption and intermediate to high 
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previous work.
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Extremely low UV/VIS ratio and TiOj (possibly 
a very low titanium basalt). Medium to strong 1pm 
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absorption band and 8 to 11 wt% TiOi
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absorption band and 8 to 11 wt% TiOj
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U n H

Medium to Low Titanium Basalt 
Uniformly low titanium (1-4 wt% TiCri), 
low UV/VIS ratio and weak 1 pm band.

Undifferentiated High Titanium Basalt 
Mottled basalt with medium to high 
UV/VIS value, 6 to 8 wt% TiOi and 
a medium to strong 1 fUn band.

Marius Basalt 1 
Mottled basalt with high UV/VIS 
values and strong 1 pm bands, containing 
6 to 11 wt% TiOi. Early Marius Basalt.

Marius Basalt 2
Mottled basalt with medium to 
low UV/VIS value, 4 to 6 wt%
TiOî and a medium strength
1 pm absorption band. Late Marius
Basalt.

Cognitum Basalt 
Mottled basalt with medium to low 
UV/VIS ratio, 4 to 6 wt®/o TiOj, and 
a weak 1 pm absorption band.
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1 pm absorptions.
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(possibly a very low titanium basalt), and a medium 
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Stratigraphy of the lunar farside crust as seen by Clem entine

D.J. H eather^and S.K. Dunkin^
^ESA-ESTEC, SCI-SO, Keplerlaan 1, NL-2201 AZ, Noordwijk, The Netherlands.
^Department of Physics and Astronomy, University College London, UK.

Abstract

We have studied the Al-Khawrizmi-King/Tsiolkovsky-Stark region of the lunar 
farside using both photogeological and Clementine multispectral data in an attempt 
to determine the stratigraphy, composition and relative maturity of the lunar 
highlands in the area. The Clementine data show a varied composition between the 
two sites, highlighted by the FeO content of the highland soils, which contain a 
relatively high iron abundance at King in comparison to Tsiolkovsky. Conversely, on 
a vertical scale, the highland crust appears to show a matching trend of increasing 
feldspar content with depth. The upper crust at both sites, while diverse, is generally 
composed of noritic anorthosite, and exhibits a continual drop in norite content with 
depth. The higher maficity of the highland materials in and around King compared 
to those at Tsiolkovsky is evident in measurements of the likely olivine distribution. 
While King shows a varied composition overall, evidence for olivine appears in 
outcrops on the peaks, walls and in fresh impacts on the crater floor, and may 
therefore have been present at many depths. This suggests that King may have 
excavated an olivine rich cryptomare, while Tsiolkovsky formed in more anorthositic 
highland crust. These results highlight the lateral diversity of the upper crust, and 
show a more uniform vertical trend in composition in this region.
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1. Introduction

The composition and homogeneity of the lu
nar crust has direct applications to models of 
the evolution of the Moon. Recent work has 
shown that on a large scale, the composition 
of the lunar crust is varied both laterally and 
vertically (Tompkins & Pieters, 1999). More 
detailed analyses are now required on smaller 
scales to compliment these observations and 
search for regional variations in the nature of 
the lunar crust.

To begin this process, we have selected an 
area of the lunar farside to study using both 
photogeological and Clementine multispectral 
data in an attempt to determine the stratigra
phy, composition and relative maturity of the 
crust in that area. The study has concen
trated on two neighbouring impact sites: Al- 
Khawrizmi-King and Tsiolkovsky-Stark. Tsi- 
olkovsky is a 180km late-Imbrian crater, no
table as one of the few highland areas where 
mare materials are found. Many studies have 
been made of Tsiolkovsky, using both photo- 
geological (e.g. Guest & Murray, 1969; Guest, 
1971) and more recently multispectral data 
(e.g. Pieters et al., 1995; Pieters & Tomp
kins, 1999), providing a comprehensive review 
of the crater’s morphology and composition. 
Lying some 550km north of Tsiolkovsky is King 
crater. One of the youngest craters on the far- 
side, King is Copernican in age (El-Baz, 1972; 
Wilhelms and El-Baz, 1977), showing many 
sharp features, but lacking a bright ray sys
tem such as those seen at other fresh craters 
(e.g. Tycho). Both King and Tsiolkovsky have 
recently been studied in detail using photogeo
logical and multispectral techniques (Heather, 
2000), and here we tie the two regions together 
for the first time in order to view the lateral 
and vertical diversity of the lunar crust in the 
area.

2. D ata R eduction and  
A nalytical Techniques

For multispectral analyses, this work utilised 
data from Clementine’s UVVIS camera, with 5 
filters covering a wavelength range of 415nm 
to lOOOnm. These data were reduced us
ing the ISIS software package, and the basic 
procedures recommended by the US Geologi

cal Survey (USGS Astrogeology Team, 1999; 
T. Becker, personal communication). Initial 
problems with the photometric calibration’s re
sponse to variations in phase angle from one 
orbit’s data to the next were partially over
come using the techniques outlined in the Ap
pendix. This reduced the appearance of alter
nating bright and dark orbital strips in the fi
nal mosaics. The photometric coefficients used 
during standard reduction are also provided in 
the Appendix.

Individual mosaics were produced of the 
King and Tsiolkovsky sites at resolutions of 
150m pixel"^ (King) and 250m p i x e l ( T s i 
olkovsky), and the two areas were combined 
into a larger mosaic, produced at a resolution 
of 1.5km p i x e l " T h e  images of each impact 
structure were used to study the materials ex
posed within the crater walls, peak and floors 
in detail, while the regional mosaic was used 
to place these details into context with the sur
rounding area. As well as the B-filter (750 nm) 
image, multispectral, true colour and FeO & 
TiOg maps were produced for analyses.

The multispectral image, produced to iden
tify compositional and maturity variations across 
the region, used the following ratios to control 
the spectral channels: red =  750nm/415nm, 
green =  750nm/950nm, blue =  415nm/750nm. 
In the resulting images, a red colour indicates 
a mature highland soil or a mature low-Ti 
mare basalt. Blue indicates the reverse: an 
immature highland soil, or a high-Ti basalt. 
Green and yellow areas represent freshly ex
posed mafic materials that have not undergone 
significant space weathering so that the l//m  
mafic absorption band is still dominating the 
reflectance spectrum. Cyan colours may in
dicate either a fresh highland soil or a fresh 
mare basalt, and analyses of the FeO map and 
5-point spectra are required to distinguish be
tween the two scenarios. The true colour im
age (created by combining the 950nm, 750nm 
and 415nm filters in the red, green and blue 
channels respectively) was used to locate addi
tional units within freshly exposed areas, and 
to locate areas of darkening on the highland 
surface. The FeO and Ti02 maps were pro
duced using the algorithms of Blewett et al. 
(1997) and Lucey et al. (1998). These decou
ple the effects of maturity from the Clemen
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tine data, isolating those differences that re
sult from composition alone. The accuracies of 
these algorithms are 1% (FeO, Blewett et al., 
1997) and 2% (Ti02, Lucey et al., 1998). FeO 
and Xi0 2  maps are particularly useful for dis
tinguishing between highland and mare units 
(e.g. Heather & Dunkin, 2000).

3. A nalysis

The area under study is centered at 130°E, 
10° S and covers approximately 1.1 x 10® km^. 
Figure 1 shows the area through Clementine’s 
750nm filter with King at top left and Tsi
olkovsky located at bottom-centre, with Fig
ure 2 showing the corresponding FeO map. 
The high FeO content of the mare material 
within Tsiolkovsky is immediately apparent in 
Figure 2, but also visible is a more subtle trend 
of increasing FeO content across the highlands 
moving north-west from Tsiolkovsky and into 
the region of King crater. This map alone 
shows that there is significant variation in com
position across the surface, but a more detailed 
investigation is required to determine the na
ture of this diversity, and to ascertain whether 
this variation is mirrored vertically within the 
crust.

3 .1 . S u rface  D a rk e n in g s  a n d  D a r k  H a lo  
C ra te rs  ( D H C ’s)

Dark halo craters on the lunar surface have 
long been recognised to represent the excava
tion of low albedo materials from beneath a 
brighter covering, and have been used as indi
cators of ancient buried mare units (e.g. Hawke 
& Spudis, 1980; Schultz & Spudis, 1983). The 
global compositional data of Clementine allows 
for the easy detection of these impact features 
across the whole Moon and the refinement of 
maps showing the location and abundance of 
ancient mare volcanic deposits.

The ejecta blanket of King contains two 
dark halo craters (DHC’s), marked DHCl and 
DHC2 in Figure 3. Both display a subtle mafic 
signature in the multispectral image and an 
FeO content slightly above that of the sur
rounding ejecta. Unfortunately, the Ifim data 
covering these DHC’s are missing and this pre
cludes the direct determination of mineralogy 
using 5-point spectra. The excavation depth of

the DHC’s average ~300m (according to the 
one-tenth excavation depth:diameter ratio of 
Croft (1980)), so it is possible that the craters 
have excavated a cryptomare lying a few hun
dred metres below the surface. Such a feature 
was predicted from a survey of DHC’s under
taken by Schultz & Spudis (1983). Beyond the 
reaches of King’s continuous ejecta blanket in 
the west, and beyond the rim to the north, sev
eral freshly exposed slopes and small impact 
craters have also exposed materials that appear 
dark in the 750nm and true colour images, and 
green in the multispectral image (labelled DSl 
and DS2 in Figure 4). These areas have corre
spondingly high FeO content (7.5-12wt%), and 
show signs of a high olivine abundance (al
though this cannot be directly confirmed from 
the Clementine UVVIS data alone). A simi
lar signature is seen for the two DHC’s and on 
many of the structures within King, suggest
ing that King itself has excavated an olivine 
rich cryptomare.

Tsiolkovsky also has a large (3.5km diam
eter) DHC in the south-west portion of its 
ejecta blanket. This DHC shows up clearly 
in the true colour, multispectral and FeO im
ages (Figure 4), having a low albedo and high 
FeO content relative to its surroundings (16- 
18wt% compared to 2-6wt%). The FeO con
tent of the fioor of this crater resembles that of 
the mare basalts within Tsiolkovsky, and the 
crater exhibits a strong mafic signature in its 
5-point spectra, similar to that of fresh impact 
craters in the nearside maria (Figure 5). This 
DHC is located on the edge of a surface darken
ing to the south-west of Tsiolkovsky, showing 
up clearly on true colour and 750nm frames of 
the area (Figure 1). This is manifested as an 
area of higher FeO content in Figure 2, simi
lar to that seen in the highlands to the north 
around King. These mafic surface darkenings 
could have originated in one of four ways: py- 
roclastic eruptions, cryptomaria, near-surface 
stalled intrusions, or mafic ejecta laid down 
and subsequently covered by more feldspathic 
highland ejecta. The pyroclastic scenario is un
likely as no source vents can be found, and the 
clear basaltic signature of the DHC contrasts 
that expected from glassy mantling deposits. 
Similarly, if the deposits were cryptomaria, we 
would expect the larger craters in the area to



327

have excavated the material in the same way as 
the DHC, and this is not observed. Many of the 
larger ancient craters in the area are also only 
half covered by the surface darkening, when it 
would be expected that a cryptomare would 
have flooded the entire structure. The stalled 
sill scenario is appealing from the point of view 
of the evolutionary models of Head & Wilson 
(1992), as these predict a propensity of stalled 
mare basalts in the crust, but while this is a 
possible cause for the darkening seen in the 
Tsiolkovsky region, it seems unlikely that an 
intrusion would get to within 350m of the sur
face before stalling. The final possibility is that 
the darkening represents mafic megaregolith, 
buried by feldspathic ejecta and subsequently 
gardened over time due to space weathering 
and micrometeorite impacts. If this is the case, 
then the darkening we see around Tsiolkovsky 
would be related to the composition of the sur
face in other regions and not to the intrinsic 
crustal composition in this area. Again, while 
this is a possible scenario, it is difficult to rec
oncile with the observations, as the darkening 
covers such a large area and appears remark
ably uniform in the Clementine images. There
fore, the suface darkening is suggested to result 
from one of two situations: either it represents 
a stalled near-surface intrusion, or it is sim
ply a large, uniform deposit of mafic megare
golith originating elsewhere on the lunar sur
face before being excavated and re-deposited in 
the Tsiolkovsky target area. Further composi
tional analyses are required to confirm these 
suggestions and to determine the true nature 
and origin of the surface darkenings.

3 .2 . C e n tra l P eaks  an d  In n e r  W a lls

The materials making up the central peaks 
of King and Tsiolkovsky represent the most 
deep seated units to have been excavated by 
the impacts. From the equations of Melosh 
(1989) and Cintala and Grieve (1994), the cen
tral peak materials originated from depths of 
20-35km (Tsiolkovsky) and 8-14km (King) in 
the lunar crust. The steep walls of the peaks 
in both craters are bright and show signs of 
creep, which indicates that these surfaces are 
likely to be freshly exposed and will display 
spectral signatures that are entirely dependent 
on composition, with no maturity effects.

The peak of Tsiolkovsky shows four distinct 
units in the Clementine data (Heather, 2000). 
5-point spectra of these units show the peak to 
be generally anorthositic in nature, consistent 
with the results from a survey of central peaks 
made by Tompkins & Pieters (1999). During 
their survey, Tompkins & Pieters (1999) de
veloped new techniques for identifying mineral 
assemblages using Clementine 5-point spectra. 
These involved measurements of the “spectral 
curvature” and “key ratio”, both designed to 
measure the shape and structure of the absorp
tion feature near 1/xm. The spectral curvature 
is a measure of the angle between the 750nm, 
900nm and 950nm points in the spectra, while 
the key ratio is the ratio of either the 900nm, 
950nm or lOOOnm reflectance with the 750nm 
value. The key ratio selected is that which 
produces the strongest absorption (and there
fore represents the deepest point of the absorp
tion trough). Tompkins & Pieters (1999) mea
sured the key ratio and spectral curvature of 
several common lunar minerals in the labora
tory. By measuring the same features within 
the Clementine reflectance data, similar min
erals can be identified across the lunar surface, 
provided maturity effects are not present.

The results of the key ratio and spectral cur
vature values for the units within Tsiolkovsky’s 
peak confirm the indentiflcations of Tompkins 
& Pieters (1999) as being A (anorthosite, >90% 
plagioclase), GNTAl (anorthosite units with 
85-90% plagioclase), GNTA2 (anorthosite units 
with 80-85% plagioclase) and AT (anorthositic 
troctolite). The olivine within the AT are re
stricted to localised areas only, and are not 
widespread across the peak. This suggests that 
the Tsiolkovsky region housed a layer of rela
tively pure anorthosite within which could be 
found pockets of thin localised layers of troc- 
tolitic materials (Pieters & Tompkins, 1999).

The central peak of King is more com
plex and shows a wider range of lithologies 
than Tsiolkovsky’s. In total there are 5 dis
crete units on the peaks of King that can 
be discerned using Clementine UVVIS data 
(Heather, 2000). The spectral curvature and 
key ratio techniques show the peaks of King 
to be generally anorthositic, as was seen for 
Tsiolkovsky, but containing on average 5% less 
plagioclase feldspar. There are no outcrops of



328

pure anorthosite, with the bulk of the peak be
ing composed of GNTAl and GNTA2 (80-87% 
anorthite). AN (anorthositic norite) and AT 
are also found, with the latter revealing the 
presence of more olivine in the area than at Tsi
olkovsky. The presence of olivine is supported 
by the FeO map which shows King to be lying 
in an area of relatively high FeO compared to 
Tsiolkovsky.

As with the peaks, the inner walls of both 
King and Tsiolkovsky show evidence of creep. 
There is a large covering of impact melt on 
many of the terraces at both sites, and these ar
eas were avoided for the purposes of this work. 
The wall units represent materials that origi
nally comprised the upper layers of each tar
get region, lying above the materials that now 
form the central peaks. In Tsiolkovsky, the 
freshly exposed, uncontaminated areas of the 
walls reveal a composition similar to that of its 
peak, but with outcrops of noritic anorthosite 
seen in many places. In the case of King, the 
inner walls show a more varied composition. 
The most dominant unit is mafic in nature, 
and shows signs that it may contain abundant 
olivine, as is seen on the peaks and is likely for 
the dark surfaces outside of the crater. Inter
spersed with this are localised feldspathic units 
and small deposits of noritic anorthosite. King 
also displays evidence for an intrusion, 15km 
wide, present across some of the crater peak, 
floor, north wall and rim (Heather, 2000). This 
has a dominant feldspathic signature, and is 
cut by several discontinuous bands of iron-rich 
units, most probably mafic dykes. These fea
tures are not seen at Tsiolkovsky, and so al
though the general compositional trend within 
the two craters is similar, it is clear that lo
calised events have occured to make the two 
regions distinct.

4. Conclusions

the upper crust at both sites, while diverse, is 
generally composed of noritic anorthosite, and 
exhibits a continual drop in norite content with 
depth. The higher maficity of the highland ma
terials in and around King compared to those 
at Tsiolkovsky is also evident in measurements 
of possible olivine distribution. While King 
shows a varied composition, olivine appears to 
have been present at many depths, and is seen 
in outcrops on the peaks, walls and in fresh 
impacts in the western ejecta blanket. This 
suggests the excavation of an olivine rich cryp
tomare around King, and its mixing with the 
upper crust during excavation and emplace
ment. The Tsiolkovsky region is less complex, 
and the crater formed in more anorthositic 
highland crust. These results highlight the lat
eral diversity of the upper crust on localised 
scales, but show a more uniform vertical trend 
in composition. The general background com
position of noritic anorthosite across the region 
illustrates a general similarity in the nature of 
the ancient crust across the region. The lat
eral diversity has arisen through the presence 
of localised features, such as a cryptomare at 
King and the emplacement of intrusions in the 
target areas. A similar situation is hypoth
esised for Tycho on the nearside (Tompkins, 
Hawke & Pieters, 1999), with the excavation 
of a gabbroic pluton suggested to explain the 
widespread maficity of units observed. The 
propensity of these features now being found in 
the lunar crust using the global remote sensing 
data has a strong bearing for the refinement 
of models for the thermal and physical evolu
tion of the Moon (e.g. Heather et al., 2000). 
The work undertaken here is to be expanded 
to cover other regions of the lunar farside, in 
order to construct a more complete picture of 
crustal diversity from which we can draw con
clusions about the changing nature of the lunar 
crust through time.

Overall, the Clementine data show a varied 
composition between the two sites examined, 
highlighted by the FeO content of the high
land soils at King, which are relatively iron-rich 
compared to those at Tsiolkovsky (averaging 
almost 5 wt% higher). Vertically, the highland 
crust at both sites appears to show a matching 
trend of increasing feldspar content with depth;

A ppendix: Photom etric  
coefficients used in data reduction  
and further corrections

The Clementine data were taken over two 
months, with the second month data filling in 
the gaps of the first. The data were taken 
at different phase angles in different months.
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causing problems with the photometric calibra
tion. Although the reduction procedure is de
signed to remove the effects of different phase 
angles, it fails to do so due to a poor knowledge 
of the photometric coefficients across different 
regions of the Moon. Throughout this work, 
we have adopted the coefficients recommended 
by the US Geological Survey (Table Al) .

Because of this problem, the initial reduc
tion procedure resulted in the images hav
ing a stripy appearence. To correct for this, 
we adopted the procedure of J. Gillis (per
sonal communication), which adjusts the data 
with the lower phase angle to match that of 
the higher phase angle data. This problem 
is more noticable near the equatorial regions, 
and hence King crater was more severely af
fected than Tsiolkovsky. It was found however, 
that both regions benefitted from the correc
tion procedure.
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Figure 1. A Clementine B-filter (750 nm) mosaic of the Al-Khawrizmi-King/Tsiolkovsky-Stark region 
of the lunar farside. The two study craters, King and Tsiolkovsky, are labelled.

F igure 2. An FeO map constructed using the algorithm of Blewett et al. (1997). Note the high 
FeO content of the mare basalts on the floor of Tsiolkovsky and the trend of increasing FeO to the 
north-west of Tsiolkovsky for the highland soils.

F igure 3. A multispectral image (left) and FeO map (right) of King. Dark halo craters (DHC) and 
dark slope (DS) materials are labelled on the images. See main text for discussion.

F igure 4. Clementine images of the darkened surface to the south-west of Tsiolkovksy, highlighting 
the dark halo crater (DHC) and dark slope materials (DM), and revealing the surface darkening. The 
origin of the darkening is unclear (see main text).

F igure 5. 5-point spectra of the DHC in the south-west ejecta blanket of Tsiolkovsky compared to 
that of the basalts of Tsiolkovsky’s mare floor. The spectra have been normalised to unity at 750nm 
in order to highlight differences in the shape and structure of the 1 fim. absorption band. The DHC 
and Dark Halo Materials spectra are similar to that of the freshly exposed mare basalts seen on the 
floor of Tsiolkovsky. The floor of the DHC has a stronger 1 /xm band, and is more similar to the 
spectra of fresh craters seen in the Marius Hills region of Oceanus Procellarum on the lunar nearside. 
The DHC and Dark Materials both show a stronger absorption than the uncratered mare basalts on 
the floor of Tsiolkovsky, supporting their fresh mafic character.
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Table A l .  Photometric coefficients used in the reduction 
of the Clementine data in this work (USGS Astrogeology 
Team, 1999)

BSHl H D E F 0 2
A filter 2.31 0.062 0.0 -0.222 0.5 0.39
B filter 1.6 0.054 0.0 -0.218 0.5 0.4

Other filters 1.35 0.052 0.0 -0.226 0.5 0.36
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